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16, Abstract

This report documents the detai! results of the studr. The study comprised eight
tasks, The objectives of the study were to clarify the nature and the extent of

the trafflc-induced vibration problem and to develop gulidelines to preciude or
control environmental vibrations related to highway use. The study was successiul
in both aspects,
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A companion report summarizing the technical results of this study is entitled:
"Engineering Guidelines for the Analysis of Traffic-induced Vibration" Report
FHWA-RD-~78-XX,

The report is organized with a summary maln text, Detalls supporting the results
In the main text are presented in the Appendices.

Authors: F,F. Rudder, Jr.; M.lL. Maclntyre, J.R. Ballentine, Dr. F. Chilton,
§.D. Pettyjohn, L.V. Mazzwella, Prof. J.M, Futrell, Dr. B. Mazanti, Dr. C.L. Holland.
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1.0 [INTRODUCTION

This report describes the detalled results achieved for a program
to determine the impact from vibrations related to highway use,
These results are based upon a detatled literature review,
technical analyses, and fictd test measurements all related to the
topic of environmental vibration resulting from traffic movement on

highways.

As described In the following sections, the effort reported hereln
places many aspects of the highway=Tnduced vibration problem in
perspeclive.  In particular, it is indicated that traffic-induced
vibration problems are not new but that both the frequency of ocour-—
rence and the frequency of damage awards to a plaint!ff appear to be
increasing on an annual basis In the United States. By assembling
data reported [n the 1iteratures, quantitative bounds describing the
vibration levels and Frequency content required for human perception
and bullding damage are presented. By assembling complaint data
complled as a result of this effort and assessing the documented
legal precedents resulting from court actions, quantitative assessment
of what the public complains about and the courts' judgement about
these complalnes is presented.

By analogy with community noise, traffic-induced vibration requires a
description of level, frequency content and time varfatien for proper
definltlon of the vibration, Whereas, a community can be exposed to
significant transportation system noise on a large geographical scale,
transportation system environmental vibration is much more confined.

As a result, public officials do not recelve apparently as many com-
plaints related to vibration as compared to complalnts. related to noise,
but vibration complaints are more persistent and the likelihood of
receiving damage awards is greater than the corresponding situation

with nalse. Concern over commenlty noise has resulted in defined eriteria
and standardized instrumentation and measurement techniques. Such defined

criterla and standardization do not presently exist for environmental
vlbratlon in gencral or traffic~fnduced vibration in particular.

The problem of trafflc-induced vibrations causing public annayance and/

or building damage is a problem that [s being experienced In urban areas
of Industrialized countries and is presently a recognized environmental

consideration, As reported by investigators in England, Gzechoslovakia,
the USSR, Japan and as concluded from the study reported herein for the

United States, the problem of traffic~induced vibration is increasing on
an annual basis,

The organlzation of this report is such that the maln bady presents
a condensation of the data and results of more extensive invastl-
gations, The details of particular data and the detail discussion
concerning a particular topic 1s included in the appendices of the
report as noted.
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2,0 OBJECTIVE, SCOPE, AMD APPROACH

The main objectives of this research program are:

oy -

e Clarify the nature and extent of the traffic-induced vibration
problem by Impreving the understanding of vibration excitation,
propagatton and effects,

=5

© Develop guldelines to preclude or contrel environmental vibrations
devoting special attention to the traffic-induced vibration situa-
tions resulting in complaints and/or litlgation.

<]

The scope of this research program is limited to the role of highway
operations In generating environmental vibrations., The examination of
parameters describing traffic-Induced vibrations includes consideration of

o=

o Vehicle-pavement interaction

poe =}

& Structures sensitive to vibration

[ 2

® Activities sensitive to vibratfon.

For this program the dynamic characteristics of vehicles are to be con-
sldered only in relatlon to their vibration-producing interaction with
the highway pavement. Vibration sensltlve structures ond activities are
considered to be only those 1lkely to be located in the proximity of the
hlghway.

iy =B

To fulfill the objectives af this research program, elght basle
tasks have been defined, These rasks are:

By

& TASK A: Literature Review and Evaluation
8 TASK B: Complaint Assessment and Problem Definition
& TASK C: Analysis of Hlghway Vibration

TASK D: Field Testing

e TASK E: Isolation (Abatement) Techniques

-

f? e TASK F: Development of Deslgn Guidel Ines

TASK G: Develop Simplified Measurement and Data Reduction
Procedures

-

=3

TASK H: Refinement of Traffic Flow Model.

B
©
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2.1 Task A, Lliteraturc Review and Evaluation

Environmental vibratlon resulting from highway traffic has been investi-
gated for the past 30 years {Bernhard (1941), Southerland {1950)) with

the most Interest - as reflected by published llterature - belng expressed
in the past four years. The problem has arisen as a result of occcupant
annovance and alleged bullding damage and/or destructlon related to the
movement of heavy highway vehicles along streets and highways in the
proximity of the bulldings (Southerland (1950}, Bata (1971}, Whiffin and
Leonard (1971), House (1973), and Tokita (1973)}. These references
Indicate that the problem of traffic-Induced vibration is a growing
environmental preblem related to the long-term exposure of structurcs to
seismic foundation motion and that the problem can be expected to worsen

if left unresolved. Fortunately, as result of the present literature
review and cvaluation many of the detailted considerations related to the
various aspects of traffic-Induced vibration have been assembled, summarized,
and placed In perspective. This section describes the objective, approach,
and results of Task A, Lliterature Review and Evaluation.

The objective of the Literature Review and Evaluation is to review and to
evaluate previous and current studics on vibration excitation and propagation
from the highway source to the recelver to determine the effects of vibratlon
on structures and humans.
This task Included a review of literature in the following topics classifled
in relation to either source characteristics, path characteristles, recelver
characteristics, or legal )literature:
Source Characterlistics:

e Highway Traffic-Induced Vibrations

e Railway and Subway Vibrations

@ Construction and Blasting lmpacts

@ Sonlc Booms
Path Characteristics:

e Vibration Propagatlon and Attenuation
Receiver Characteristles:

e Geologlcal Survey Techniques

@ Vibration Criterla

o Human Threshold Levels for Vibration Perccption

@ Human Respense to Vibration Spectra and Levels

Legal Llterature:
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The detall toplec classifleation used for the literature review and
evaluation Is presented In Table Al-T of Appendix I,

As defined by the scope of thls research program, literature defining

the role of highway oparations in generating envirenmental vibrations

and literature providing analyses and data rclated to the basle toplcs
11sted above were glven primary consideration, Basically, the 1lterature
review encompassed hoth a cemputer search, provided by the Contract
Manager, uslpng TRIS and efforts in scanning abstracts, locating source
matertal, and reviewing Indlvidual papers or reports.

As each literature source Ttem was reviewed, a brief annotation was made
of the contents of tha [tem with emphasis being placed upon fdentifyling
spec/fic data or results applicable to the deseription of traffic~induced
vibration resulting from highway operations. The literature so reviewed
was cataloged by topic = as described in Appendix |. The annotated
bibllography resulting from the iiterature review and evaluation is
presented in Appendix |.

Currently, the annctated bibllegraphy presented in Appendix | Iists over
200 technical sources classified in relation to the highway vibration
preblem. This listing is not to be considered as final since the liter-
ature review and cvaluation Is a continuing program task as indicated by
Figure 2-1, Addltlenally, the bibliographies presented in Appendix |||
on Law, and in Appendix |VY on Human Response, supplement the fisting in

Appendix |,

The Engineering Guidelines, developed under Tasks E through H,
present additional technical references concerning traffic-induced

vibrations (1)%*,

% Numbers | () denote references 1lsted at the end of the report.,
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2,2 Task B, Complaint Assessment

In order to deflne the nature of the problem for traffic-induced
vibratlons, It Is necessary to establish the occurrence and frequency
of complaints ar 1lltlgation assocciated with traffic-Induced vibrations.
In particular, it is necessary to define the problem for the highway
enpvironment In the United States,

As reported 'n the Tlterature, nuch of the emphasls For studying
traffic-induced vibration has resulted from building damage to historic
property In Europe (Bata (1971), Whiffen and Leonard (1971}, Heuse
(1973}). In Japan, traffic-induced vibration s being assessed in
relation to other environmental scismic vibration sources such as rall-
way llnes, manufacturing preocesses, ete. (Tokita (1973)), Similar
studies have been roported by Barkan (1962) in the USSR, Al though
previous [nvestigators have studied the problem of traffic-induced
vibration in relation to thefr respective national comunities, it Is
problematical that their efforts properly define the corresponding
sltuation in the United States. lence, the main objective of Task B

of this research program is to provide a definitlon of the traffic-
induced vibration problem as encountered by highway planners and
designers in the United States,

Inltially, the approach selected ta determine the occurrence of traffic-
Induced vibration complaints was to develop a questionnalre to survey
public officials directly involved with highway planning, design and
maintenance. However, after reviewing the schedule limitations for this
task, it was mutually decided by the contractor and FHWA Contract
Manager that a direct appreach almed at locating specific complaint data
would be of more benefit te this program,

The approach taken was to contact, as assisted and directed by FHWA
Contract lanager, Regional FIWA offices to determipe any situations that
might have come to thelr attention related to either complaints and/or
litigation resulting from traffic-induced vibrations. Each Reglenal
FHVA offlce then directed the Inquiries to the appropriate State FIIWA
offices, and municipal agencies. This approach allowed a direct centact
with concernad public officials regarding specific situations that had
been and are currently being experienced in the field.

Following a contact sequence beginning with FUUA Reglonal offices and
ending with State DOT offlces, the complalnt data centered around
environmental considerations durlng highway planning and operation,
Complaint data resulting from contacts wlth municipal agencles totally
centered around highway operational situations. FHWA and State DOT
contacts identified 29 situations and municipal contacts Identified an
additional 39 situations, Of the situations identified, 51 cases were
well] documented and 17 were not. All municipal contacts Tndicated
that they had experienced some form of complaint related to trafiic-
induced vibration (the 39 sltuations indicated above resulted from a
45% response of municipal agencies contacted).
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In order to class!fy the highway vibration complaint data, two basic
categorics are used: planning considerations and operatlenal complaints.
Planning considerations are taken to be those statements of concern
related to traffic-Induced vibrations voiced by citizens during the
planning stage of highway design. Operational complaints are complaints
related to traffic-induced vibrations voiced by citlzens as a result of
traffic operations on highways or streots,

=@ -8 8

1 All complaint data related to planning considerations were aobtalned from
i the FIMA Regional Offtce and State DOT contacts., These cases represented
a total of 10% of all complaint data and related to proposcd highway
alignments near existing bulldings. The cases Involved two hospitals,
two observatories, one school, onc apartment huilding, and one office
bullding, Except for the highway allgnment near the observarories all
concerns were apparently alleviated so as not to adversely affect the

v highway design. However, the two observatories, in conjunction with

H local environmental and neighborhood groups, blocked the development of
A a state tollwoy using traffic-induced vibration, alr pollution, and nolse

sy
jL. N E

g 4

e
-t

; B as a basls for cmphasizing the adverse impact of the proposed highway
; alignment, {1t was alleged that traffic-Induced vibration would have
§o = dlsrupted the observatories capabilities to make leng-term photographic

@

I exposures as a result of traffic~induced vibrations causing the telescope
b foundation to vibrate and, hence, result in blurred photographs taken
through the telescopes.}

o i

Table 2.2-] presents a summary of the varlous physical factors describing
the operational complalnt data compiled as a result of the Inquirfes to
FHWA, state and municipal agencies., The followlng conclusions are drawn
from the data summarized in Table 2.2-1,

£

1) 88% of the cases resulted from action taken by individuals.

2) 90% of the cases related to private residences
4% of the cases related to rental property
6% of the cases related to conmercial property

3) B2% of the cases placed source and receiver within h00 feet of
each other

h) 63% of the cases alleged vibratien annayance only
19% of the cases alleged building damage only
" 2% of the cases alleged noise resulting from vibration only
# 4% of the cases alleged combined vibration annoyance and building
r rl damage
; 6% of the cases alleged combined building damage and nolse resulting
; from vibration
2% of the cases alleged combined vibratien annoyance, bullding
damage, and noise resulting from vibration

i’_:

Vo 5) k7% of the cases Identified heavy vehicles only as causing
. perceptible vibrations

B

:
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TABLE 2.2-1
SUMMARY OF COMPLAIMT DATA FOR TRAFFIC-INDUCED VIBRATICHS
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20% of the cases ldentified all trafflc as causing perceptible

vibrations
8% indlcated that vehlcle speed was a factor

6) 26% of the cases ldentifled specific damage to the road surface
as causing perceptible vibrations
59% of the cases identifled rough road surfaces as causing
perceptibie vibrations

ey ]

7} 63% of the cases were passively alleviated by resurfaclng the
roadway and/or performing maintenance
L0% of the cases were passively alleviated by lowering the speed
limit or decreasing allowable lead 1tmits on the romway

= B

@ fl 18% of the cases resulted in no actlen by the delegated public

g agency

B [@‘ 8) 2% of the cases resulted in litigation with rasults unknown at

| this time,

o

ﬂ E: | 9) Al cases were upifaormly distributed over the four scasons of the

i [! year,

s

ST The compilation of complaint data also Indieated that the occurrence of

i [ﬁ complatnts related to traffic-induced vibration is increasing from year

it to year., Since the complaint data has been compiled fraom exlisting public

X records and since the complaintants usually make themselves well~known to
| local officlals through telephone calls and correspondence, it Is reason-

o 18 able to assume that the complaint data is complete. Figure 2.2-1 was

& prepared to indicate the pumber of complaints received by year for three

ﬁ lm of the municipalities contacted,

A

& g

! The follewing conclusions have been developed as a result of the complaint
& data evaluation conducted under Task B:

s Highway planners and designers can cxpect to he faced with resolving
traffic-induced vibration as an environmental factor In conjunction
with alr pollution, nalsc, and other potential adverse impacts
associated with highway construction and operatlon.

@ Traffic-Induced vibration is essentially an urban problem that can
: occur generally within 00 feet of a highway or street carrying

i heavy vehicles at moderate speeds. (Evaery municipal agency con-

; tacted had experienced traffic-Tnduced vibration problems.)

! ]

ke

g & FPublic complaints generally arise from either annoyance at feelling

i ‘ a structure vibrate and/or observing some form of building damage

L L: that is alleged to result from traffic moving over a highway.
Highway agencles can expect very persistent action by the public

until the agency alleviates and/or resolves the situeation.
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e The frequency of complaints related to highway=-induced vibration
appears to he Increastng about 10% to 20% per year,

e Hlghway agencies, public works departments, transit authorities,
and other affected public agencies are generally unaware of the
data avallable to assist in resalving these problems and, as a
result, are extremely sensitive when appreaching complalnts
related to traffic-1Induced vibration,

The sensitive approach taken by publlic agencies when dealing with traffic-
Induced vibration is undoubtedly due in part to the apparent complexitics
In describing quantitatively on a technical basis the relatlenship between
the source (traffic) and the recelver (building and occupants) and the
potential legal situation iT annoyance and property damage are alleged.

{n additfon to locating, complling, and assessing complaint data related to
traffic~Induced vibration, the effort in Task B alseo included an evaluation
of the legal codes and literature in the Unifted States to determine the
foundations and precedents upon which 1itigation related to traffic-induced
vibration have been based, The detaijled results of this task are presented
in Appendix (1. A summary of these results are presented here,

Environmental vibration, including highway vibration, has not been the
subject of much legislative activity in the United States. The Meise Control
Act of 1972 fecuses on measurable (acoustic) sound and (s not conccrned with
perceptible vibration or cffects of vibratlon separable from sound. This
differs from the appracch taken by commen law courts in the Unlted States
vhich have always been willing to recognize vibration and noise as differing
aspects of a common nuisance activity.

Federal statutes phrased In general terms which codify a governmental duty
to protect envircnmental quality and to guard against adverse environmental
cffects will allew the complaintant, In the appropriate case, legal redress
since the courts recognize vibration as an enviranmental insult. Although
no vibration cases have, at this time, been declded under these statutes,
the standard of environmental quality provided for would require appropriate
safeguards to be implemented by federal officials during the construction
and malntenance of a project. Pertinent federal statutes are:

s National Environmental Policy Act (A2 U.S.C. 4321, paragraphs 101
and 102}

@ Federal Highway Act (23 U,S.C., 109h)

s FHWA: 23 Code of Federal Regulations, Appendix A, Environmental
Impact Statements, Paragraph

e Hlstoric Preservation {16 U.5.C., h70(f))

o FHWA: 23 Code of Federal Regulatiens, Appendix A, Procedures for
Historic Preservation

o FlWA: 23 Code of Federal Regulations, Part 772 (Regulations
promulgated pursuant to the Noise Control Act)

1G
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State statutes regulating vibration have recently been enacted {1974
lenislative sesslon: Connectlcut, Kentucky, and Maryland) bosed upen the
Council of State Government's suggested State Noise Control Act, This
model requlation doecs not attempt to regulate vibration specifically but
expands the definition of nolse to Include vibration, This typa of
statute could be applied to traffic-induced vibration, but since the
statutes are new, no lltigation or enforcement activily has resulted,

Huniclipal ordinances requlating vibration generally Form a part of the
zoning codes and resemble classic nuisance ordinances. Since zoning codes
are generally concerncd with statlonary sources of nolse, vibration, fumes,
smoke, etc., it 1s problematical that these ordinances arc broad enough,

tn their present form, to denl with traffic-induced vibration. However,
stnce many clties have passed noise ordinances reiative to moving sources,
it 1s concelvable that traffic~induced vibration could be encompassed by
municipal codes. Whereas same municipal ordinances arve subjective in
respect to vibration intensities and duration, other municipal codes are
quite specific In their regulations as Indlcated in Table 2,2-2,

As noted In Table 2.2~2, some zoning codes are rather technically sophis-

ticated (Peoria, Columbus, and Tucsen) whereas the Chicago and Denver

codes rely totally upon the subjective respense of individuals and the ;
level of human vibration perception, f

Since human perception and response to vibration represents a very signl-
ficant factor Tn anticlipating complaints, the assessment of complaints also
Included a compilation and evaluation of the quantitative description of
human vibration perception and psychologlical factors that possibly influence
the variability of the levels of human perception and response to vibration.
The details of the results of th]s sub-task are presented in Appendix |V,
Human Respense to Building Vibration. A discussion of the interrelation-
ships between the quantitative measure of human vibration perception and
other aspects of the trafflc-induced vibration problem are discussed in

the following section.

There has been no attempt, elther nationally or locally, to draft a compre-
henslve statutory scheme to regulate vibration such as has been the case
with noise, Whereas the National Environmental Pelicy Act could theoreti-
cally serve as a basis for plaintiff's relief In future litigation, the
contral of excessive environmental vibration is currantly approached by

the plaintiff using the traditional, but limited and rather ineffective,
theorfes of nuisance and inverse condemmation.

Common law courts have recognized excessive vibration as an Inmsult which
may be redressed using a number of traditional legal remedics such as
nuisance or Inverse condemnation. As a result, a survey of adjudicated
cases arising from vibratlon was conducted. This survey covered both non~
highway cases and highway-related vibration cases slince vibration, 1f con~
sidered excesslive, very well may be viewed by the courts as only various
aspects of a common offense.

11
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TABLE 2,22

EXAMPLE MUMICIPAL ZONING CODPES REGULATING VIBRATION

HUHICIPALITY

Chicago, [T1.

Peorfa, 11,

Calumbus, Chio

Denver, Colo.

Tucson, Ariz.

QUANTITATIVE MEASURE OF VIBRAT!ON

Vibration must not he perceptible {without
Instruments) at lot line.

Three companant ground velocity measurements
specified along a lot line. Computation of
velpclty from displacenent measurements
allowed, Lontinuous and Impulse vibration
deFined.

Table of distance versus allowable pounds
of explasive Tor blasting operations.
Ground cdisplacemant amplitude spectra
deflned.

Vibration must not be perceptible (without
instruments} at lot llne.

Humanly perceptible vibration beyond a lot
line for threc minutes or more in any one
hour between 7:00 AM to 7:00 PH or for
thircy seconds or mere in any one hour
between 7:00 PH to 7:00 AH is not allowed.
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Details of the various adjudicated cases are presented in Appendix 111
where the classification of these cases is made as fallows:

o The Constltutional Requirement of Compensation
o Tangible versus Intangible Damages
e [Highway Construction

® lighway Operation

s |nadequacy of Nulsanece Law

® Private Party Defendants

e [nverse Condemnation

& Scverance Damages

8 Special Damages

@ Special Plantiffs

® Procedure

From this effort, it has beep concluded that a property owner proving

that cracked walls, broken windows, or other forms of tangible Injury have
resulted from highway operations will reccive damage awards by the courts.
If the property owner secks damages for annoyance only, it Is necessary

to examine the state law, but if the property owner has been awarded
severance damages, such as partial land acquisition for highway right-of-
way, It is much more likely that additional damages will be awarded as
compared to A property owner whose land is simply adjacent to the highway.
Special camages that have not been suffered by the community at large have
been successfully claimed by such plaintiffs as hospitals, scheools, and
churches,

Table 2.2-3 is prasented as a result of the Task B effort to Tndicate an
assessment of litlgation related to tralffic-induced vibration {(See
Appendix 11, Table All=4), It is possibly significant to note that seven
of the elght cases reported for the time period 1970 to 1973 were ruled In
favor of the plaintiff, Three cases alteged bullding damage (38%), and
flve cases alleged annoyance (062%)}, six cases identifled heavy vehicles
only as the source {75%), and two cases ldentified all trafflc as the
source {25%), Considering the sanple size this data correlates reasonably
well with the analysls of complaint data presented In Section 2.2,



TABLE 2.3-3

- DR R SN ey

SUMMARY OF ADJUDICATED CASES RESULTING FROM HIGHWAY RELATED“VIBRATION PROBLEMS 1963-1972

-Complaint Case MNo. 1 2 3 4 5 5 7 8 9yt 1|12 13 k] 15] 16| 17| 181 19
Individual Action x X X X b X % X b X I
Board or Comm. Action X % X % ® X b X
Private Property X X X X b X X * X X %
Pabllc Property X ® x X ® x X
Cemrerclal Property X

Source Within h0O! * X X x * X X X X X x X X X * % % x X
Source Beyend 400!

Bullding Damage X X x X x X x X
Annoyance pd X b4 X X X X Hd H] X X
Noise Mentioned % b3 x * X X X X H X X % % X X
Heavy Vehlcles/Machinery % X % X X b X X b X X x x x
All Traffic X P % X X

For Plalntiff %" X X ® X X % X % b3
Aga?nst Plaintiff X X % ® X X X X X

Year 1963/1964 | 1965 [1965 [1966 |1966| 1968 | 1968 [1968 [1969 (1969 1970197011970 1971] 1971|1971 19721972
Remarks * The court awarded $9,210.00 to compensate for diminution of value,

+ The court awarded $37,150.00 for damages.
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3.0 ENGINEERING ANALYSIS

The analysis of the engineering aspects of Lraffic-induced vibration
comprised the most significant effort of the project. This analysis
focused upon the roie of vehicle/pavenent Interaction as a sonrce of
traffic-inducad vibration. This approach considered a detalled
vibration analysis of the vehicle suspension system, Twa types of
pavement surface roughness were considered: '"buwps or patholes' and
random surface roughness.

The vehicle response to bunp excitation was resolved in terms of a
"shock spectrum’ for the suspension system.  The result is o rather
simple technique for estimating the iwpact Facter cammonly used in
highway design., It is believed that this result is now.

The vchicle respense to random pavement sarface roughness was obtained
using standard technlyues for random vibration analysis. The road
surface roughness was deseribed by an amplitude power spectral density
function., This aspect of the problem was pursued to establish an
approximate relationship between the Present Serviceability Rating
(PSR) index of roughness and the surface roughness power spectrum
description. It |s believed that this result, as an approximation, fIs
new in its application to both pavement leading and traffic-induced
vibration analysis. '

With an estimate of the pavement roughness and the vehicle dynamic
response to the pavement roughness, estimates of pavement loading

were developed. The loading is characterized by an Impulse or an
impact for bumps and by the mean-square dynamic loading for random
surface roughness., Based upon the estimates of both the fmpact loading
and the mean-square loading, the role of the vehicle suspension system
in characterizing the loading became apparent. Due to a lack of
appropriate data, an approximate estimation method lor calculating tive
stiffness was developed. For the case of lmpact leoading, the degrec of
"tuning'' between the bump geometry and the vehicle suspension system
appears Lo he the dominant factor., For the case of randowm surface
roughness, the estimation procedure indicates that dynamic pavement
loading is a few percent of the statlic tire load and may actually
decrcase In an absolute sense as static tire load is increascd.

With a knowledge of the loading, it is possible to estimate the
pavement response to the loading iF an apprapriate dynamic model af
the pavement/subgrade system is available, Much cffart was expended
in developing and refining a dynamic madel of the pavement/subgrade
system., After considering a range of parameters describing the
pavement/subgrade vibration characterisites, it appears that the
pavement fundamental mode Is the dominant dynamic characteristic,
The model daeveloped simulates both radiation stiffness and dampling
of the pavement/subgrade with the surrounding parent.soil system.
The parameters required to define this model are common engineering
terms used in pavement deslgn,
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Using the pavement/subgrade model developed under this pregram, the
pavement response to both impact loading and random loading was
estimated, The results obtained from this analysis are simple and
approximate, The resul ts also appear to yield estimates that are
within an order of magnitude of field measured values (within 10 dB).

=u

Sl

It was beyond the scape of the present program to conduct extensive
Field tests to establish vehicle vibration emission luvels for the
range of parameters encounteread in highway design., Fortunately, the
research cfforts conducted by Tokita (2} in Japan provided a basis far
combining the resolts of both the analysis and field test dota obtained
in this study. The result 1s a simple Tunctional relationship hetween
vehicle gross welight, pavement roughness, and speed used to estinate
traffic~induced vibration alengside a roadway.

{g In order to model traffic-induced vibration for complex traffic flows,
it was necessary to develop a theory bascd upon the concept of an
equivalent vihration level, The theory is analegous to traffic noise

[l models except that the geometric spreading of waves away from the

n highway and the absorption losses of the vihration energy with dlstance
are different. The model developed to simulate complex traffic flows,

R predicts that each vehicle appears as a single jdentifiable source.

fg This appears to be true even for heavy high-speed traffic flows.

In order to assess the impact of traffic-induced vibration on the
highway neighbor, It was necessary to assemble criterfia for evaluating
both human perception and the potential for structural damage to
buildings. Appendix IV contalns a review of many of the psychelogical
factors that may Influence both human perception and complaint response
to traffic-induced vibration, The discussion in Appendix IV focuses
upen residential sltuations since this aspect of the traffic~induced
vibration problem was identified as the most frequently encountered
complaint situation. |n engineering terms, criteria for human percep-
tion and bullding response were developed from Reference 3 data.

These criterla are presented, discussed, and usage is indicated by
example 1n the Reference | guldelines.

EFE o RS

e

The detail engineering analysis conducted to develop both prediction
models and to assist in evatuating the field test results are presented
in Appendix V. These results were uscd to develep the enginecering

3 guidelines presented in Reference 1.

Hias

Under the Task D effort, field testing was conducted to evaluate and
te quantify the problem of traffic-induced vibration, Field measure-
ments were conducted to evaluate complaint criteria, abatement
strategies {deep trenches cut in the ground), and building response te
i traffic-induced vibration. These data are presented In Appendix VI,

. Based upon the analysis of this data, recommendations for simplificd

E field measuremente methodotogy were developed,  These recommendations
are presented in Reference 1,
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4.0 SUMMARY

This report and its appendices contaln detalled infarmation on the
following aspects of the traffic-induced vibration problem:

APPENDIX |

APPENDIX ||

APPENDIX 1Tt

APPENDIX |V

APPENDIY V

APPERD X VI

ANNOTATED BIBLIOGRAPHY (by F. F. Rudder and
5. . Pectyjohn}

ASSESSHENT OF COMPLAINT DATA AND ADJUDICATED CASES
{by J. R. Ballantine and M, L. Maclntyre)

LEGAL PERSPECT IYE OF HIGHWAY (NDUCED VIBRATION
(by Prof, J. W. Futrell)

HUMAN RESPONSE TO DUILDING VIBRATION (by Dr, C. L.
ltal land)

ENGINEERING ANALYSIS OF TRAFFIC INDUCED VIBRATIONS
{by F. F. Rudder and Dr. B. Mazanti)

FIELD HEASUREMENTS OF TRAFFIC-INDUCED VIBRATION
(by F. F. Rudder, L. V. Hazzarella, and J. D.
Pettyjohn},

These appendices provide a detailed basis to assist public officlals
and engineers in evaluating traffic-induced vibration problems. The
appendices support the methodology, recommendations and conclusions
of the Reference 1 guldelines for the analysis of traffic-induced

vibration,

17
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APPENDIX |
ANNOTATED BIBL1OGRAPHY

The foliowing annotated bibliography reprasents the results of the
first phase of Task A, Literature Review and Evaluation. The litera-
ture review encompassed both a computer search using TRIS and efforts
in scanning abstracts, locating source material, and reviewing indivi-
dual papers or reports. The data listed in this annotated bibllography
Is supplemented by the literature reviewed and listed In Appendix iI!}]
on law, in Appendix IV on human response to vibration, and Appendix V

on Engineering Aspects.
The listing Is categorized by topic as follows:

Source Characteristics (Section A-1)
Path Characteristics (Sectlon A=-2)
Recelver Characteristics (Section A-3)
Legal Literature {(Section A-%)

A complete ifsting of the classification topics is presented In
Tabla A-1,



TABLE Al-|

LITERATURE REVIEW AND EVALUATION

e e

£

TOPIC CLASSIFICATION

ey -

{Continued)

=W

A.1 SOURCE CHARACTER|ISTICS

A.1.1 Highway Vibrations _

A.1.1.1 Vehlcle and Traffic Flow Description

A.1.1.2 Highway Design, Censtruction, and Malntenance Standards

A.1.2 Environmental Vibratlions

=

A.1.2.1 Sonic Booms

A.1.2.2 Rallway Operational Vibrations
A.1.2.3 Subway Operatlonal Vibrations
A.1.2.4 Construction Generated Vibrations
A.1.2.5 Blasting Vibraticns

E¥E

A.1.3 Vibration Standards & Criteria
A.1.3.1 Standards Controlllng Highway Vibration
A.1.3.2 Standards Contrelling Environmental Vibratlon

¥ T3

A.1.3,3 Measurement Standards

A.2 PATH CHARACTERISTICS
A.2,1 Geological Survey Techniques

2z B

A.2.1.1 Soll Sampling Techniques
A.2.1.2 S5oil Testing Techniques
A.2,1.3 Soll Parameters Related to Highway Design

A,2.2 Wave Propagaticn

P A.2.2.1 Analytical Description

& A.2,2.2 Experimental Descriptlon and Technlques
A.2,2,3 Experlimental Data

B e B &=
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TABLE Al=]

{Concluded)

A.2.3 Mave Attenuation

~A.2,3.! Analytical Description

A.2,3.2 Experimental Description and Techniques
A.2,3.3 Experimental Data

A.2.4 Countermezsure Technigues
A.2.4.1 Foundatlon and Footing Design

A2,5.2 Trench Design
A.2.4,3 Barrler Design
A.2.4.4 Experlimental Data

A.3 RECEIVER CHARACTERISTICS
A.3.1 Human Response to Vibration (See Appendix I11)

A.3.2 Structural Response

A.3.2,1 Soil=Foundation Coupling

A.3.2.2 Vibratlon Characteristics of Building Structure
A.3.2.3 Component Mode Vibratieon

A.3.2.4 Bullding Design Standards

A.3.2.5 Building Damage Criteria

A LAWS GOVERNING AND LITIGATION ARISING FROM VIBRATION (See Appendix IV)

Al-2
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A.1.1,} VEHICLE VIBRATIONS AND TRAFFIC FLOW DESCRIFTION

Yasuo Tokita; "Ground Vlbratlons Generated by Factorie's Machine
and Vehlcles," Inter-Noise '73, Tech Univ, of Denmark, Copenhagen,
Aug. 22-24, 1973, pp. B5-89, Experimental results presented in the
form of graphs for factory equipment and vehicles. Results arc to
be considered in the legislation of vibration criterion in Japan.
Table of day/night horizontal/vertical vibration limits presented.

Whiffin, A. C.; Leonard, D. R.; "A Survey of Traffic~Induced Vibra-
tions," Road Res, Lab, Dept. of the Environment, RRL Report LR 418,
Crowthorne, Berkshire, 1971. A general comprehenslve study of the
generation and transmission of vibrations, measurement of these
vibrations, comparison with other sources of ground vibration,
structural and equlipment response, human reaction and correlation
of criteria,

Bata, M.; "Effects on Bulldings of Vibrations Caused by Traffic,"
Bulld, Sci., V6, pp. 221-246, 1971, Analytical analyses for bullding
motion developed by matrix metheds or Laplace transforms, results of
experimental work presented In form of a probability histogram and
tables of basic characteristics of the investligated statistical sets,

House, M. E,; "Traffic-Induced Vibrations in Buildlings," J. of the
Instit., of Hwy. Engrs., The Highway Engrs., V20, N2, Feb, '73, p. 6-16.
General discussion of excltation forces, pavement/ground response,
propagation through soils, foundation and building response, detection
and damage criterlia and 1lfe reduction in buildings. Figures on ground
vibration reduction with distance, magnification of yipes In structures,
subjective response to vlbratlons, and 1ife reduction In houses,

Suthertand, H, B.; YA Study of the Vibrations Produced In Structures

by Heavy Vehicles," Highway Res. Board Proceedings of the 30th Annual
Heeting, 1950. Experimental results. Flgures show how various

factors affect vibrations. Factors are: 1) weight of vehicle, 2)

speed of vehicle, 3) braking and acceleration characteristics, 4) con-~
dition of road surface, 5) thickness of road bed, 6) distance of vehicle
from structure, and 7) nature of soll underlying roadway.

Trott, J. J.; Whiffin, A. C.; '"Heasurements of the Axle~Loads of Moving
Vehicles on Trunk Roads,'' Roads £ Road Constr., V43, pp. 209-214, 1965,
Discusslon of axle-load daily varlation and seasonal variation.

Bernhard, R. K.; "Noise Tremor Due to Traffic," J. Acous. Soc. Amer.,
vi2, Jan. '41, pp. 338-347. Experimental results of highway and rail-
road vibration, A very general analytlcal method Is offered. Results
presented In form of space diagrams.

Chu, M. L.; Doyle, G. R.; "Experimental Verification of LInear Random
Vibration Theory as Applied to a Four-Wheel Vehlcle Traversing a Random
Terrain," JASA Abstract, V55, Supplement, p. 52, 1974, Analytical
mode! of vibration of vehicle and experimental results from simulator,
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Virchis, V. J.; Rabson, J.'D.; "Response of an Accelerating Vehicle
te Random Read Undulation," J. of Snd. & VIb,, Oct. '71, V18, N3,

" pp 423-427. Analytical procedure developed for vehlcle [tself.
+ Experimental results applied to analytical procedure,

Robson, J, D.; '"Deductions from the Spectra of Vehlcle Response
Due to Road Profile Excitatlon," J. of Snd. & Vib,, V7, N2,

pp 156-158, 1968, Response of the vehicle. Relatlonship between
varying velocities and vehicle response,

Foley, J. T.; Gens, M, B,; #Magnuson, C. F; 'Current Predictive
Models of the Dynamic Environment of Transportation,' J. Environ=
menta! Sclences, Vi6, 1, JA/FE '73, pp. 18-28. The dynamic en-
vironment experienced by carge during transport.

Priede, T.; "Noise and Vibration Problems in Commercial Vehicles,"
J. of Snd. ¢ Vib., V5, pp. 129-154, 1967. Experimental results of
noise and vibration in the vehicle cab, at the curbside and in ‘the
cargo department. Emphasis Ts on noisc and vibration in the cab,

Harmellnk, M. D.; "Meise and Vibration Control for Transportation
Systems," Dept. of Highways, Ontario, D.H.0. Report No. RR 168,
Oct., '70, pp. 52. A very comprehensive state-of-the-art summary
of nolse and vibratlon contrel for transport systems. Described
are the physlcal properties of neise and vibratlon, its measurement
and analysis, lts effects, tolersble levels, its sources and ways
of suppressing, and the control of transportation nolse and vibra-
tion.

Priede, T.; "Origins of Automotive Vehlcle Noise,'" J. of Snd. &
Vib., 1971, V15, NI, pp. 61-73. Characteristics of the noise pro-
duced by the various major elements of a vehicle are dlscussed,

It Is shown that the noise emlitted by the vehicle elements is
determined primarily by the operatlonal speed.

Aspinall, D, T.; "Control of Road Noise by Vehicle Design,'' J. of
Snd. & Vib,, VI3, N&, 1970, pp. 435-444. A discussion of noise con-
trol for vehicles to reduce both the internal and the external nolse
levels.

Waters, P, E.; ''Control of Road Noise by Vehicle Operatlon,'' J. of
snd, & Vib., 1970, V13, N4, pp. 45~453, Presentation of some
preliminary Investigations inte the noise emitted by road vehicles
under various operating conditlons, !t Is found that noise at
constant specd increases at a mean rate of 12 dBA per doubling of
distance.

Kurze, U. J.; "Moise from Complex Road Traffic,' J. of Snd, & Vib,,
1971, V19, N2, pp. 167-177. Statistical paramcters are derlved,
Nolse from freely flowling trafflec calculated considering traffic
mixes, numerous roads, barriers, and other influences that can be
approximated by the superposition of contributions from statistically
independent elements.

Al-4
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Kurze, U. J,; "Statistlcs of Road Trafflc Nolse," J. of Snd. & Vib,,
1971, V18, N2, pp. 171-195, Analytical determination of the statistical
parameters of traffic nolse. The probabllity.distribution, the mean

and the variance of the sound pressure level are calculated.

Johnson, D. R,; Saunders, E, G.; '"The Evaluation of Hoise from Freely
Flowing Road Traffic," J. of Snd. & Vib,, 1968, V7, N2, pp. 287-309.
Results of sound level surveys taken at a varlety of locations and

of road traffic types. Examines the effect of velocity, the Immedlate
surroundings and of gradients. Some equations are derived.

Yeow, K. W.; "A Stochastic Hodel of the Nolse Fleld Emitted from
Trafflc in Steady Flow," J. of Snd. & Vib., 1974, V32, N2, pp. 227-239.
Assumes steady-flow Ts equal to statistically statlonary trafflc flow.
A theoretical model s developed.

Peters, 5.; "“"The Prediction of Railway Nolse Proflles," J. of Snd. &
Vib,, 1974, v32, N1, pp. 87-99. A method for predicting the rise and
decay of the noise emitted from a passing train Is presented,

Relter, W. F., Jr.; Hart, F. D.; "Experimental !nvestigation of the
Vibratlonal Characterlistics of Truck Tires," JASA Abstract, V51, N1,
Prt. 1, 1972, p. BB, Results of an experiment to obtain the data
necessary to describe the vibratlonal behavlor of truck tires, effects
of pressure, tread, and load on frequency and mode shapes and the
relationship between sldewall and tread vibration.

Reiter, W. H.; Harper, L. J.; Eberhardt, A, C.; "In Service Tire Vibra-
tion Investigation,' JASA Abstract, V53, N1, 1973, p. 306. Experimental
data obtained for tire sound and vibration for understanding tire noise
oenerating mechanisms and influence of load, tread type, tread wear

and speed.

Copley, L. G.; "Consulting Experience with the New Federal Highway
Nolse Standards,' JASA Abstract, V53, N1, 1973, p. 205. The paper
addresses procedural aspects of the standards,

A.1.1.2 HIGHWAY DESIGN, CONSTRUCTION, AND MAINTENANCE STANDARDS

Bernhard, R. K.; "Highway Investigation by Means of induced Vibratlon,"
Penn State Cal. Bull., Engr, Exp. Stn., Bull, No. 49, Y33, 1939, The
results of tests to determine properties of the highway and the subsoil.
Stralght forward equations given for propagation speed in lower strata
and depth of strata. Curve of amplitude vs. distance provided.

""Penn State's Continuing Pavement Test is Ylelding Valuable Research
Results," Highway Research News, H53, Wipter '73, pp. 20-21., Tests
performed to check various bridge surfaces and hlghway materials.
Sol] pressure and stress on soi] and pavement Is monitored. Skid
tests belng performed,

Al
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Nayak, P. R.; "'Surface-Roughness Effects In Rolling Contact," J, of
Applied Mechanics, V39, N2, June '72, pp. h56-h60. An analytical
procedure Ts developed to explain surface-roughness. The solution

s most applicable when the normal load is low or the surface roughness
Is high,

Dodds, C. Jd.; Robson, J. D.; ""The Description of Road Surface Roughness,"
J. of Snd. & Vib., 1973, v3l, NZ, pp. 175-183. The development of an
analytical technique to describe road surface undulatlons which can

be used to describe vehicle response. Solutlon is the result of an
assumption that road surfaces may be considered as realfzations of
homogencous and isotropic two-dimensienal Gausslan random processes,

Witllams, T. E, It.; "Highway Engincering and the influence of Geometric
Deslign Characteristics on Noise," J. of Snd, & Vib., VI5, NI, B Mar,
'71, pp. 17-22. General discussion of noise from trafflc and those
things which can be done to the highway or aleng the right of ways to
lower nolse levels, Table of day/night nolse levels for a variety of
roads,

Bor, Y.; "Urban Transport and Envirenment,' J. of Snd. & Vib,, 1971,
V15, NI, pp. 41-51, General discussion of the conflicts between a

good urban environment and the needs of transport is developed. Using
established common ground on five issues, a plan of atrack Is proffered.

Brown, 5. F.; Bush, D. 1.; "Dynamic Response of Model Pavement Structure,'
Transpor. Engr. J., ASCE, V98, TE4, Proc. Pap. 9363, Hov, '72, pp. 1005~
1022, In-situ measurements of stress, strain and deflection In a jab
mode! pavement subJected to dynamic loading is reported. Aim of the

test was to check the valldity of !lnear elastic theoretlca] selutions

v the three layer system,

Robbins, E. G.; Yarnes, C. E.; "Traffic Data for Concrete Pavement
Design," Transpor. Engr. J., ASCE, V99, TE1, Proc. Pap. 9555, Feb. 73,
pp. 17-29, Reported in this paper is the development of generallzed
trafflc data representative of road and street type. It Is for use
with computer program PCCHWY.

Phang, W. A.; '"Vehicle Weight Regulation and the Effects of Increcased
Loading on Pavements," Dept. of Highways, Ontarlo, DHQ Repart HNo,

RR 151, Nov. '69, pp. 16, A comparison of the effects of lncreased
loading on flexible and rigld pavements Is made with some recommenda-
tlons for the future.

Casgoly, P. F.; Campbell, T, I.; Agarwal, A, C.; "Bridge Vibration
Study," Hinlstry of Transportation and Commun:cations. MTC Report No.
181, Sep. '72, pp. 30. A computer progrom is the hasis of this
comprehensive study. Free vibration theory Is examined with comparisons
of theoretical and experimental results made also,
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trolling Vehicle Weights on Bridges," Oept. of Highways, Ontario,
D4O Report Mo, RR 149, Sep. '69. This report is a study in general
“mathematical terms, of the effect of axle group leads on the forces
ra and moments of continuous and simply supported bridge structures.
? The approach is determipistic rather than statistical, having valldlty
for a limited range of bridge spans.

r, Jung, F. W,: "Stmplifled Design Live Load Patterns for Use [n Con-

4 ' Veletsos, A, S.; Tseng Huang: ''Analysis of Dynamic Response of Highway
i Bridges," J, Engr. Mech. DIv., ASCE, V96, EM5, Oct. '70, pp. 593-620.
: ~§ Analytical technique is developed to describa both the vehlcle and

“% E% the bridge, their motions ond the constralnts to be used to compute

;oo the dynamic response of highway bridges under the actlon of moving
vehicles, ‘

35, Road Research Laboratory, Minlstry of Transport, Crowthorne,
1966, The results of tests to determipe Impact facter and dynamic
stralns are reported for four types of vehicles on both smooth

¥ Eﬂ Page, J.; "Impact Tests on Pipes Burled under Roads,'" RRL Report No.
and rough surfaces,

Brown, P, P,; "Alrfleld Pavement Evaluatien Procedures," J. Aerospace
Transportation Div., ASCE, Y91, ATI, Proc. Pap. %299, April '65, pp.
15-31. A summary of current procedures describing methods of appraising
surface conditlons; in place and lab test determination of load capacity
and procedures for converting a multi-wheel system to a single wheel
load system is provided.

EE Yang, H. C.; "Ipteraction of Aircraft and Ground Structure,' J. Struce,
Div., ASCE, v96, Prt. 1, ST6, Proc. Pap. 7360, June '70, pp. 1119-1142,
Derfves an analytical procedurc to account for aireraft response,

Ei structure response, and pavement response to the excitations created
when the rolllng aircraft traverses rough surfaces.

Burt, J. 0.; Leblanc, E. J,; "Res. Report No., 75, Res. Proj. No. 71-3¢(B),
Louisiana HPR 1(11), Louisiana Dept, of Hwys., March '74. Results of

a study of the vibration of luminaires located at bridges and overpasses
and the varicus dampers tested to suppress these vibrations are reported,

A.1.2 ENVIRONMENTAL VIBRATIONS

1 ﬁ
S Ferahlan, R. H.; Graefe, P. W. U.; "Comparison of Earthquake, Blast,
) and Pulse Excltations, “Engr. Journ., V55, N3, March '72, pp. 12-19,
lg The results of a comparison of the response spectra for the acceleration
of three types of foreing function are discussed. Graphs of acceleration

amplitude vs, frequency or time are presented for the three functians,

i
{g Gray, G. G.; Johnson, K, L.; "The Dynamic Response of Elastic Badies in
Rolllng Contact to Random Roughness of their Surfaces,' J. of 5nd. &

i Vib., 1872, V22, N3, pp. 323-342. The theory and technigues of random
vibration are applied to this study to assess the fluctuations in the
contact forece for a wheel or a rall, Both theoretical and experimental
results are obtained.
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A.1.2.1 SONIC BOOMS

o

: : Goforth, T. T.; MHcDonald, J. A.; "“A Physical Interpretation of Selismic
;! Waves Induced by Sonic Booms,' J. Geophys, Res., V75, Prt. 5, Ho. 26,
pp. 5087-5092, 1970. Assuming that aircraft flying leve! and un-

o accelerated lsequivalent to a statle load, a computer program is run

b to compare experlmental and theoretical results. Figures showing the

comparisaons |s given,

g :
EXG E = E

ook, J. C.; Goforth, T.; Cook, R. K.; YSelsmic and Underwater Responses
to Sonic Boom,'" J. Acous. Soc. America, V51, Mo. 2, Prt. 3, 1972, pp.
729-741, This report is a summary of work donc in relation to seismic

and underwater respenses to sonic boom, Both experimental and theoretical
results are included, ft compares the maximum particle velocity resulting
from a sonic boom as being equal to the velacity resulting from a car
passing at 30 mph, 30 feet away on a paved road, VYeloclty proflles are
included,

=8

=Y Y -

i Cook, J. £.; Goforth, T. T.; “Ground Motion from Sonlc Booms," J. of
2 Alrcraft, AIAA, Mar, '70, V7, N2, pp. 126, 129. A general discussion
of criterfon for bullding damage (2/N/SEC), equipment used to measure
selsmic responses, and results of some cxperimental results.

——
[Zo8

Espinosa, A, F.; Siera, J. P.; Hickey, M. V.; "Selsmic Waves Generated
by Sonic Booms: A Gecacoustical Problem," J. Acous. Soc. Amer., Vik,

Ni, 1968, pp. 1074-1082. The observations derived from experimental
measurements of selsmic waves generated by sonic-booms, Figures shewing
relative amplitude vs, period are presented.

i

Dalins, 1.; McCarty, V.M.; Kaschak, G.; Donn, W, L.; ''Observation of
Early Arriving Selsmle Signal from Appole 16 Launch,' JASA Abstract,
V52, N5, Prt. 1, 1972, p. 1312, Discusslon of rocket-generated sefsmic
disturbances and signa)l characteristics, analysis techniques and
Instrumentation s given.

Dalfns, I.; McCarty, V, M.; ""Strong Seismle Wave Geperation Mechanisms
During Large Rocket Launches and Static Tests,'' JASA Abstract, V51, NI,
prt. 1, 1972, p. 146, Provided 1s a discussion of three types of waves
generated during taunch and static firlngs, their propagation and
characteristics along with Instrumentation to measure.

Weber, G,; "Sonic Boom Exposure Effects Il.1: Structures and Terrafn,!
J. of Snd. & Vib., Feb, '72, V20, N4, pp. 505-509, This report Is a
general discussion and evaluatlon of effects of sonlc booms en topo-
graphical features and ground motion effects on structures and a dis-
cussion of structural parameters,

Warren, C. H. E., "Recent Sonle-~Bang Studies in the United Kingdom,'

J. Acous. Soc. Amer., V51, N2, Prt, 3, 1972, pp. 783-789. This paper
citas the results of recent sonic-boom studies including experimental
results of the influence of sonlec-booms on greenhouses, cathedrals, and
other historiec and non~historic structures.

"
2
1

£
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Pauagadhl, L. J.; Yajnik, M. D.; '"Wibration of Clrcular Elastic Plates
Due to Sonic Boom,'' Acous. Sec. Amer., V52, W1, Prt, 2, 1972, pp. 260-
269. Ap analytlical formula s developed to describe the response of
large clreular plates to axlsymetric transfent vibrations. The result-
fng solution [s than applied te three structural materlals with the

ald of a computer, Plots of dynamic deflection are glven.

8 T8

Crocker, M. J.; Hudson, R, R.; "Structure Response to Sonic Booms,''
J. of Snd, & Vib,, 1969, V9, H3, pp. h54-468. Using an idealized
mathematlical expression to represent an H-Wave and considering struc-
tural members as a mass-spring~damper system, the various sonic-boom
parameters are varicd to determine their relative Influence on
structural response,

Clarkson, B. L.; Mayes, Y. H.; "Sonic-Boom Induced Building Structure
Responses Including Damage, 'J. Acous. Soc. Amer., V51, N2, Prt. 3,
1972, pp. 7h2-757. This article Is a comprehensive study on structure
response to alrborne waves, including sections on the response and
damage to historie buildings. The study includes some analysis and
experimental results,

Hubbard, H. H.; Mayes, W. H.; "Sonic Boom Effects on People and
Structures,'' NASA SP-147, Nationa)] Aeronautical & Space Adm., Langley
Research Center, 1967. A general discussion of the effects of sonfc-
boom overpressures on the responses of persons inside and outside a
dwelling and the response of the structure te alrborne waves, Flgures
showing the effect of rise time and duration on the plots of relative
amplitude vs, frequency are also shown.

I

Rylander, R.; Sorenson, S.; Andrae, B, 0.; Chatelier, G.; Espmark, Y.;
Larsson, T.; Thackray, R. |.; "Ionlc Boom Exposure Effects - A Field
Study on Humans & Animals, "J. of Snd, & Vib,, 1974, V33, N4, pp. 471-
486, Explalned in thlis report is the result of a fleld experiment to
study the reactions of humans after exposure to sonlc-booms with special
reference to startle reactions, Animal responses were monitored also.

=

May, D. N, YThe Loudness of Sonle Booms Heard Outdoors as Simple
Functions of Overpressure and Rise Tlme," J. of Snd, & Vib,, 1971, V18,

x N1, pp. 31=43, In thls study a comparlson Is made hetween some derlved

e semi-empirical formuias with accepted theoretlcal loudness calculations in
: the prediction of the loudness of sonic booms heard outside. An experi-

mental as well as analytical assessment was made,

B2 BT

A.1,2.2, RAILWAY OPERATION VIBRAT[ONS

ER

f; Nayak, P, R.; "Contact Vibrations," J. of Snd, & Vib,, V22, N3, 1972,
CEm pp. 297-322. This paper develops some of the theoretical groundwork

- necessary for detailed physical explanations of experimentally observed

' phenomona In vibratory point contact. Three cases are analyzed: undamped
free vibrations, forced damped vibrations with sinusoidal Input, and
vibrations with broadband randem input.

Nayak, P. R.; ‘'Contact Vibrations of a Wheel on a Rall,” J, of Snd. &
Vib., 1973, v28, N2, pp. 277-293. An analytical medel is developed to
explaln high-frequency contact vibrations,
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Bender, E, K.; '""Noise and Vibration of Reslliently Supported Track
Slabs," J. Acoust. Soc. Amer., VG55, H2, Beb., '74, pp. 259-268. This
paper examines an analytical model of the dynamic response, vibra-
tlon Isolation, and sound radiation of resiliently supported track
slab.

Rishiki, T., Shlraishi, S.; "0Overloads on Japan’s 130~MPH Rallroad
Structures,' J. Struct. Div., ASCE, V96, Prt, |, 5T6, Proc. Pap. 7325,
June ‘70, pp. 1017-1023., Provided in this paper s a general discus-
sion of the live loads carried by tralns and the corresponding
frequency.

Drew, F. P.; "Loading Historlies," Proceedings of AREA Semipar; Munse,
W. H.; Stallmeyer, J. E.; Drew, F. P, {Ed); Amer. Rallway Engr. Assoc.,
69 East Van Buren St., Chicago, 111,, 1968, This article provides
results of tests conducted at traln bridges to determine their loading
histerles during train passage, Results are plotted In bleck diagram
form.

Brown, L. M; YEffect of Construction Equipment Vibration on Hearhby
Buildings," Ontario Dept. of Transportation & Communications, pp. 117~
131, Summarization of the varfous criterfa that have been used to
evaluate damage. States that tests have shown that velocity Is the
best Indicator of damage. Graphs of veloclity vs, distance for five
types of construction equipment performing a variety of tasks is
ineluded.

Brown, L. M.; '"Measurements of Vibrations Caused by Construction Equlp=
ment and Blasting," Ontario Dept. of Highways, DHO Report Ho. RRI72,
April 71, pp. 61. A comprehensive review of both experimental and
general analytical methods related to vibrations frem blasting and
construction, Discusses safe limits, human sensitivity, effects on
dwellings, attenuation with distance and other subjects. Several
flgures representing resuits of vibratlon tests are provided,

Tiedmann, D. A.; "Ground Motlens from Vibratory Roller Compaction of
Cohesive Soil,'" Bureau of Reclamation, U.S. Dept. Interior, REC~-GCE-70-
28, June '70, pp. 22. Experimental results in graphic form are reported
and discussed for applicability with any corresponding detrimental
effects the vibratlions may have.

A,1.2.5 BLASTING VIBRATIONS

Nicholss, M. R.; Johnson, €. F.; Duvall, W, 1.; '"Btasting Vibrations
and their Effects on Structures," Bureau of Mines, U. 5. Dept. of the
Interfor, Bulletin 656, 1971, 101 pp. A comprehensive overview of
blasting vibrations, both air and ground vibrations, including instru-
mentation, safe vibration levels for dwelling, generation and propaga-
tfon of vibration waves and methods for estimation of safe vibration
levels., Contains both analytical methods and experimental results.
Velocity profiles as a function of fregquency are provided.
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Davies, J. V.; "Ground Vibrations from Tunnel Blastlng,' Tunnels and
Tunnelling, Y2, N3, pp. 141-144, May 1970. This article includes a
general discussion of the properties of a ground wave, formulas for
predicting amplitude, effect of vibration on buildings and a criterion
for damage is established.

Buvall, W. |.; Fogelson, D. E.; ""Review of Criteria for Estimating
Damage to Residences from Blasting Vibrations," Report of lInvestiga=-
tion 5968, TH23, V7, U,5. Dept. Interlor, Bureau of Wines, 1962,

19 pp. This is a review of Investigations into what quantity s the
best Indicator of building damage follewed by reccomnendations for
damage criterfa. Criteria Is presented in the form of graphs of
dlsplacement and velecity as a function of frequency.

Bolllnger, G. A.; Olast Vibration Analysis, Southern [1lipois University
Press, 1971, 132 pp. This is a conplete boock covering the physiecs of
wave motjon, the generation of seismic waves fram blasting, the measure-
ment of blast vibrations, analysis of blast seismograms, and damage
criteria and effects of vibratians,

Thau, §. A.; ""Motion of a Finite Rigld Strip In an Elastic Half Space
Subjected to Blast Wave Loading,” Intrnl. J, of Solids and Structures,
V7, N2, pp. 193-211, 1971. An analytical model is arrived at to

describe the motfon of an obstacle imbedded in a half-space and subjected
to blast waves, The scattering of elastlic waves by diffraction and
radiatlon (s consldered.

|senberg, J.: Lee, L: Agbablan, M. 5.: "Response of Structures to Com-
bined Blast Effects,' Transport Engr. J., ASEE, V99, TE4, Proc. Pap.
10166, Hov. *73, pp. 8B7-908. Provides methods of computing dynamic
s5tructural response due to combined air blast and ground shocwk loading.
Comparisons are made between experimental measurements and analytical
computations.

Harper, M, J.; Hawklns, 5, J.; Hicks, J. A,; "Explosively Generated
Alr Pressure Waves for Structural Fercing," J. of Sad. & Vib., 1970,
Vil, N2, pp. 217-224. Explained Is the use of aerial blasts to deter=
mine the respense of structures,

A.1.3 VIBRATION STANDARDS AND CRITER!A

Armstrong, M. 0.3 Jung, F. W.; Phang, W. A,; "A Proposed Method of
Regulating Vehicle Weights in Ontario,'" Dept. of Highways, Ontarlo,

DHO Repart Na. 166, Sept. 1970, 25 pp. Discusses vehicle welght regu-
latlon propased which use axle weights and a 'bridge formula." The
purpase of the regulation is to permit the greatest payload without
causing abnormal damage.

Crocker, M. J.; "Wibratlon Control and Biodynamics," JASA Abstract, V51,
wl, Prt. 1, 1872, p, 116, This Is a summary of different papers offered
on this subject,

Al=-11
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Fishman, B,; '"1S0/TC 108 - Hechanica! Vibration and Shock,"” J. of
Environmental Sciences, Y16, -Ni, Ja/Fe '73, pp. 29-32. General over-
- vlew of the group that determines vibration criterfa and limits.

.

A.2,1.2 SOIL TESTING TECHNIQUES

—
oo B

Van Zelst, T. W.; "Geophysical Instruments in lfighway Planning," Pre-
sented at the Reglonal Conference, Interpational Road Federation, Lima,
Peru, Hay 17-27, 1965. Describes equipment avallable for testing solls
and determlning parameters of subsoils and how te use this equipment.

[T~ Ry~ |

Davis, L. L.3 West, L. R,; "Observed Effects of Topography on Ground
Motion," Bull, Seismo Soc. fAmer., V63, Hl, pp. 283-298, Fef. '73.

a Topography plays a significant role and Is an Important consideration

B {n determining the seismic motion that a particular site receives accord-
ing te thls study. This concluslon is the result of the Interpretaticns
of data obtained from Ficld experiments,

1;:.3 ity

i Lysmer, J.; Seed, H, B.; Schwabel, P, B,; "tnfluence of fase-Rock
o Characteristics on Ground Response,' Bull, Seismo Soc. Amer., V61, N5,
i pp. 1213-1231, Oct. '71. Response characteristics of nine typlcal soil
deposlits over different types of base-rock are studied to evaluate the
influence of base-rock on surface accelerations, Conclusjons are based
on experimental data. Graphs comparing accelerations as functions of
wave perlods for ground surface motions and base-rock motions are
included.

Dezfulian, H.; Seed, H, B.; '"Response of Non~Unlform Soil Deposits te
Travelling Seismic Waves,' J. Soil Mech & Founda Div., ASCE, V97, Prt. 1,
§M1, Proc. Pap. 7808, Jan. '71, pp. 27-hb6, Provides effects of local
soil condition on the amplitude and frequency characteristics of ground
surface motion, Experlimental results are reported.

Nelson, 1.3 Baron, M. L.; "Application of Variable MHodull Hedels ta Sol}
Behavior,” Intrnl. J. of Solids & Structures, 1971, ¥7, Ni, pp. 399-417,
A mathematical model to describe the actlon of solls under both static
and/or dynamlc loads Is daveloped in terms of the incremental stress-

e @R OEE

lﬁ strain relations. The model Is examined for uniaxial straln and tri-
4 axial compression because of the avallablllity of these soil tests.

i P'Appolenia, E.} "Dypamic Loadings,'' J. Soll Hech, & Founda, Biv., ASCE,
V96, Prt. 1, SM1, Proe. Pap. 7010, Jan. '70, pp. 49-72, Mecthods used to
place and Improve soil in situ for the support of structures are appraised

q Also presented are criteria used to assure tolerable deformation of

tﬁ structures during dynamic loadings.
L@ A.2.2,1 WAVE PROPAGATION: ANALYTICAL DESCRIPTION
t £ ]

Richart, F. E., Jr.; Hall, J, R., Jr.; Voods, R, D.; Vibrations of Soils
and Foundations, Prentlce-Hall, Inc., 1970, Englewoad Cliffs, New Jersey,
This is a complete book cavering such toples as vibrations of elementary

B
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systems, wave propagation In an elastlc, homogeneous, isotroplc medium,
@ clastic waves in laycred media, behavior of dynamically loaded soils,
| theories for vibration of foundations on elastic media, Instrumentations,
and design procedures,

r! Ben-Amoz, M.; '"The Effective Wave Velocities of Heterogeneous Materials,"
“ Intrnl. J. Engr., SCI, V7, H10, pp. 990-1019, 1363, The effective wave
velocities and impedances of a two-phase etastic selids arc determlined

by an approximate analytical method.

Beaudet, P. R,; "Elastic Wave Propagation in Heterogencous Hedia,'t Bull,
Selsmo Soc. Amer., V60, N3, pp. 769~78h, 1970. An analytical wave
equation is derived then solved For the ensemble average of particle
displacements produced by an explosion., The results arc compared with
fleld observations from underground nuclear tests.

e}

Chwalcazyk, F.; Rafa, J.; Wlodarczyk, E.; "Propagation of Two Dimensicnal
Non-Stationary Stress Waves In a Semi~infinite Viscoelastic Body, Produced
by a Hormal Load Moving Over the Surface with Subseismic Velocity,"
Proceedings of Vib, Prob., V13, N3, pp. 241-257, 1972, An analytical

i tlosed-form selutien to the propagation problem of non-stationary two~
dimensional stress waves of the Boltzmann type Is obtained. The waves
are produced by a pressure uniformly distributed along a tlne and moving
with subseismic velocity.

oy = e
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Dunkin, J. W.; Corbin, D, &.; "Deformation of a Layered Elastic Half-
Space by a Upiformly Moving Line Loads, 'Bull. Seismo Soc. Amer., V60,
N1, pp. 167-191, Feb, '70. As described 1n this article, for uniformiy

* moving line loads along the surface, the deformation of the half-space

) depends on the manner In which the load couples Into the surface-wave
modes.

'

i Keer, L. M.; "Moving and Simultaneously Fluctuating Loads on an £lastlic
Half-Plape," J, Acous. Soc, Amer., VA7, W5, Prt. 2, pp. 1559-1565, 1970,

’ An analytlcal procedure is arrived at and solved for the combined problem

R of moving and simultaneously Fluctuating line loads, [t s found that

Ar
o

) symetrical load distributions will result in a displacement response
i beneath the load that Is asymmetric.

[ 3

Norwood, F. R,; "Interior Motlon of an Efastic Half-Space Due to a Mormal
Finite Moving Line Load on tts Surface," Intrnl. J, of Solids & Structures,
V6, N2, pp. 1h83-1498, 1970. In this reference an analytical exact ex-
pression is derlved for the transient response of a half-space to normal
finite load moving on its surface. The solution Is found to be a super-
position of ¢ylindrical, hemispherical, conical and plane waves,

Wan B

Danlel, I. H.; Marino, R, L.; "Wave Propagation in a Layered Model Due

to Point Source Loading in a High-Impedance Medlum," Geophysics, V36, N3,
June '71, pp. 517-532, Dynamic photoelastic technlques are used to study
the Incident, reflected and refracted waves In a layered model. The
experimental results are studies of propagation and attenuation character-
Istles of waves In both layers.

i = B
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Wolf, B.; “Propagation of Love Waves in lLayers with lrregular Boundaries,"
Pure Applied Geopihyslics, V78, NY, pp. 4B~57, 1970. An analytical study

is made of the scattered field which rasults when a Love wave is incident
-on layer having an irregular surface.

B

-

Clements, D. L.; Rogers, C.; "On Wave Propagation in Inhogencous Elastlc
Hedia,! Intrnl. J. of Solids & Structures, VIO, N6, Prt. !, pp. 661-679,
1974,  An analytical technique in the form of matrix transformations is

used to describe wave propagation in an inhomogencous elastic radar slab.

L Borcherot, R. D.; '"Raylelgh-Type Surface Wave on a Lincar Viscoelastic
Half-Space," J. Acous, Soc, Amer,, V5S4, N6, pp. 10651-1653, 1973, An
analytical solution fer this problem Is arrived at. The veloclty,

i absorption coefficient, and displacement fleld are deseribed theoretically.

T3S
iz B

Sidhu, R. S.; "Transmission of Rayleigh Waves the Surface of a Hetero~
gencous Hedlum,'' Pure Applied Geophysics, V80, N3, pp. 48-70, 1970, A
purely analytical dissertation is presented for the derivation of the
frequency equation for Rayleigh wave propagation in the medium.

g <4 wer BE

Bose, 5. K.; Chatterjee, A. K.; '"On the Vibration of a Wal!l Due to Plane

: [3 P, 5, and Rayleigh Waves,*" Intrnl, J. Engr, Sci, 1972, V10, pp. 729-742.
S The analytical solution to the problem described in the title is solved,
kS y Tsal, N, C.; Housner, G. W.; "Calculation of Surface Motians of a Layered

Half-Space," Bull. Selsmo Soc, Amer., V60, N5, pp. 1625-1651, Dect. '70.

An exact and an approximate computational model [s presented for digital
translent analysis of a set of linearly viscoelastic layers on an

elastic half-space with vertlcally-travelling waves. Calculated responses
are compared with recorded motlons,

Christensen, R. M.; '"Wave Propagation {n Elastic Media with a Periodic
Array of Discrete Inclusions,'' J, Acous. Scc, Amer., V55, N4, pp. 700-
707, 1974, Thls study concerns the propagation of time harmonic waves
In a continuous medium in which is Imbedded a three-dimensional periodic
array of discrete Inclusions. This work tries to account for multiple-
reflection effects between inclusions., A steady-state solution [s
obtalned.

R B
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[

Wolf, A.; "The Equation of Motlon of a Geophone on the Surface of an Elastic
Earth," Geophysics, V9, pp. 29-35, 1944, A mathematical model 1s developed

; LQ to account for the varying elastic modute values of the earth and the
! ] damping effect invalved in the response of the geophone.
; 7 Wood, D. H.; "Parameterless Examples of Wave Propagation,'' J, Acous. Soc,
u Lﬁ Amer.; V5h, N6, 1973, pp. 1727-1736. Examples of wave propagation are

?f analytically derived in parameterless form,

Schoenberg, M.} '"Plane Wave Propagation in Stratified Anisotropic Media,"
J. Acous. Soc, Amer., VY55, N5, pp. 922-925, 197h. Given is an analytical
solution to the problem of sinusoidal planc waves propagating in strat/-

i fied medium, each layer of which !s elastic homogenecus and fully aniso-

tropic.
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Thurston, G. B.; Shi=-Yu Wu; "Diilational-Wave Transmission through a
Viscoalastic Layer at Mormal Incidence, J. Acous. Soc. Amer., V34,

N5, 1962, pp. 653-04%., The theory of transmission of a plane wave
through an Infinite plane layer is considered where the media invelved
are assumed to be lineraly viscoelastic, their propertics specificd by
four elastic constants,

Smith, P. G.; Greenkorn, R. A.; "Theory of Acoustical VWave Propagation
In Porous Medla," J. Acous. Soc. Amer., Y52, N1, Prt. 2, 1972, pp. 247~
253. A theory is developed to describe the propagatian of sound waves
in a rigtd isotropic and homogeneous porous medium Filled with a com-
pressible Fluid, Including both the effect of viscous dissipation and
the cffect of thermal conduction, The analytical results are compared
wlith Independent experimental results,

Wright, J. P.; Baron, H. L.; "Cxponentially Deccaylng Pressure Pulse
Moving with Constant Veleoeity on the Surface of a Layered Elastic
Material {Super Seismic Layer, Subscismlic Half Space),' J. Applied Mech.,
V37, N1, pp. 141-152, 1970. An analytical procedure is developed to
desgrlibe the response of a layered elastic half-space to a progressing
exponentially decaylng normal surface pressure, A computer program

for evaluating stresses and velocities at points In the medium Is
developed and results are presented for a typlical configuration of
interest.

Hepzi, A, N.; Dally, J. W.; "A Photoelastic Study of Stress Wave Propaga~
tlon In a Quarter-Plane,"' Geophysics, V36, H2, Apr. '71, pp. 296-310,

The results of an experimental Investigation conducted on a quarter-
plane loaded with an explosive charge at ene point on the boundary.
Results are obtained for both the P and R-wave Interaction wlth the
corner,

Mason, !, M.; "Anisotropy, Diffraction Scaling, Surface Wave lLenses, and
Fecusing,” J. Acous. Soc. Amer., V53, Ni, 1973, pp. 1123-112B., Analytical
formulatlon to explain wave phenomena assoclated with lenses, specifically
anisotropic diffraction, Experimental results that i1llustrate the
principal conclusions are praesented,

Tsai, 8. C.; Ong, E. C.; Tan, B, P,; Vong, P, H.; “Applicaticns of the
Z-Transform Method to the Solutien of the Mave Equation,' J. of Snd. &
Vib., 1971, V19, NI, pp. 17-20. The one~dimensional wave equatlon is
solved using the z-transform method.

Thapliyal, V.: "The Combined Effects of Transverse I[sotropy and In-
homogeneity on Love Waves,'" Bull, Selsmo, Soc. Amer,, V63, N1, pp. 49-57,
Feb, *73, An analytical formulation defining the characteristic frequency
equation for Love waves propagating in a finite layer overlying an aniso-
tropic and [nhomogeneous half-space is derived.

“The Propagation of Waves In Elastic Solid Media," Love, AE.H.; A
Treatise on_the Mathematical Theory of Elasticity, Fourth Edition, Dover
Publications, N.Y., 1944, pp. 293-309. An analytical formulation and
discussion of wave prepagation In elastic solid media. Begins with a
deseription of the motion at distances away from the source in all
directions.
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Warburton, G. B.; "Forced Vibrations of a Body on an Elastic Stratum,"
J. of Applled Mech., March 1957, pp. 55-58. An analytical procedure
to describe the response of a solid body on an elastic stratum under
the Influence of forced vibrations, The theoretical results abtained
are compared wlth experimental results.

Timoshenke, $.; Goodier, J. W.; Theory of Elasticity, pp. 362-372 only,
2nd Edition, McGraw-lii 1] Book Co., Inc. 1951. Analytical discusslon of
the force on the boundary of a semi-infinite body and the load distri-

buted over a part of the boundary of a semli-infinite solid,

Hayes, M., A.; Rivlin, R, S.; "Propagation of Sinusaidal Small-Amplitude
Waves in a Deformed Viscoelastic Sollds," J, Acous. Soc, Amer., V51, H5,
Prt, 2, 1972, pp 1652-1663, Analytically, the mean energy flux vector
for a plane sinusoldal wave of small-amplitude is caleculated, Also
considered are the Internal reflection of an SH wave at the plane sur-
face of a half-space, and the reflection-refraction problem at the
plane interface between two half spaces.

Baum, D. W.; Smith, W. R.; "Propagatlon of Elastic Waves in a Cylindrical
Bar Subject to a Hoving Load on its Laternal Surface,'" J. Acous., Soc.
Amer., Y52, N5, Prt. 2, 1972, pp. 1421-1429., Presented are the results

of a theoretical and experimental study of the elastic strain produced

in a ¢ylindrical bar by a moving step Function load on the lateral surface.

Klrchper, R, P.; Herman, H.; 'Fundamental Frequency Approximation Hethod,"
J. Acous, Soc. Amer., V55, N6, 1974, pp. 1225-1231. Using the vibratlon
of a sandwich plate as an example, the effectlveness of some methods

of obtaining one~term approximations for the lowest elgenvalue of coupled

systems ls evaluated.

Kouskoula, V.; Barpard, R.; "Time-Spectral Energy Density - Some of its
Propertles," JASA Letter to the Editor, V55, N2, Feb., '74, pp. 357-358,
The physical meaninafulness of the time-spectral energy concept and a

relatlon to the corresponding output of a !lpear system are established.

Galbraith, E. W.; Barton, M. V.; "Ground Loading from Footsteps,'' JASA
Letter to the Editor, V48, N5, Prt. 2, 1970, pp, 1288-1292, Reported
are the results of a series of laboratory experiments to measure the
load-time histories of the input to the ground from footsteps,

Robsen, J.D.; "Note on the Harmonic Analogy for Random Vibratlon Response,'!
J. of 5nd, & Vib., V31, N3, pp. 388-389, 1973, Letter to the Editer.
Analytical discussfon of an earlier work,

White, J. E.; Selismic Waves: Radiatlon, Transmission and Attenuatlon,
McGraw-Hi1l Book Co., 1965, 302 pp. This is a complete book covering

the topics of plane waves, loss mechanlsms and attenuation, waves along
cylindrical boreholes, sources of elastic waves, selsmic model experiments
and small-scale field experiments, '
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Singh, §. K.; Kuo, J. T.; "Response of an Elastic Half~Space to Uniformly
Moving Clrcular Surface Loads,'” J. of Applled Mech,, V37, N1, Mar., '70,
pp. 109-115. The solution to the problem of a uniformly movlng circular
surface load for uniform and hemispherical load distribution is glven.
The displacement compenents for the two cases are chtained In integral
form, :

e - S,

Gakepheimer, B, C.; '"‘Response of an Elastic Half-Space to Expanding
Surface Loads," J. of Applied Mech,, V38, NI, Har. ‘71, pp. 99-110. The
: problem of axisymetric, normally applied, surface loads Is solved

) analytically for loads that suddenly emanate from a point on the surface,
expanding radially at a constant rate.

e

=8

;f A,2.2,2 YAVE PROPAGATION: EXPERIMENTAL DESCRIPTION AND TECHNIQUES

"Traffic Induced Vibrations in the Yuma Territorial Prison Arca,'' Proj.
No. NBOD-210, AFE 10A31, Contract Mo. 72-3, Feb, 5 ¢ 6, 1972, Structural
Behavior Engineering fnternational, Phoenix, Ariz. A description of

o testing equipment, locatjon, and procedure are provided along with the

¥ results of the experiment.

e $d

£ . A.2.2.3 WAVE PROPAGATION: EXPERIMENTAL DATA

SR
CH Jennings, P. C.; '"Distant Motions from a Building Vibratfon Test," Butl,
i Setsmo, Soc, Amer,, V60, N6, pp. 2037-2043, Dec. '70, This report dis=-
S cusses the merits of inducing ground motien through exclitation of a
S multistory bullding, Horlzontal and vertical accelerations were measured
during such a test.

o g Douglas, B. M.; Welr, P.; "Multistory Bullding Response Determiped from
i Ground Veloclty Records,'" Bull. Seismo. Soc. Amer,, V62, N1, pp. 357-367.
[ The response of a multistory buiiding to the excitatlons induced from
Lo an underground nuclear blast are reported, The velocity of the ground

;] and of the roof are presented,

Shepherd, R.; Charleson, A. W.; "Experimental! Determination of the
Dynamic Propertlies of a Bridge Structure,' Bull, Seismo, Soc. Amer,,
vel, N6, pp. 1529~1548, Dec, '71. Prescnted here are the results of
a serles of steady-state vibration tests undertaken on a multlspan

@7 L: continuous deck bridge, The method of testing Is outlined and tihe
B measured natural frequencies given.
Lﬁ Szendrel, M. E.; Freeme, C. R.; ‘"Road Responses to Vibration Tests,"
J. Soil Mech. and Founda. DIv,, ASCE, V9G, Prt, 2, SM6, Proc. Pap. 7709,

Nov, '70, pp. 2099-2124, Assuming that pavement behaves in a Tlnear
] elastic manncr, pavement was subjected to various wheel loads. Wave
Lg propagation and attenuation measurements were made as well as impedance
measurcments, Curves of deflection as a function distance and time are
shown for a moving load,
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Kurzeme, M.; "In-Situ Investigation Using SH-MWaves,' J. Soil Mech.

& Founda, Div., ASCE, V97, SH2, Prt., 1, Proc. Pap. 7918, Feb. '7],
pp. 341-356, Horizontally polarized shear waves are generated at
the surface of layered road pavements and sofl structures to observe
the resulting velocity dispersion with frequency, The experimental
dispersfon plots are campared with theoretical dispersion plets.

TH O OTTH

laore, P, J.; "Calculated and Observed Vibration Amplitudes,' J, Soil
Hech. & Founda. Dfiv,, ASCE, V97, Prt. 1, SM1, Proc, Pap. 7789, Jan.

L 171, pp. W1-158, A comparison is mode between observed and calculated
[ maximum displacement amplitudes for small footing on three types of

e sofls. The analytical description of displacement amplitudes at or

o near resonance for vibrations induced by reciprocating machinery is

0 cxamined.

Py Ry R <

A.2.3 WAVE ATTENUATION

| Becker, F. L.; Rlchardson, R, L.; "Influence of Material Properties

o fs on Rayleigh Critical-Angle Reflectivity," J, Acous. Soc., Amer., V51,

L N5, Prt. 2, pp. 1609~1617. This work is an investigation of critlcal-
i 3 angle phenomena and the relationship between material properties and

5 ;ﬁ the condltlon for which zero reflectivity occurs, Graphs are presented
# for several materfals for which the critical angle for a particular

b - sample may be determlined.

I 1 "‘\

A.2.3.1 WAVE ATTENUATION: ANALYTICAL DESCRIPTION

B8

Alsop, L. E.; Goodman, A. 5.; Ash, E.; "Surface Wave Disperslion In a
tass-Loaded Half-Space,'' J, Acous. Socc. Amer., V50, N1, prt. 2,

pp. 176-180, 1971, The effect of pure mass loading Is solved analytl-
cally along with a determination of upder what conditions the neglect
of the elastic restraining forces Is justifiable,

B B mn EF

Schwab, F.; Knopoff, L.; "Surface-Wave Dispersion Computations,"

Bull, Seismo., Soc, Amer., V60, N2, pp. 321~344, 1970. Fundamental-
mode Love~ and Rayleigh-wave dlspersion computations for multilayered,
perfectly elastic medla are studied using a computer program analysis.

White, J. E.; Walsh, D. J.; "Proposed Attenuation~Dispersion Palr for
Seismic Waves,'' Geophyslcs, V37, N3, pp. 456-461, June '72. By
modeling one-dimensional selsmic waves as propagation along a simple
lumped-element transmission line, expressions for attenuation and
I veloclty as functions of frequency are found which not enly satisfy
- H the experlimental data available, but exhibit no objectlionable behavier
outside the range of avallable data. It Is the author's opinien that
velocity Is substantially independent of frequency.

¥3 Eg Hang~-Sheng Tuan; LI, R. C. H.; "Rayleigh-Wave Reflectlon from Groove

o and Step Discontinuftfes,' J. Acous, Soc., Amer., V55, N6, June '74,

ST pp. 1212-1217. An analytical technique, using a boundary-perturbation

1 Iﬁ method is employed to determine the reflection of a Rayleigh wave from

‘ either a shallow groove or a low step In the surface of an Isotrople
elastic half-space.
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Kudo, K.; Shima, E.; "Mttenuation of Shear Waves In Sofl,' Bull.
Earthquake Res. Institute, V48, 1970, pp. 145-158. Data obtained

from field experiment to measure velocity at various dlstances from

the source, Resylts are plotted In the form of attenuatlon coefflelent

as a function of frequency.

Kudo, K.; Allam, A, M.; Anda, I|.; Shima, E.; “Attenuation of Love

Waves in Sell Layers,'" Bull, Earthquake Res. Institute, V48, Prt. 2,
1870, pp. 169-170. Experimental results are presented for the investi-
gation Inte the attenuation cecfflclent of Love Waves In the frequency

range from 4.5 to 11 cps.

Negi, J. G,; Upadhyay, 5. K.; "Love Wave Dispersion: Errors Due to
Assumption of [sotropy," Pure Applied Geophyslcs, Y80, N3, pp. 102-107,
1970, Analytically, the frequency for Love Waves, propagating In a trans-
versely Isotropic homogeneous layer which is embedded between two
Isotroplc homogeneous half spaces, |s obtained. Errors In the assump-
tion of isotropy are caleulated by numerically analyzing the frequency

equation.

Slavin, L. M.; Wolf, B.; "Scattering of Love VWaves in a Surface Layer

with an |rregular Boundary for the Case of a Rlgid Underlying Half-
Space,'' Bull. Selsmo, Soc. Amer., V60, N3, pp. 859-877, 1970. An
analytical methed is presented which Is useful far obtalning the scattered
field due to a Love Wave incident upon a local boundary frregularity In
the elastic layer along which the wave is propagating.

Snowden, J. C.; Kerlin, R, L.; "Wibration Attenuation with Beams --
Theory and Recliprocal Experiment,' J. Acous. Soc, Amer., V51, N1, Prt., 2,
1972, pp. 249-264, This report indicates the reciprocal measurements
substantiated theoretical prediction that significant regfons of
attenuation exist In the transmissibllity curves of cant!lever beams
driven by dual forces of the same magnitude and force.

A.2,3.3, WAVE ATTENUATION: EXPERIMENTAL DATA

Hardin, B, 0.; Drnevich, V. P.; "Shear Hodulus and Ramping In Salls:
Measurement and Parameter Effects," J, Soil Mech, and Founda., Div.,
ASCE, v98, SW6, Prt, ), Proc, Pap. 6977, June '72, pp. 603-624, The
results of fleld tests are used to show how the controlling parameters
affect the stress-straln relations of solls subjected to simple shear,

Hardin, B, 0.; Drnevich, V. P.; ""Shear Hodulus and Damping in Solls:
Design Equations and Curves," J. Soil Mech. and Founda. Div,, ASCE,
Y98, SHY, Prt, 2, Proc, Pap. 9006, July '72, pp. 667692, Presented
here are equattons and graphs for the determinatlon of shear modulus
and damplng of soils, for use in design problems invelving repeated
loading or vibration of soils, These equations and graphs are based
on numerous test results, ‘
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Blume, J. A.; "The Motion and Damping of Buildings Relative to Seismic
Response Spectra," Buill, Seismo, Soc. Amer., V60, N1, pp. 231-259,
Feb, '70, Shown and reported [n this repert are data and equations

‘that are useful in determining the relationships of seismic spectral

response and the response of buildings modeled as lumped mass systems,
Graphs of acceleration as a function of time are presented,

A.2.h4.2 COUNTERMEASURE TECHNIQUES: TRENCH DESIGN

Woods, R. D.; Richart, F., E., Jr.; "'Screening of Elastic Surface Waves

by Trenches,' Proceedings of International Symposium on Wave Propagation
and Dynamic Properties of Earth Materlals, Albuguerque, New Mexico, 1967,
Fleld-model tests performed te determlne the cffectiveness of open trenches
for screening Rayleigh waves developed by model footings undergelng
vertical oscillatlions., A comprehepsive overview of the experlimental
program and of the results s given.

A.2,4,3 COUNTERMEASURE TECHNIQUES: BARRIER DESIGHN

Aboud!, J,; ""The Motion Exclted by an Impulsive Source in an Elastle
Half-Space with a Surface Obstacle," Bull. Seisme., Soc., Amer., V6I,
N3, pp. 747-763, June 1971, Analytically defined in this report is
an elastic half-space having a surface obstacle of slightly dilfferent
elastic constants whose deviation and shape of houndarles are small,

Aboundi, J.; " Elastic Waves In Half-Space with Thin Barrier,” J, Engr.
Hech. Div., ASCE, V99, EM!, pp. 69-83, Proc. Pap, 9536, Feb., '73., The
effects of a vertical thin barrier of an arbltrary depth imbedded within
an elastic half-space Is solved for analytically,

Harmellink, M. D,; Hajek, J. J.; "NHolse Barrler Evaluation and Alterna-
tives for Highway Nolse Control," Ministry of Transportation and
Communications, H.T.C. Report No. RRI180, Sep. '70, Results of field
sound measurements are reported, evaluating varlous highway noise
shlelding techniques then comparing the results with those calculated
by a theoretical noise estimation method.
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A.3.2 STRUCTURAL RESPONSE

Gurplrar, A.; Yao, J. T. P.; "Design of Columns far Seismic Loads,"

J, Structura) Div,, ASCE, V99, Prt. 3, ST9, Proc. Pap. 9978, Sep. '73,
pp., 1875-1889, Obtained in this work is the analytical solution for
the coupled problem of Instabflity, The probability of failure is
computed for a number of columns subjected to design loads as well as
certaln earthquake excltations.

i

ey - S

Suldan, M. T.; Eubanks, R. A.; "Cumulative Fatigue Damage in Seismlic
Structures," J, Strucktural Div., ASCE, V99, Prt. 2, ST5, May 1973,
pp. 923-943. Analytlical and experimental results are prescnted
analyzing the response of structures to a series of carthquake, One
conclusion reached by the authors [s that cumulative fatlgue damage

oy~

: fg is of a degree warranting consideration In the design,
}- .
Veletsos, A, S.; Vann, W. P.; 'Respense of Ground-Excited Elastoplastic

3 Systems,'" J. Structurat Div., ASCE, V97, Prt. 1, ST4, Proc. Pap. 8075,
i tﬂ Apr. 1971, pp. 1257-1281. Reported in this work are the results of an
i Investigation to identify the parameters which have a dominant in-
o fluence on the response of mul ti-degree-of-freedom elastoplastic
oy system of the shear-beam type when subjected to deterministically
o specifled ground motions.

Isada, N. M.; '""Damage to $tructures Due to Floor Shocks," J. Struct,
Div., V97, Prt. 1, 5t2, Proc. Pap. 7897, Feb, 1971, pp. 561-572, The
factors that affect the fmpending damage and fallure of structural
bent~type structures due to pulse-type floor acceleration shocks are
determined analytically, A computer program ls used to simulate
sources and responses,

i lg Brown, €., B.; ''Seismic Energy Transmission to Deep-Founded Structures,'
i Bull, Seismo, Soc. Amer., V6l, N3, pp. 781-787, June 1971. A general
A analytical pracedure Is developed to estlmate bujlding response when

the structural foundation |s deep-founded causlng Raylelgh-wave
attenuation and assoclated changes in seismic input.

Anderson, G. L., '"On the Forced Vibratfons of Elastic Bodies in fontact,"
J. of Snd. & Vib., 1971, VI&, Nk, pp. 533-549, Formulated in this work
is the analytlcal method of solving the problem of forced vibrations

of two elastic bodies having a surface of contact, uslng the framework

of the classlcal, linear theory of clasticity.

8
Solle, L. P.j Auld, B. A.; "Elastic Waves in Free Anisotropic Plates,”
{3 ) J. Acous. Soc. Amer., V54, N1, pp. 50-65, 1973, The mathematical
£ formalism for obtaining dispersion relations for acoustlc waves in
- plates of arbitrary anisotropy is outlined in this report and the dis-
: ig persion curves for propagation of a specific materlal are presented,
B

Wang, W. M.; "Filter Design for Vibratlion Isolatlon between Multl-
- Resonant Structures," J, of Snd. £ Vibk., 1971, VI6, N3, pp. 309-314,
L; A mechanical fllter design for vibration Isolation betwecn multi-
- resenant structures Is presented.
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Davies, M. G.; "Exact Solutlens for the Response of Some Coupled
Multimodal Systems," J, Acous. See. Amer., V51, NI, Pre. 2, pp. 387-
392, 1972. This paper presents eract solutions for the response to
excltation of some idealized models of coupled nultimodal systems,
The systems treated are assumed continuous, exhibiting only small
transverse vibratory responses to applicd transverse loadings.

A.3.2.1 SOIL-FOUNDATION COUPLING

Remington, P, J.} "The Response of a Plate Bonded to a Randomly
Vibrating Viscoelastic Half-Space,’ J. Acous, Soc, Amer., V51, N3,
Prt. 2, pp. 974-984, 1972, cCaleulated In this report fs the response
of an Infinite Bernoulli-Euler plate placed on the surface of a
randemly vibrating viscoelastic half-space, allewing for the presence
of shear stresses between the plate and the half-space.

Luco, J, E.; Westmann, R. A.; '"Dynamic Response of a Rigid Footing
Bonded to an Elastic Half-Space.' J. of Applicd Mechanics, V39, N2,
June, 1972. Dypamic force-displacements relationships for harmonic
transverse motion of a rigid strip footing perfectly bonded to the
surface of an elastic half-space are obtained, The feoting is
subjected to vertical, shear, and moment forces with harmonic time-
dependence.

Scavuzzo, R. J.; Raftopoulos, D. D.; Balley, J. L.; "Lateral Structure
Interaction with Seismic Waves." J. of Applied Hechanics, ¥38, N1,

pp. 125-134, 1971, By making use of normal mode theory and the solu-
tion of a half-space problem in which displacements are caused by a
shear stress varylng arbitrarily with time over an area symmetric

about the origin, latera! interaction between a structure ana the half-
space can be expressed by an [ntegral equation of the Volterra type
according to this author,

Scavuzzo, R, J.; Raftopoulos, D, D,; Bailey, J. L.; ‘'Lateral Struc-
ture-Foundation Interaction of Structures with Base Masses.' Bull.
Selsmo, Soc, Amer,, V62, N2, pp. 453~470, Apr. '72. The analytical
formulation of the interaction of structures with heavy base masses
to lateral Inertia forces reduces to an integral equation of the
Volterra type as stated In thls report.

Jennings, P, C.; Bielak, J.; "Dynamics of Buitdlng=Soil Interaction
Bull, Selsmo. Soc, Amer., V63, N!, pp. 9-48, Feb. '73, Modeling the
soll as a linear elastic half-space and a buildling structure as an
n~degree-of-freedom oscillator, analytical methods are developed to
enable the response computation Tor multlstory structures te earth-
quake excltations, Comparisons are made between measured resporses and
theoretical curves for acceleratlon, velocity and displacement.

Lee, |, K,; MHarrison, H. B.; MStructure and Foundation Interactlon
Theory," J. Struct, Div., ASCE, V96, Prt. 2, S$T2, Proc. Pap. 7059,
Feb., '70, pp. 177-197. In this report analytical methods derived for
the analysis of comhined footings and two-dimensional raft foundatlons
which take Inte account the effect of the rigidity of the super=
structure on the dlstribution of ferces and moments transmltted to the
foundation,
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Sarrazln, M. A.; Reesset, J. M,; Whitman, R. V.; "Dynamic Soll-
Structure Interaction," J, Struct. Div., ASCE, V98, Prt. %, 577,

duly 72, pp. 1525-1564, Using dimensionless paramcters a study

18 made of soil~structure Interactlon, Instead of Ffinding results
for one specifie, real or simulated, earthquake, average valucs are
chtained by conslidering the root mean square response to a white
nolse Input, and by averaging the maximum responses to a set of
several artificial records with the same statistical characteristics.

Parmeleec, R, A.; MWronkiewicz, J. H,; "Seismic Design of Soli-
Structure Interaction Systems,"' J, Struct., Biv,, ASCE, V97, Prt. 3,
ST 10, Proc. Pap. 8437, Oct, 1971, pp. 2503-2517, The Importance
of characterizing the dynamic preperties of the foundation medium
and the structure medium for describing soil-structurc phenomena s
analytically shown in this report,

'""Plates on Elastic Foundation," Timoshenko, S.; Wolnowsky-Kriecger, S.;
Theory of Plates and Shells, pp. 259-281, 343-347, McGraw-Hill Book
Company, Inc., 1959. The sections of the book represented here cover
calculation of deflection by the straln energy method, analytical
study laterally loaded plates on elastlic foundations.

Luco, J. E.; Contesse, L.; '"Dynamic Structurc=-Soil=-Structure Inter-
action," Bull. Seismo. Soc. Amer,, V63, Ni, pp. 12B9-1303, Aug. '73,
The steady-state respense and dynamic interaction of two parallel
inflnite shear walls placed an rigid foundations is studied and
analytically soived for the case of vertically incldent $4 waves then
compared to corresponding values resulting from consideratlon of enly
one structure.

Morgan, J. R.; Moore, P. J.; "Application of Soll Dynamics to Founda-
tion Design," pp. 465-527, from Soil Mechanics, Selected Topies; Lee,
J. K. (Ed.), Amarican Elsevier PUblishing Company, New York, 1968,
These sections of the book cover the probiem of vibrating foundations,
theory of vibratfons, design of vibrating foundations, strength of
various types of solls, effect of rate of deformation on rigidity

and a comparison of static and dynamic moduli for soils.

Rainer, J. H.; "Structure~Ground Interaction in Earthquakes," J. Engr.
Mech., Dlv,, ASCE, V97, EN5, Proc. Pap. 8422, Oct. 1971, pp. 1431-1450,
A methed of analysis is presented that utilizes the transformation of

a single-story Interaction structure into an equivalent single-degree-
of-Freedom model to determine the respense of Interaction systems under
earthquake type dlsturbances.

Fagel, L. W.; Shih=Chi LIy, "Earthquake Interaction for Multlistory
Bulldings," J, Engr. Mech, Dlv,, ASCE, V98, EMk, Proc. Pap., 9149,

Aug. 1972, pp. 929-945. Allewing for the frequency~dependent nature

of the Interaction forces between soil and foundatien, a technique
employing the Fast Fourler Transform system s used te apalyze the
response of multistory bulldings, Interaction forces are deflned

from solutions for a general class of boundary-value problems Involving
a rigid plate bonded to an elastic half space and sybjected to harmenic
motion.
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Tezcan, S, §.; "Earthquake Deslign Formula Considering Local Soil

- Conditions," J, Struct, Div., ASCE, V97, 5T9, Proc. Pap. 8399, Sep.
- 1971, pp. 2383-2405. An empirical formula that incorporates several
Important parameters relating to both seil and structure response

to vibration is proposcd for the purpose of evaluating the selsmic
foreces Induced for use as an earthquake design formula.

~ K

-

Lo

Seed, H. B.; ldriss, 1. K ‘'Influence of Setl Conditions on Bulld-

Ing Damage Potential During Earthquakes," J. Structural Div., ASCE,
V97, Pre. 1, 5T2, Proc. Pap. 7909, Feb. 1971, pp. 639-663. An analysis
of records from past earthquakes s done to show how soll conditions
affect the response of bujldings and how records of sofl-structures
parameters can be used to anticipate the response of buildings,
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flemington, P, J.; Crandall, S. H,; "Response of a Covering Plate to
Noise In a Viscoelastic Half-Space,'' J. Acous, Soc, Amer,, VA8, N5,
Prt. 2, 1970, pp. 1170-1178. The frequency spectrum of the respansc
of an infipnlte plate when it {s placed on a randomiy vibrating visco-
elastic half-space Is calteculated for the case of no shear stress
between the plate and the half-space. Experimental measurements are

= R

; I: made then compared with theoretical results,

: Warburton, G. B.; Richardson, J. D.; Webster, J. J,; "Forced Vibra-
o |8 tions of Two Masses on an Elastlc Half-Space," J, Applled Mechanics,
MO v38, N1, Mar. 1871, pp. 14B-156. A theoery Is presented for the
“ vibratlons of two masses attached to the surface of an elastic half-
'i space, when subjected to perlodic forces and moments, Results faor

. {g two geometrically [dentlcal cylindrical masses excited hy a vertical

harmonic force applied to one of the masses, illustrate the effect
of the presence of a second mass upon the response of the excited
mass and the conditlons for which the response of the second mass |s
slgnificant.

B ‘ﬁ AwoJobi, A. 0.; "Determination of the Dynamic Shear Modulus and the

i ¥'] Depth of the Dominant Layer of a Vibrating Elastic Medium," Intrnl.

i d. Sollds Structures, V6, N3, pp. 315-322, 1970. The author of this

E artlicle implies that the assumption that a foundation can he regarded

lﬂ as an jsotroplc half-space Is in error. He corrects this error by
first establishing in a novel manner the depth of thls deminant layer
and then determining its shear modulus.

A.3.2,2 VIBRAT|ON CHARACTERISTICS OF BUILDING STRUCTURES

S

5; L! Pavenport, A. G.; "The Treatment of Wind Loadings on Tall Duildings,"

. Tall Buildings, Proceedings of a Symposium on Tall Buildings, South-
B3 ampton, Aprll 1966, pp. 3-45. This paper surveys the significant

G features of the Interaction of a tall building with the wind and

B Indicates the approaches available for making quantltative estimates

r L: of key design parameters. The wind turbujcncc is described statistically.
i
ey
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Davenport, H., G.; "The Buffeting of Large Superficlal Structure by
Atmosphere Turbulence,' Annals of the New Yerk Academy of Sciences,
VN6, Article 2, pp. 135-159, Junc 26, 1964. The statistical concepts
of tha stationary random series is briefly outlined In this work as

a framework to correlate the fluctuating compenents of wind velocity
to the response of a structure.

Ward, H. S§,; Crawford, R.; "Wind-Induced Vibrations and Building
Hodes,'" Reprint from Bull, Seismo. Soc. Amer., Y56, Hi, August 1966,
pp, 793-813. Thls paper outlines the metheds that have heen used to
determine the frequencies and modes of vibration of multistory
butldings from their wind-induced vibration, Three bulldings were
experimentally Investigated to determine modes and frequency of
yvlbrations. A simple theoretical model was also used to calculate
frequency of vibration.

Crawford, R.; Ward, H. S.; "Determination of the Natural Periods of
Bulldings," Reprinted from Bull. Seismo Soc, Amer., V5h, N6,

Dacember 1964, pp. 1743-1756. Experimental measurements of a nineteen
story building are made with the results being analized on an analeg
computer to determine the first three modes of vibration. Theoratical
ccmputations of the modes were also made using simplifing assumptions.

Reddy, N, N.; Lowery, R, L.; "Transient Response of Double Acoustical

" Resonators to Excitation by a Single 5Tne Wave,'' J, of Snd., & Vib,,

1970, v12, N2, pp. 165-175. Using a lumped parameter representation
of a double acoustical resonator, an analytical solution is arrived
at to describe the response of the resonator to a transient slne wave.

Nigul, U.; "Plane Stress Waves in Membranes Caused by an Arbitrary
Pressure Vave," J. Acous. Soc. Amer., V51, NI, Prt. 2, pp. 241-24B,
1972. Using the example of the plane motion of a membrane, an
analytical method is developed for finding the approximate solution
of the second-order wave equation whose right-hand slde describes

a pressure wave moving with decreasing velocity,

Nayfeh, A. H.; "Mook, D. T.; Seshadri, S.; "Hon-linear Analysis of the
Forced Response of Structural Elements,'" J. Acous. Soc. Amer., V55,
N2, pp. 2B1-291, 1974, A general analytical procedure Is presented
for the nonlinear analysis of the forced response of structural
elements to harmonic excitations.

Gellert, M.; Gluck, J.; Grebel, H.; Pasper, C, H.; "Analysis of
Elastic Stiffened Plates wlth Undef{nable," Bulld, Sel., V8, pp. 79-
85, 1973, A method of analysis of orthogenally stiffened clastic
plates with undefinable middle plane is presented In this study.
Differential equatlons of equllibrium and expressions for boundary
conditlons in terms of displacement are established.

Yang, T. Y.; Sun, C, T,; "Axial~Flexural Vibration of Frameworks Using
Finite~Element Approach,' J. Acous. Soc. Amer., V53, NI, pp, 137-146,
1973, An analytical method for predicting the frequency of axial-

flexural coupling vibratlen of frameworks, using a Flnite element
methad, is presented. The article shows that axlal vibration Is

important especially for tall buildings because vertical motion of
a selsmic wave s very substantlal,
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Ray, 0. P.; Sinha, P. K.i "On the Flexural Behavlor of Orthotropic
Sandwich Plates;' Build., Sci., V8, pp. 127-136, 1973, In this work
a general analytical procedure of determining the flexural behavior
of plates Is presented, considering the orthotreplc sandwich plates
as having orthotropic faces and core, unequal face thicknesses and
dissimllarities In face materials,

Trifunac, H. D.; "Ambient Vibration Test of a Thirty-Nine Stary Steel
Frame Building;'" Earthquake Engr. Res. Lab., EERL-70-02, July 1970,
Calif, Inst, Tech., 40 pp. The results of a field experiment
determine higher order frequency shapes of the translational and
torsional vibrations are presented In this study, A descriptlon of
Instrumentation for both data celiectfon and reduction Is included.

Anon,; "Wibrations In Buildings;" Building Research Station Digest,
NHo, 78, June 1955, 7 pp. This Is a general discussion of vibrations
in buildings and human sensitivity to vibration., |t discusses
experimental work that has been performed and presents graphs of
frequency as a function of amplitude with lines of the degree of
human annoyance and possibility of building damage overlayed on the

graph.

Anon.; "Wibrations In Buildings - [;" Building Research Statfon Digest,
Ho. 117, 1970, 8 pp. Thils work contalns an explanation of some of the
terms used In vibration studles and their relatlionships, human sensi-
tivity to vibratien - the Refher-Meister and Dieckman scales, and
vibration and damage to buildings.

Anon.; '"Wibration in Bulldings - 2;" Bullding Research Station Digest,
No. 118, June 1970, 8 pp. This gencral report discusses some of the
ways In which nuisance from vibrations can he avoided or reduced to
tolerable leve-by treatment at the source, by reducing the trapsmlssion
of vibration and by providing protection against vibration from an
external source.

Rao, V. V, S.; Singh, S.; "Behavior of Block Foundatiens Subjected
to Ground Vibrations;"' Indlan Concrate Journal, June 1971, V45, NG,
pp. 258-61, 269-270, This paper presents the results of a model
study of block foundations subjected to vertical ground motions. A
description of the experimental set-up and procedure is given,

Jacquot, R. G.; Scedel, W.; 'Wibrations of Elastlc Surface Systems
Carrying Dynamic Elements,' J. Acous. Soc., Amer., Y47, N5, Prt, 2,

1970, pp. 1354-1358. The problem of determining the natural

frequencles and associated mode shapes of a continuous elastic system
combined with other dynamic clements s solved In general, analytically.

Peyrot, A. H.; ""Probabilistic Response of Noniinecar Buildings During
Earthquakes;' J. Struct. Div,, ASCE, V98, Prt, 3, STI1, Nov, 1972,
pp. 2363-2380. A dligitally produced carthquake is used to excite an
analog mode of a building structure for consideration of the dynamics
of nonlinear hysteretic multistory buildings when subjected to a
random excitation of the earthguake type.
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Shinozuka, M.; Yang, J-N.; "Peak Structural Response to Non-Stationary
Random Excitatlons," J. of Snd. & Vib., VI6, W4, pp. 505-517, 1971,
beallng with dynamic responses that can be treated as a non-statfonary

-narrow-hand random process, this paper establishes the distribution

function of peak values with useful frequency interpretation., The
valldity of the distrlbution function is checked by a numerical stmula-
tion of the peak values,

Hurst, H. T.; Lezotte, H. R.; '"A Comparison of Vibrational Characteristics
of Wooden Floor Construction," Bulld, Sci., V5, pp. 105-109, 1370, Con-
centrated loads applied to wooden {loor systems of different deslgns

were relcased suddenly in these ficld experinents with resulting vertlcal
vibrations being recorded. The results show the effects of jolst size,

Ng, §. F.; Kulkarnl, G. G.; "On The Transverse Free Vibratlon of Beam-
5lab Type Highway Bridges,'" J. of Snd, & Vib., 1972, V21, N3, pp. 2h9-261.
A general outline of an analytical) procedurc and computed values of
pnatural frequencies of -vibratlon of bridge slabs for a wide range of
parameters are given In this report, using a set of empirical relation-
ships between the plate parameters.

Tso, W. K,; ""Stresses in Coupled Shear Walls |nduced by Feundatlen
Deformation," Bullding Sclence, V7, pp. 197-203, 1972. Based on the
contlnuum method, closed form soluticons are obtained to give the
Internal forces and moments Induced in shear walls due to foundations
settlement and rotatlon. A numerical example [s presented.

Tso, W. K.; Biswas, J. K.; "An Approximate Seismic Analysis of Coupled
Shear Walls," Build, Sel., V7, pp. 249-256, 1972, By first obtaining

the dynamic characteristlics of a structure approximately, taking the
vibrating cant]lever modes as the approximate mode shapes of the
structure, the frequencies of the structure can be obtained by means of
Raylelgh's principle according to this article. The resulting frequencies
obtained are then compared with those calculated from dynamic analysis.

Bhattacharya, M. €.; Mulholland, K. A.; Crocker, M. J.; '"Propagation of
Sound Energy by Vibration Transmission Via Structural Junctions," J. of
Snd. & Vib., 1971, VI8, N2, pp, 221-23h, The analysls presented in this
paper shows that when flexural and longltudinal waves are propagated
across a wall junction, a wave interaction wlth mode transformation and
with galn or Toss In the amp!ltudes takes place.

Genin, J.; Radwan, H,; '"Non-Llnear Vibrations of a Beam on a Visco-
elastlc Foundatlion," J. of Snd, & Vib,, 1971, V18, N2, pp. 197-20], in
thls paper, the equation of motion for transverse vibrations of a
slender bcam on a continuous viscoelastic foundation is derived and
analyzed.

Cusens, A. R.; Z2eidan, M. A.; Pama, R, P,; "Elastic Rigidities of Ribbed
Plates," Build. Sci., V7, pp. 23-32, 1972. An anaiytical method Is
developed for plates reinforced with an orthogonal system of eccentrie
ribs of rectangular section, which enables the accurate dotermination of
elastic rigldities In flexure and torsfon. Results from this anaiytical
method are compared with experimental values obtained from tests,
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Popescu, H. D,; "Dynamical Stablility of the Flexure Stressed Straight
Beams Under the Action of a Mobile Convoy of Loads," Build. Sci., V7,

pp. 131=111, 1972, An examinatlon of the problem described by the

“title I's undertaken in this study resulting in analytical procedure

for determining critical speeds, the strains and the dynamie coefficient.
It is shown that nobjle loads acting on a beam can force the beam to
enter resonance.

A.3.2.4 BUILDING DESIGN STANDARDS

Hardy, A, C.; Lewis, P, T.; "Sound Insulation Standards for Buildings
Adjacent to Urban Hotorways," J. of Snd, & Vib., 1971, V15, N1, pp.
53-59, Reported Tn this study are the results of an investigation of
the amplitude and frequency distribution of traffic nelse, attenuation
of traffic noise by buildings, and the effect of the transmitted noise
on the internal environment. It is suggested that this data be used

for design of new buildings adjacent to urban motorways.

A.3.2.5 BUILDING DAHAGE CRITERIA

Anon,; "Cracking In Buildings," Building Research Station Digest, Na. 75,
(2nd Series), 1966, 8 pp. Thls report is a general discussion of

several factors that can cause or affect cracks in bulldings. Which
factors affect which materlals is delineated for correct dlagnosts and
repair,

Scholl, R. E.; Farhoomand, |.; "Statistical Correlation of Observed
Ground Motlon with Low-Rise Bullding Damage,' Bull. Seismo. Soc. Amer.,
V63, N6, pp. 15151537, Oct, '73. This report provides the results of

a statistical study conducted correlating ground motion with structure
damage data from underground nuclear explosion gas simulation experiment.
An ldentification of the ground motlon characterization that best repre-
sents the damage potential of ground motion Is arrived at then motion
damage relationships for low-rise bulldings is developed.

Aclii] ENVIRONMENTAL LAWS REGULATING VIBRATION

“Leglslation'', pp., 179-205, from Doerdon, C.; Nolse Abatement, New York
Phitosaphical Library, 1971, This chapter of the book deals with
legislation in effect in Great Britain dealing with noise contral, using
adjudlcated cases [t deflnes -the law and explains where the law may be
applicable,

"Summary of Envirenmental impact Analysis, Stone Mountaln Tollway,"
prepared by J, E. Greiner Company, Inc,, Consulting Enginecers. This

EIS contains a section on acoustic noise and one on saismic noise. An
estimate is made of maximum particle velocity anticipated and the number
of homes te be affected by various nolse levels.
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A.h.2  ADJUDICATED CASES RESULTTNG FRak VIDRATION

Brazener, R. A.; "Annotation: Traffic Maise and Vibration from Highway
“as Element of Damages [n Eminent Domain,'' American Law Reporter,

= S51ALR3d, 1973, Lawyer Cooperative Publlshing Co., pp. 860-807. This
lﬂ annotation collects cases which confront the issue of whether traffic

nolse or vibration emanating from a public highway constitutes a
separate element of damages In eminent domain proceedings.
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APPENDIX T
ASSESSMENT OF COMPLAINT DATA AND ADJUD|CATED CASES

The assessment of complalnt data and adjudicated cases resulting from
traffic=induced vibration forms a basl!s For defining the nature of the
problem. |t is necessary to define the problem in terms of technical
criteria relating quantities describing the vibration source, the
vibratlion propagation, and the effects of vibration on buildings and
people, To complement the description of technical criterian, it was
necessary to determine the frequency of occurrence and the problem of
traffic-induced vibration as encountered by highway enginecrs in the
field. Additionally, an assessment of the occurrence of lltigation
and trends in the court's judgement relative to traffic-induced vibra-
tlon cases was conducted to Indicate any significant factors,

Using this appreach, it is felt that the necessary technlcal criteria
can be cast In a form useful to highway engineers that will reflect

both the fleld situations expected and provide an assessment of potential
legal Implications associated with traffle~-induced vibration,

Compilation of Complaint Data

During the initial phase of this task, the use of a formal questionnalre
to determine the nature and occurrence of complaints and litigation
relatlve to the traffic-induced vibration problem was decmed Impractical
due to the wide range of situations encountered. Therefore, during the
reporting period telephone contacts were made, as recommended by FHWA,
with thelr Regional 0ffices concerning reports of complalnts related to
traffic~induced vibration, FHWA Regional personnel then directed the
inquiries to appropriate state and municipal agencies,

As described above, contacts were made Initially by telephone with a
formal letter following as approprlate. These letters requested specific
information in those cases where the agencies had experienced highway-
related vibratlon problems. A typical letter request and response is
included at the end of the appendix as a representative sample,

The compllation of Iniftlal complaint data (wlthout detail) that resul ted

from the initial efforts of this task are presented in Table All-1 and

provided the procedural basis for locating complalnt data relatlve to

the traffic~Induced vibration problem, For reference, Figure All-1 is
presented illustrating the FHWA Regions and the location of state and

municipal agencies contacted. The absence of a contact in either a FHWA

Reglon or a state does not imply that no problems were encountered in that
reglon or state. Indeed, all municipal agencies contacted had experienced

some form of traffic-induced vibratian; however, only 45% of the municipalities

A2-1
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TABLE All-1,

State/FHWA
Region

(ContInued)

Hature of Concern and/er Complaint

SUMMARY. OF COMPLAINTS WITHOUT DETAIL

status of Inquiry

Alabama/k

Arizona/9

Georgla/h

Kentucky/4

Loulsiana/b

Maryland/3

Red Mountaln Cxpressway, Birmingham
Expressway routed near an apartment

Traffic Induced Vihrations in the
Yuma Territorial Prison Arca (1972}

Environmental Assessment/Stone
Hountaln Tollway Traffic Induced
Vibratlons at Observatories

Structural Degradations io Rhodes
Mansion Historleal Building in
Atlanta

Individual complaint of traffic
vibrations from Interstate 20,
Atlanta

Watterson Expressway, Loulsville
Public concerns expressed during
planning

Bridge/Luminaire Yibration
Suppression Study - Lumlnaire Tife
study resulting from brldge
trafflc induced vibrations

Selsmic Vlbration due to Pile
Driving - Engineering Report in
preparation by Loufsliana DOT

Traffic induced Vibration of
Historic Bulldings in the Vieux
Carre (New Orlcans, La.)

Traffic Induced Vibratlon in the
Garden District from traffic on
Mississippl River Bridge (B.R. 90)

Concern that highway nolse and
vibration would disrupt activity
of a school or hospital,
Baltimore

A2-2

Concern alleviated
by P.R. work by the
contractor

Engineering Report
provided by Arizena
DOT

Englneering Report

provided by Georgia
poT

Engineering Report
and Data Avallable

Concerns apparently
allevliated

Engineering Report
provided by Loulsiana
poT



TABLE All-1.  SUMMARY: OF COMPLAINTS WITHOUT DETAIL

. n _ (Conciuded)
B State/FlIWA
I fg Region Nature of Concern and/or Complalnt Status of Ilnquiry
. Horth Highway or rallway vibration of
: -rl Carclina/b house (EPA complalnt), Hendersonville
:_‘| g
*! Ohto/5 Building vibration resulting from

proposed hlghway aligmment, Dayton

=9

FETE I Tt e il

i Pannsylvania/3 Concern about vehicle-induced SEPTA works c¢losely

4 vibration In residences at six with municipal agencies
locatiens in Philadelphia. respansible for strect
Southeastern Pennsylvania Transit repatr and makes strong
Authority buses alleged to cause cffort to contral bus
problems, speed in troubled areas

Tennessee/4 5t, Judes Hospltatl, Memphis = Concern apparently

concern about highway vibrations allevlated

with proposed highway allignment

Washington/10  Concern about proposed highway
al ignment near a hospital,
Spokane
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have responded to the fnquiries as of the reporting date. The above
approach resulted fn a compilation of 68 instances of highway-related
vibration problems of which 5| cases were well documented by either
site reports or extepsive englneering studies presenting soil data,
vibratlon measurements, and In one case, vehicle "bump'' tests.

Hr. John Orrison, Chief Structural Pesign Englneer, Department of
Public Works, City of Atlanta, became aware of this actlvity and our
interest in traffic¢~Induced vibration and offered Information an

25 documented complaints from residents of Metropolitan Atlanta.

Assessment of Complaint Dato

A total of 68 complalnts have been reviewed. FIfty-one of the complaints
are well documentad and 17 are net, There have been numerous unofficial
complaints described by individuals during conversations related to
vibratlons related to highway use. For example, professors in the
Aerospace Englneering Department at Georgia Institute of Technolegy,
Atlanta, Georgla, say that students frequently experiecnce disruption of
laboratory tests involving delicate and precision instruments because

of bus and heavy truck traffli¢ on streets adjacent to the Aerespace
Engineering Bullding.

A summary of the 51 well documented complaints {s given in Table All-2,
A careful study of the table shows that a majority of the complalnts
were made by Individuals concerning their home located within 400 feet
of the street Imperfection. Most of the complaints Involved annoyance;
however, there were three cases where both annoyance and building
damage were indlcated. Heavy trucks and buses were alleged to cause
most of the problems, Traffic speed was considered as an impartant
factor In only elght percent of the cases. However, there werc strong
opinfons in the cases where speed was mentioned that a lowerling of the
speed solved or minimlized the problem, Rough road surfaces Involving
manhole covers, storm drains, etc., werc considered to causec 53 percent
of the complaints, whereas, 25 percent of the structural vibration
problems were believed to be a result of chuck holes, open dltches, etc.
Buliding vibrations and soll tests were made by some of the [nvestlgators,
Road repairs and modifications were accomplished for 63 percent of the
cases and, apparently, In most instances satisfled the complaintant.

Two cases Involving litigation were mentloned.

A summary of the remalning 16 complaints is presented In Table All-1.

After studylng the complalnt information from the 51 well documented
cases, it Is concluded that, since 1971, the number of complaints related
to highway induced vibration !s on the increase. Figure All~1is a
graphical presentation of 3% complaints recorded In Atlanta, Leorgla;
Baltimore, Maryland; and Seattle, Washington for the years of 197]
through October 1972, Even though the sample size Is small, an
Increasing trend Is Indicated,

Az-4



TABLE All-3
SUMMARY OF COMPLAINT DATA FOR TRAFFIC-INDUCED W IDRATIONS
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Assessment of AdJudicated Cases

To extend the assessment of the complalnt data presented above, a
brief compllation and evaluatien of the adjudicated cases resulting
from highway-related vibration praoblems was accomplished using the
data presented in Appepdix {11, The objective of this effort was to
establish any trend that might be apparent related to decisions for
or against a plaint!ff In a traffic-Induced vibration litlgation,

Table Al|~3 presents a summary of 19 adjudicated cases llsted in Table
All-b resulting fram hlghway-related vibration problems during the
period of 1963 through 1372, From the data presented in Table All-3,
it is seen that a majority of the adjudicated cases Tnvolved single
indlviduals and private property {residences). Eleven of the 19 cases
involved annoyance, Home or buliding structural damage was claimed
for the remaining elght cases. HNolse vas mentioned as an annoying
factor in 15 cases. Heavy highway vehicles and read construction
machinery were alleged to cause the prablem in 14 of the 19 cases,
Fifty-three percent of the adjudicated cases were decided In favor of
the plaintiff,

Based upon the 19 adjudicated cases resulting from hlghway-related
vibration problems during the 1963-~1972 period, It is concluded that,
since 1968, the number of lawsults involving highway related vibration
problems s Increasing. In addition, the number of cases Invelving
highway-related vibration problems declded in favor of the plaintiff
has risen sharply during the aforementioned period of time. Flgure
Atl-2 ts a graphical presentation of the 19 adjudicated cases. Even
though the sample size is small, an increasing trend for both lawsuits
and cases decided in favor of the plaintiff Is Indlcated,

A2-7
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TABLE All-3

SUMHARY OF ADJUD |CATED CASES RESULTING FROM HIGHWAY RELATED VIBRATION PROBLEMS 1963-~1972

.Complaint: Case Ho. 1 2 3 b 5 6 7 8 gl 10| 11| 12|13 14| 15[ 18| 17] 18] 19
Individual Action X X X X X x x| % % X X
) Board or Comm. Actlon X A X X % X X X
Private Property x % x X * pd X x| x X x
Public Property X 3 X x x x X
Commercial Property A
Source Within 400! X ® X X X =% P X P x X x| x X x x| X X x
Source Beyond 400
Butldling Damage x X X X X X X X
i Annoyance x X X ® X X X X X X X
Nofse Menticned X x % X x X x x % % X x b3 x x
Heavy Vehlcles/Hachinery X % % X ® P X % b3 X X % X %
All Traffle b x X x X
For Plaint!ff %" X X x | x* ® * A % X
Against Plaintliff b X x X X X X X %
Year 1963|1964, 1965 | 1965 11966 |1966| 1968 {1968 (1568 |1969 1969 (1970|1970 | 187019711971 19711 1972{1972
Remarks % The court awarded $9,210.00 te compensate for diminution of value,

+ The court awarded $37,150.00 for damages.
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13.
14,
15.
16.
17,
18.

TABLE All-4
LIST OF ADJUDICATED CASES RESULTING FROM
HIGHWAY RELATED VIBRATION PROBLEMS 1963-1972

Hississippl State Highway Commission v, Colonial Inn, Inc., 246 Miss.
122, 189 50,2d 657 {19637,

RIichmond County v. Williams, 103 Ga. App. 670, 137 S.E, 2d 343 (1564},

Board of Education v, Palmer, B8 H.J. Super. 378, 212 A.2d 564 (1965).

Deaconess Haspltal v. Washington State Highway Commission, 66 Wash,
2d 378, ho3 P,2d &4 (1965).

Unjted States v, Certaln Parcels of Land, 252 F.Supp, 319 (W, D. Mich,
1966) .

Hollywood Baptist Church v. State Highway Department, 114 Ga, App. 89,
150 S.E. 2d 27T (1966).

Lombardy v. Peter Klewlt Sons' Company, 266 Cal. App.2d 599, 72 Cal.
Rptr. 200 (i96E].

Northeutt v. State Road Department, 209 $.2d 710 (Fla, Appl. 1568).
Dennison v, State, 22 N.Y.2d 408, 293 N.Y.5.2d 68 (1968).

Thomsen v. State, 284 Minn. 468, 170 H.W.2d 575 (1969).

Bassham v. Shreveport Transit Company, 227 50.2d 160 {La. App. 1969).

Fleetwood Synaqog, Inc, v, State, 60 M1SC,2d 326, 302 H.Y.$. 2d 898
(Ct. Claims 1970).

feymond v, State Hlghway Dopartment, 255 La. 425, 231 5.2d 375 (1970).

Cheek v, Floyd County, 308 F, Supp, 777 (N.D.Ga. 1570).

State v. Board of Educatlen, 116 M.J. Super. 305, 282 A.2d 71 {1971).

City of Yakima v, Dahlin, 5 Vash, App. 129, 485 P,2d 628 (1971},

Bronxville Palmer, Ltd, v State, 36 A.D.2d 10, 318 H.v.5. 2d 57 (1971).

People, Department of Public Works v. Volunteers of America, 98 Cal.

fper. 423 (Cal. App. 1977,
New Jersey v. Board of Education, 3 E.i.C., 1159 {1972),
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. SAMPLE IMAUIRY PAGE 1
acoustics & visralion associatas
A Division ol Scisnce Applicstinm, Inc.

2700 cumberland parkeway, nuve
sulte 335

ntlanta, qrorgia 30339
{404} 435-4461

November 15, 1974

Hr. Paul A, Wlateak

City Engineer

floom 910

Municipal Bullding
Scattle, Washington 90104

Subject: U. 5, Department of Transpértatlon. Federal Highway Administratlion
Contract DOT-FIi-11~B49k, subject: "Determination of Impact from
Vibrations Related to Highway Uusc"

Pear Hr, Wlatrak:

tast week | talked by telephone with a representative of your offlee, !
Hr. H. B, Hilliard, concerning the subject contract rescarch study which
our firm Is conducting for the Federnl Highway Administration. |} called
to request the asslstance of .tha City of Seattle with respect to one
phase of this study program, and It was suggested that | write te you,

Speclflcally, we would like to receive information concerning street and
road vibration complaints, We felt that Scattle would be a representative
city to provide helpful data related te foad or street vibratlons that
impact on adjacent building structures. Information concerning these
problems would be meaningful to thls contract study. Lel ma explain
briefly the purpose and scopa of our study,

This program Is designed to collate and assess the physleal as well as
behavioral and legal llterature on vibrations from highways, construction,
blasting, ete., In order to authorltatively define the vibration prohlems
for highways. The results of our affort wlll be the developuent of design
quldel lnes to establish tha Impact of highway vibrations, and will be
almed ot providing highway pltanners and design englneers with technlques
to cstimate and evaluate any polential vibration impact,

The main obhJectives of this research vark are: (1) to clarify the pature
and extent of the highway-Induced vibration problem by improving the
understanding of vibratlon excitation, propagation and effects, and (2)
to develop guldelines to preclude or control environmental vibrations,
devoting speclal attentfon to the hiphway vibratfon situation resulting
in complaints or litigation,

Ssience Applications, tnc. /1200 Peaspeet 51, La Jodly, Catif, 92027
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Letter to Hr. Paul A. Miatrok SAMPLE INQUIRY — PAGE 2

Hovember 15, 1074
Page 2

Accordlngly, to help us with the complaint assessment phase of this
study, we wish Lo request your assistance in determining occurrences
and nature of complaints or litigation related to environmental wibra-
tion generated hy highways, highway construction and hlastinn impacts,
and other vibration sources, The program is equally concerned with
vibration effects on structures ond humans., Ve will use Lhis inform-
mation Internally to deflne the problem of highway-Induced vibrations
relatlive to the practical problems encountered by highvway designers
and engincers,

We would like to receive ony informatian you can furnish concerning
Instances or situatlons involving complaints and/or litigation of
record in Seattic related to the highway vibration preblem, W would
appreciate any information you can send us, including the name and
locatlon of the project, a description of the physical situation at
the project site that prompted complaint, who was the cemplalnant,
nature of the complaint, |itigation related to the cemplaint and out-
come of litigatien, If any. Other information which you feel would
be meaningful In developing design guldelines for use by highway
planners and englneers [n assessing the Impoct of vibratlons for future
highway projects wiTl be appreciated.

Enclased arc two sample coples of the forms used by the City of Atlanta,
Georgia, to record citizen complalnts and document the action taken.

One form records the complaint and condition at the slta, and the

other form is o work order authorization to repair the condition, and
record time and materials. | you can pravide simllar tnformation
toncerning cases In Seattle, 1t will bhe most useful in our contract
study. Also, an indicatlon of the number of annwal vibration com=-
plaints in Seattle In recent years will be helpful,

Thank you for your assistance Tn this matter,

Very truly yours,

ACOUSTICS & VIBRATION ASSOCIATES (AVA)
17 s PP

2. A 4@,?

H. Lewis Haclntyre

Dlrector of Development

HlM:me

=

Enclosures
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Jﬁh Free, A

CEFPY OF SEATTLE Wes Uhliian, Mayor
DEPARTMENT OF ENGINEELING
PAUL A WIATRAK, GUI'Y ENGINEER
MEMDEE, BOARE OF PURLIGC SONKY

Svairtle Mandeipud Buififings, foom 28
Gt Foueth Aveane, Seattle, Wahingen 05104 Decembor 2, 1974

Mr. H. Lewis MNelntyre

Dircetor of Developrent

Acounties & Vibratlon Asazoc,

2700 Cumherland Parkway Northwest
Sulte 335

Atlanta, Georpla 20339

Dear Ur. Mclntyre:

Our file on traffic generated vibration complaints gees back te 1949, Since
that time we have had just ten recorded Ancidences of this type of problem,
although, of ¢ourse, some of the problems resulted in a nunber of individual
complaints. For your convenicnce, here is a synoposis of each of the ten cases,

1. On May 31, 1949, Mr, G. M. Drolesbaugh, 3514 Southwest Manninp
Street, wrote to complain that his house shakes when the bus goes by the
intersection of 36th Avenue Soutlwest and Soutlwest Manning Street, even after
City crews had repalred a concrete panel at that loention, Our idnvestlgation
led us to conclude that the vibratlons were duc in larse measure to the faet
that the house sits on £1ll material, We informed Mr, Droleshaugh that there
wag nothing we could do,

In tha fall of 1961, Mrs. Walter Noyes, 3702 36th Avenue Southwest (Just across
the ntreet from Mr. Drolesbaugh} wrote e complain about the same problem. Our
anawer to Mra, Noyes indicated that we had replaced another broken eoncrete
panel in the intersection in 1960 and had found ne velds under the pavement at
that time. We alse drilled two rows of test holea 3 feat on center for 70 feet
and found no volds., We attriputed the problem to exceptionally soft pround in
the viecinity, but had no zolutlon to offer,

On May 5, 1965, Mrs. Noyes joined 33 other residenta in the vieinity in present-
dop a petition to the Clty Council, blaming the problem on volds and asking the
Council to dircect us to take proper remeodial action, We drilled two test holes
while Hra, Hoyea watched., We encuntered no volda hut did epcounter n wot sand
cuphion at a deptih of 6 feet, We replaced two wore concrete panels. We have
no reeord of any aubsequant complaints nor of any litipgation.

A2-13
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SAMPLE RESPONSE  PAGE 2

Mr, Melntyre 2 December 2, 1974

2, On July 10, 1950, lMrs, lareiet Gates, 2122 Dexter Avenue Horth, wrote
to complain that her house gets badly shaken by pasalnp traffle, particularly
City buses. She theught that spring water Crom the hillaide above nlght have
been cauning pavement damage. Our answer merely confirmed that some vepalr wos
necessary and that we would do 1t. There has been no zubsequent correspondence,

3., In the cpring and summer of 1963, some residents dn the 1600 through
1800 blocka of East Lynn Street complained that trucks beleonging to Florito
Brethers Construction Gempany were causing house vibratilons, The trucks were
tractor~traller combinations carrying approximately 18 tens of £11) waterial
from South Morfolk Street to a 111 in the Hontlake arex. Mr, Frank Heumann,
soismolopist (now deccased) for the Unlversity of Hashinpgton conducted toatn in
the vicinity with a pertable scismopraph on Decenber 10, 1963. (Mr. Neumann was
acting as a expert foxr Florito Brothers, who apparently were the defendents in
a court action to which the Cicy was not a party,) He concluded that none of
the measured vibrations would ordinarily be considered of damaping mapnitude,
Nis report did po on to pnint out that a weak vibration may accelerate the
oeeurrence of damage which is primarily duc to other eauses; in this cane, he
purnised, the bulldings damoged were already in a state of strain, most likely

- from settling., lle did concede that the Flerito trucks set up hetwern 2 and 3

times the amount of vibraticns generated by ordinary heavy traffie dneluding
city buses.

In the summer of 1964, we received a vibration complaint from Mr. Lloyd Hargreawves,
1806 East Lynn Street. We found lictle or ne defect in the street surface At

that time, but promised to congsider the strect for resurfaclng the folloving

year. We eventually resurfaced tne street in 1967. We have no record of any
subsequent complaints, Since the City was not a party to the aforementioned
action, we don’t know how it came out or Lf it even went to trial.

b On Mareh 30, 19565, Mr, D, R, Ripley, 1320-24 Queen Avenue MNorth, wWrote
to complain abont bus and truck vibrationa and a badly eracked streot surlace.
We drilled 12 test holes and found no volds. In July of 1965, wa resnrfaced the
street with a two-inch asphalt 1ifc., There have been no subsequent complaints
of record.

5. In January of 1969, we reeeived a number of complaints alleging
damnge to homes caused by vehdeles crosaing the 15th Avenue Northeast Bridpge
(at Hortheast 105th Street), We hired the firm of Geo-Recan, a subaldiary of
Shannon & Wilson, Inc., te measure vidrations at the affected homes, Geo=ltecon's
report, a copy of vhleh 13 attached, indicated that the vibrations could not

tiave caused tho damage.

Beeause the vibrations were in the "clearly perceptidle’ ranpe, we did take
steps to reduce the vibrations, including expanslon joint rehabllitation and
bridge deck resurfacing with an asbestos asphalt mix in the {all of L9690,

AZ-14
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Hr. MelIntyre ki Decenber 2, 1974

Py

Py

Despite our cfforts we contlnued to receive complaluts, Ineluding one from Dr.
R+ A. Diwond nt 10415 315th Avenue Northeast on Degember 12, 1969, and one from
W 3. Davis ac 1234 Northenst 104th Street on Marel 4, 1970, Following theae
camplaints we asked the translt oyatem to dircet thelr drdvers to slow to 20
miles per hour while erosalng the bLridge. Thls they did on Junc 30, 1970,

e
o

Becnusie these later complalnts suggested that the preatest and continuing
gource of the problem was in the gouth bridge approach rather than the bridge
dtpelE, we alse repadved some chuck hoeles at thot locatfon on Aprill 3, 1970,
He have no record of any subsenquent complaints.

6.  On December 31, 1971, Mr. Jack Yoeshikawa, owner of a 20 unit apart-
ment building ot 2700-10 AlkL Avenue Southweat, wrote to complalm about tyaf-
fic vibrations dating back to April of thae year. MW, Yoshikawa pofnved out
that cthe tining coincided with gtreet exeavatlon for a larpe storm drain con-
structlon project on Alki Avenue Soutlwest, After an exchange of letters with
Hre Yoshikawn, we drilled three cores in front of the apartment building but
found no volds., Examination of the street surface showed no leose olaba or
aharp bumps that would be likely to cause vibratiens in the apartwment house,
Department persennel were wnable to feel any vibratlons when heavy trucks ox
busea drove by,

£¥a =

Mrs Yoshikawa waa still not satisfied, sayinpg that the test did not duplicata
actual conditions and that onr finstrument was not sensitive enough, On June 12,
1972, wa told Mr. Yoshikawa that we would conduct ne pore tests, He wrote
twlce nfter that, the last time on February 21, 1973, lhinting at the pessibil-
ity of lepal action. We have heard nothing more from him since then. We have
recelved no complaints from sny other sourca, even Mr. Yeshikawa's tenants,re-
garding vibrations at this location. -

i S

7. On May 2, 1973, fourteen petitioners living at nine diffcrent
addresges in the 2400 hlock of Alki Avenue Southwest and the 2500 block of
56kh Avenve Sountlwest (which intersects Alki Avenoce Southwest) wrote to com-
plain of vibrations coused by buses traveldng at certain speeds. The letter
indicated they had had dealings with the Enginesring Bepartoent on this sub-
Jeet 4n the spring of 1972, but we can {ind nothing in wricing.

& Ao in the Yoshikawa case (He, 6 nbove) the petitioners attrihuted the trouble
to storm drain construction. We drilled seven four-ineh cores in the pave-
nent on Alk! Avenue Southwest, east and west of Lts intersection with S56th
Avenne Southwest, Filve of the cores were deilled over the storm drain, and
tliec other two in the center lane the buses normally travel in. We found no
wvolds, The sand subprade appeared to be adequately compacted, The Ruilding
Depattment examined the subject buildings for structural damage and found
none.  {Two of the bulldings had hairline cracks that could have been caused
by traffic vibratiens.)
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- HMr. Melntyre 4 Deeonber 2, 1074

.-

Hot oatisfied with eour response, the lead petitlonecr, Mr. Larry Rouvelas,

2430 Alkd Avenue Southwest, petitioned the Mayor for assistance. lowever,

the Mayor concurred in the Engineering and Bulldiag Department responses, and
puppested the petitioners considar retndning a solls enpineer to document

the extent of the preblem for possible court action. ¥Finally, on Septerher M,
1973, the Transit System apreed te dnstruet thelr drivers to reduce specd when
operating on Alki Avenue Soutlwest between 55th Avewne Southwest and 57cht
Avenue Southwests, This is the last we have heard of this prablem.

=W &8

=u

o B.  Oo February 27, 1974, Mrs. G. M. Kovacevich, 3421 Nainler Avenue

Sl South, wrote complaining about exterior and Interior erneks allepedly due to

’ vibrations resulting from the use of heavy vquipment amd Jnek hommering
duridng the resurfacing of Rainier Avenue Seuth ip the pummer of 1973, As

j this was a Vashington State Hipghway Department project, we referred her

i letter to that agency for setion, We are not aware of tha outcome; if you

\ wish further information pleasn write to ¥r. E. I. Reberts, District Eupineer,
State Nighway Pepartment, 10637 Hortheast Bth Streect, hellevue, Washington,
98004, Attention Mr. H. J. Semenock, Distriet Utilities LEngineer.

i M

&E

9. 0On Yovembar 17, 1974, Mr. Jack Reed, 1156 AlkL Avenue Scuthwest,
owner of a four-story apartment building at that address, wrote to complain
about damages from traffile vibrations dating back te last year when storm
drainage was constructed at that location, Apparenthy Mr. Reed had verhnl
discussions with a representative of our offlee at that time. Our cmployee
told tir, Reed chat the vibrations would probably stop when the pavement patch
over tho storm dradn had settled fu'ly. Mr. Reed mald there has Leen some
improvement but net cnough, ile cites domapes including twe tollets that lad
to be replaced, two joint leaks in kitchen pipes, awd numerous plaster cracks.
As the storn drain contractor's period of responsibility is sedll in force,
this problem is currently in the hands of pur Construction Division, who are
investigating,

B B BE BN

8ix of the eight cases I have listed were inicdiated by letters [rom the
complainants, The other two started out with phona calls and were serious
enough for us to compile a {ile on them, It 45 possible, lowever, that other
telephone complaints of this nature have been received (and hopefully resolved)
but they would be filed by location along with numerous other complaints of
all hinds. So it isn't feasible to try to o back and sce if we have missed
any.

[F Y

E.&ﬁ

o I hope the foregoing informatieon, along with the attached repart, 1a helpful
to you dn this first phase of your etudy. If we can be of further assistance
L don't hesitate to call on us,

(e

Yours very truly,

R PAUL A, WIATRAK, PE,
3 City Engincer
i M. f-’-'i.LJ"""{

NDH:pdw' M. I, HILLYARD
Asafatant Supervinor
Streoet & Bridpe Malntenance

7
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APPEHDIX 11
LEGAL PERSFECTIVE OF HIGHWAY INDUCED VIBRATION

This appendix presents a review of the present laws relating to highway
vibration, adjudicated cases resulting from vibration, and an annotated
bibliagraphy of the legal 1lterature concerning hlghway Induced vibration,

Present statutes relating to highway induced vibration are classified
according to the United States Code, State Codes, and relevant municl-

pal codes, A brief discussion of related foreign Taws concerning environ-
ment vibratlon [s presented since highway Induced vibration 1s recognized
In all Tndustriallzed countries as a significant environmental prablem
that is becoming more serious in recent years. Conclusions are presented
at the end of each section,

Adjudicated cases resulting from vibration are presented In legal context
since apparently highway related vibration is treated by the courts on a
case by case basls with excessive vibration fram all sources belng con-
sldered as equally insulting., Over B0 cases are discussed In this con-
text. Conclusions are presented at the end of each sectlon,

An annotated blbliagraphy is presented that categorizes legal llterature
on highway vibration, envirenmental vibration, blasting, health and job
safety, sonlc booms, and nolse control. The review of law related Ilter-
ature pertaining to noise control 1s presented since the legal principles
are similar, if not identical, to vibratlon suits,

LAWS CONCERNING HIGHWAY VIBRATION

Environmental vibration, including highway vibration has not been the
subject of much legislative activity In the United States., The federal
MHolse Control Act of 1972 facuses on measurable sound and is ner con-
cerned with Tnaudible vibration, or vibratory effects separable from
sound. Thls differs from the approach of thoe cemmon law courts which
have always been willing to recognize vibration and noise ag differing
aspects of a common nulsance activity.

The fact that courts recognize vibration as an environmental insult, which,
In the appropriate casec, will allow the complainant legal redress, Is
sfgnificant because of a number of federal statutes phrased In general
terms which codlfy a governmental duty to protect environmental! quallty

and to guard agalnst adverse environmental effects. Although vibration

is not mentioned in these statutes, and although no vibration cases

have been declded under them, the standard of environmental guality which
they provide for, would, in the proper case require the federal official

A3-1
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to guard against excessive envlironmental vibration in the construction
or maintenance of the project.

The first of these general statutes, which confer on the Federal Highway
Administration a broad autherity and duty to plan against the adverse
effects of vibration, 1s the Natlonal Environmental Policy Act, 52 U.S.C,
4321 et seq. which states In pertinent part,

Sec. 101.{a) The Congress, recognizing the profound impact
aof man’s activity on the interrelations of all components of the
natural environment, particularly the profound influences of
population grewth, high~density urbanization, industrial expan-
sion, resource exploitation, and new and expanding technological
advances and recognizling further the eritical fmportance of
restoring and maintaining environmental quality to the overall
welfare and development of man, declares that it Is the contin-
ulng policy of the Federal Government, in cooperation with State
and local governments, and other concerned public and private
organizations, to use all practicable means and measures, inclu-
ding financial and technical assistance, in a manner calculated
to foster and promote the general welfare, to ereate and main=-
taln copditions under which man and nature can exlst in produc-
tive harmony, and Fulfill the social, econonic, and other
requirements of present and furure generations of Americans,

{b} In order to carry out the policy set forth In this Act,
it is the continuling responsibility of the Federal Government
to use all practicable means, consistent with other essential
considerations of national policy, to improve and coordinate
Federal plans, functions, programs, and resources to the end
that the Nation may--

(1) fulfill the responsibilities of each generation as
trustec of the environment for succeeding generations;

(2) assure for all Americans safe, healthful, productive,
and esthetically and culturally pleasing surroundings;

(3} attain the widest range of beneficial uses of the
environment without degradation, risk te health or safety,
or other undesirable and unintended consequences;

(4) preserve important historic, cultural, and natural
aspects of our national heritage, and maintaln, wherever
possible, an environment which supports diversity, and
variety of individual choice;

(5) achieve a balance between population and resource
use which will permit high standards of 1llving and a wide
sharing of life's amenities; and

{6) cnhance the guality of renewable resources and
approach the maximum attainable recycling of depletable
resources,

(c} The Congress recognizes that each persan should enjoy a
healtthTul environment and that wach person has a responsibility
to contribute to the preservation and enhancement of the environ-
ment.

A3-2
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Sec, 102, The Congress authorfzes and directs that, to the
fullest extent possibte: (1) the policics, regutations, and
. public laws of the Unjted States shall be Interpreted and admin-
Istered In accordance with the poiicies set forth in this Act,
and (2) all agencies of the Federal Government shall--

(A) utilize a systematic, interdiselplinary approach which
will insure the integrated use of the natural and social
sciences and the enviranmental design arts in planning and
in decisionmaking which may have an impact on man's environ-

: ment ;
o ‘ (B) identify and develop methads and procedures, in con-
A sultation with the Council on Epvironmental Quality estab-

lished by title [l of this Act, which will insure that pres-
ently unquantified environmental amenities and values may
be given appropriate consideration in decisionmaking along
with economic and technical considerations;

{C) include in every recommendation or report an proposals
for legislation and other major Federal actions significantly
affecting the quality of the human environment, a detailed
statement by the responsible official

(1) the environmental impact of the proposed action,

(ii) any adverse envirenmental effects which cannot
be avoided should the proposal be implemented,

(ti1) alternatives to the proposed action,

(iv) the relationship between loca! short-term uses of
man's environment and the maintenance and enhancement of
long-term productivity, and

{v} any irreversible and irretrievable commitments of
resources which would be involved in the proposed action
shoutd 1t be implemented,

Prior to making any detailed statement, the responsible
Federal official shall consuit with and obtain the comments
of any Federal agency which has jurisdiction by law or spe-
cial expertise with respect to any environmental impact
involved. Copies of such statement and the comments and
views of the apprepriate Federal, State, and tocal agencies,
which are authorized to develop and enforce enviranmental
standards, shall be made available to the President, the
Council on Environmental Qualfty and to the public as pro-
vided by section 552 of title 5, United States Code, and
shall accompany the proposal through the existing agency
review processes;

{D) study, develop, and describe appropriate alternatives
to recommended courses of action in any proposal which
involves unresolved conflicts concerning alternative uses
of avallable resources;

The mandate of NEPA, to the Highway Administration ameng other government
agencles, to assess and avoid adverse environmental consequences where

i X possible, is reinforced by the Federal Highway Act, which states, in per-
{ LE tinent part (23 U.S5.C. 109h),
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r' {h) Not later than July I, 1972, the Secretary, after consul-
5 tation with appropriate Federal and State officials, shall submit
to Congress, and not Jater than 90 days after such submission,
promulgate gquidelines designed to assure that possible adverse
r: economic, social, and environmental effects relating to any pro-
' posed project on any Federal-aid system have been fully consid-
i cred in developing such project, and that the final decisions
i on the project are made fn the best overall public interest,
taking into consideration the neced for fast, safe and efflicient
transportation, public services, and the costs of eliminating
or minimi2ing such adverse effects and the following:
(1} alr, noise, and water pallution;
{2) destruction ar disruption of man-wade and naturai
resources, aesthetic values, community cohesion and the avail-

by rg abllity of public facilities and services;
il (3) adverse employment effects, and tax and property value
i losses;
{4) injurious displacement of peaple, businesses and farms;
and

(5) disruption of desirable community and regional growth.
Such guidelines shall apply to all proposed projects with respect
; to which plans, specifications, and estimates are approved by
A the Secretary after the [ssuance of such guidel ines.

ha !§ The action enforcing provisfans of the Natfonal Environmental Policy Act,

o calling for the preparation of an environmental impact statement, regquire

B the Administrator to analyze and assess al)l signlficant environmental con-
sequences of the project. The poelicy behind this procedure is to avold
adverse effects. The Federal Highway Administration's regulations, codified
as 23 fode of Federal Regulations, Appendix A, Environmental Impact State-
ments, Paragraph 4, state,

4. Policy, It is a national policy that all Federal agen-
cies promote efforts for improving the relationship between man
and his environment and to make special effart for preserving
the natural beauty of the countryside and public park and
recreatlonal lands, wildlife and waterfowl refuges, and historic
sites. It Is also natjonal palicy that Federal agencies con-
sult with other appropriate Federal, State, and local agencies;
assess in detail the potential environmental impact in order
that adverse effects are aveided and environmental quality is
restored or enhanced, to the fullest extenl practicable; and
. utilize a systematic, Interdisciplinary approach which will
la . insure the integrated use of the natural and social sclences and
4 the cnvironmental design arts in planning and decisionmaking
which may have an Tmpact on man's environment. The environmental
assessments include the broad range of both geneficial and detri-
mental effects.

i
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Federal courts have Interpreted the Natiopal Environmental Pelicy Act

. . in more than 400 lawsuits, {t is not a paper tiger; if the court finds
o that the agency in question has not complicd with the Act (either by
“ignoring or failing te adequately evaluate the environmental conse-
quences of the proposal and its alternatives) it will enter an order
enjoining actlon until the Act has hcen complied with. Although no HEPA
case has ever been decided on the basis of highway vibration, it is the
sort of adverse environmental cffect which must be assessed upder the
statute.

Certain historical preservation districts receive special protection by
federal statutes; 16 U, S. C. 4701 states,

———re
fa=4 ]

§ 470f. Effect of Federal undertakings upon property
listed in the National Register; comment by Advisory Counci]

‘i on Historic Preservation
!g The head of any Federal agency having direct or indircct
; jurlsdiction over a proposed Federal or federally assisted

undertaking in any State and the head of any Federal depart~
ment of [ndependent agency having authority to license any
undertaking shall, prior to the approval of the expenditure of
any Federal funds on the undertaking or prior to the issuance
of any license, as the case nay bhe, take into account the effect
of the undertaking on any district, site, building, structure,
or object that is included in the National Reglister. The head
of any such Federal agency shall afford the Advisory Council on
Historlc Preservation established under sections 470i-470n of
this title a reasonable opportunity te comment with regard to
such undertaking.

The Federal Highway Administration's regulations reprinted at 23 Code of
Federal Regulations, Appendix A, Procedures for Historic Preservation,
state, in pertinent part,

o Ml o

PROCEDURES FOR HISTORIC PRESERVATION

2 3]

I. The provisions of 16 U.5.C. 470(f) require that all pro-
posed highway sections that are federally assisted be developed
with consideration to effected districts, sites, buildings,
structures, or objects that are included in the National Regis-
ter for Historic Preservation, This authority derives from
Sectlon 106 of the National Hlstoric Prescrvation Act. Proce-
dures for compliance have been Implemented by the Advisory Coun-
cil on Historic Preservation, and the National Park Service,
Department of the Interior, as follows:

a. At the earlijest stage of planning or consideration of
any undertakings carricd out, licensed, or financially assisted
by the Federal Government, the HA and FHWA should follow these

fﬁ : steps:

B

[ TN B P )
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(1) Consult the National Register of Historic Places to
determine if a Hatlopal Reglster property is involved in the
undertaking. The Mational Register [s maintalned by the Office
of Archeoleogy and Historic Preservation, National Park Scrviee,
and monthly addenda are published in the Federa] Register.

{2) Apply the "Criteria for Effect.'* If there is no
effect, the undertaking may proceed, (See paragraph 3 of this
appendix.} This determination of effect should be made by the
HA in consultation with the division engincer, the State Liaison
Office and a representative of the 0ffice of Archeology and
Historic Preservation., |If there is docunented agreement that
a project will not have an effect on the HNational Register
Historic Slte, no further review Is required under the National
Historlec Preservation Act.

(3) If there ts an cffect, the HA in con?ultation with the
FHWA division engineer, State Liaison OFficer’' and a representa-
tive of the 0ffice of Archeology and Historic Preservation of
the National Park Service shall:

(a) Determine If the effect is adverse--if not, the under-
taking may proceed;

(b) Upon finding an adverse effect, sclect and agree upon
a prudent and feasible alternative to remove the adverse effect,
in which case the undertaking may proceed;

{c) Faillng to find and agree upon an alternative, recommend
all possible planning to minimize the adverse cffect and delay
further processing of the undertaking pending the receipt of
comments from the Advisory Council.

(4) Provide written notice affording the Advisory Council
an opportunity to comment upon doubtful or unresolved situations
of adverse effect and upon request submit a report of the under-
taking.

2, If there is a finding of adverse effect, the proposed high-
way section is to be processed in accordance with these proce-
dures and the 0ffice of Environmental Policy should be notified
and kept informed of further developments. |f [t becomes neces-
sary to provide a written notice affording the Advisory Council
on Historic Preservation an opportunity to comment in doubtful
or unresalved situations of adverse effect, the O0ffice of Envlron-
mental Policy will act as the coordinating element for the FHWA.

3. Criteria for effect. a. A Tederally financed or 1licensed
undertaking shall be considered to have an effect on a National
Register listing (districts, sites, bulldings, structures, and
objects, including thelr settings) when any condition of the
undertaking creates a change In the quality of the historical,
archltectural, archeological, or cultural character that quali-
fied the property under the National Register criteria for list-
ing in the National Register.

b. Generally, adverse effect occurs under conditions which
include but are not limited to!

(1} Destruction or alteration of all or part of a property;

lStar:c Liaison DFficers are appolnted by the Governors to be
responsible for Stale activities under the Natlional Historic
Preservation Act.
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{3) Introduction of visual, audible, or atmospheric ele-~
ments that are out of character with the preperty and its set-
ting (i.e. introduction of a new highway or a higher type func-
tional highway, such as a freeway for an arterial, Into the
environment of a historic site).

Obviously, noticeably prolonged and Intense vibration would come within
the ambit of the criteriz for effect, and would bring section 470(f) into

action.

The Federal lighway Administration regulations promulgated pursuvant to

the Nolse Contral Act and published at 23 Code of Federal Regulations

Part 772 arc aimed to quieten highway naise; however, the regulatory
prescriptions (acquisition of buffer zones, construction of noise barriers)
would also serve to dampen vibration effects. In order to be cligible

for Federal aid participation, all projects to which the noise standards
apply, are to include noise abatement measures designed to mect desiyn
naise levels in federal standards.

Currently, there are no federal statutes governing vibration in the
workplace such as those found in Czechoslavakia. There are indications
that the Occupational Safety and Health Administration is studying action
In this area (See Lehmann, P., ""Wibration," Job Safety & Health, January
1974, pp. 5-12), but no regulations appear to be forthcoming in the near
future. The physiological effects of vibration, whether from environ-
mental sources such as highways or from machinery in the workplace, have
not received much attention In the Unlted States. Qur courts and law-
makers, however, have been concerned wlith the property damage caused by
extended vibration.

State Laws

State statutes have ignored vibration up until this vyear's leglslative
sesslons, when three states, Connecticut, Kentwcky, and Maryland epacted
similar provisions based on the Council of State Government's suggested
State Nolse Control Act, which was drafted by workshop particlpants at
the Second National Symposlum on Environmental Legislation in 1973. This
mode] statute does not attempt to regulate vibration specifically, hut
expands the definition of nofse to ineclude vibration. Sectlon 103 (Defl-
nitions) states in pertinent part,

({4} ‘'"Noise" means the Inrensity, frequency, duration, and
character of sounds from a seurce or number of sources.
Noise includes vibrations of sub-audible frequency.'

The Connecticut statute (reprinted in Burecau of National Affairs' Nolse
Regulation Reporter B1:3901) states,

Section 26{e): 'Noisc" means the intensity, frequency, duration
and character of sounds from a source or number of sources.
Noise includes vibrations of subaudible or superaudible fre-
quency,'!
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The Kentucky statute reprinted at Section 81:5421 of the Nolise Regula-
tion Reporter Is ldentical to the Council of State Government's suggested

statute.

The Maryland statute reprinted at section B1:6701 of the Noise Regulatlon
Reporter states,

B823(e) "Noise" means the intensity, frequency, duration, and
character of sound, Neise includes sound and vibration of
sub-audible frequencies.,"

This type of statute appears to address itself to the probiem of highway
vibration. Since all three statutes are new, there has been no litiga-
tion or enforcement activity concerning them.

Munieipal Ordlinances

While many citles have passed ordinances regulating noise, relatively few
have enacted laws governing vibration. OF those jurisdictions which have
dealt with the problem, the majority have provisions in their zoning codes
dealing with vibration, none of which appear to be broad encugh to deal
with highway vibration,

The simplest type such as the protective Zoning Bylaw of Acton, Massachusetts
resembles a classie nuisance ordinance:

"o ). Performance Standards -- No land or building shall be
used or occupied in any manner as to create any dangerous,
inJurious, noxious or otherwise objectionable Tlre, explo-
sion, radicactive or other hazard, nolse or vibration:
smoke, dust, odor or other form of air pollution; elec-
trical or other disturbance; glare, llquid or selld refuse
or wastes, "

The Fort Lauderdale, Florida Zoning Code (Industrial)} states,

" Sec., 47-78.1. Uses prohibited. =~ The uses prohibited
in B~3 district shall be as follows:

(a) The use of any portion for open storage without
5-foot conecrete wall in the rear and on the side of said
site.

(b) Any industry or business which /s ebnoxious be-
cause of dust, dirt, smeoke, fumes, odors, noises, vibra-
tions, radicactive waves or dangerous hazards,

{c) Any use not specifically permitted In section
47-78. (Ord. No. C=1126, § 4, 5-17-55)

Fort Lauderdale Industrial Air Park.

Artlcie VIII=-B, YH=|-a" District.

Sec, 47-81.1. Purpose of district,

The purposes of the M-~1-A zone is to govern all uses
of land offered for sale within the boundaries of the
Fort Lauderdale !ndustrial Air Park as they are not existing
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or may be hereafter set. The M-1-A Industrial Zone is to
assure that industrial development will not have an upde-
sirable effect hecause of smoke, sound, dust, dirt, noxious
gases, odor, vibration, heat, or clectromagnetic interfeor-
ence. {0rd, Ho. C-1968 & §, 10-29-63; Ord. Ho. C-66-4b,

§ 1, 8-2-66}) "

1
L

Section 5 of the New Orleans Zoning Ordinance titled "Exceptions and
Modifications to Use Regulations'' declares,

" Power plants, heating or refrigerating plants or
apparatus or machinery not a part of the main building,

i 2 which are accessory to permitted uses in the A-Single

i r Famlly District, B-Two Family District, C-Four Family

i - District, D-Hultiple Family District, M=1 and M-2 Medical
. Service Districts and in the H-1 Vieux Carre Residential
E fﬂ RDistrict, shall be permitted in the huildable area or

! g required rear yards of the above-pamed districts only if
£ so placed and operated as to cause the least Inconvenience
Q‘ 3 to owners or tenants of adjeining lots and bulldings;

j i and provided that all of the above-mentioned activities
vt comply with existing city ordinances and do not cause

b serious annoyance or [njury te occupants of adjeining
T premises by return of the emisslon of odors, fumes or

. 4 gases, dust, smoke, noise or vibration, light or glare,

g or other nuisances. H

The most detatled city vibratfon law Js found in sections 17-4.15 to
17-4.19 of the Chicago Noise Ordinance:

" 17-4.15 Any property use establfshed in a Manufacturing
Commercial, or Business Zoning District shall be so oper-
ated a5 to comply with the performance standards governing
vibration set forth herein for the Zoning District in which
such use shall be Jocated.

17-45.16 in MI-1 to MI-5 Restricted Mapufacturing Zoning
Districts Inclusive, any use or portion thereof creating
earth-shaking vibrations such as are created by drop forges
or hydraulle surges shall be controlled in such manner as to
prevent transmission beyond the lot lines of earth-shaking
vibrations perceptihle without the aid of instruments,
except for lot lines adjoining an M3 Heavy Manufacturing
Zoning District but in no case shall any such vibration be
allowed to create a nuisance or hazard beyond the lot lines,

17=4.17 In M2-1 to M2-5 Geperal Manufacturing Zoning Dis-
tricts inclusive, any use or portion thereof creating intense
carth-shaking vibrations such as are created by drop forges,

or heavy hydraulic surges, shail be set back at least 300
feet from the boundary of a Residence, Business, or Commer=
clal Zoning District and at least 150 feet from the boundary
of an M| Restricted Manufacturing Zoning District, uniess
such operation Is controlled in such a manner as to prevent

v
F>Ry

oy
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Only a few cities attempt to define objective criteria for measurement of

objectionable vibration. Supplementary ordinance .7003 of Peoria, Iliinois

states,

transmission beyond the lot lines of earth-shaking vibra-
tions perceptible without the aid of Instruments.

17-4.18 1n M3«] to M3~5 Heavy Mapufacturing Zening
Districts, inclusive, the performance stanpdards governing
vibration in the M2 Zoning Districts shall apply.

17-4,19 In Business and Commercial Zoning DIstricts, the
performance standards governing vibration in the M1 Zoning
Districts shall apply.

.7003. Vibrations.=-Vibrations shall be measured at any
adjacent lot line and/ar district boundary as indicated.
At the specified points of measurement, the vibrations
shall not exceed the limits listed, The instrument used

for these mcasurements shall be a threc component measuring

sys tem.

Particle velocity as specified may be measured directly
or if computed on the basis of displacement and frequency
measurements shall be computed from the formula 6.28 FD
where F [s the frequency and vibrations per second and D
is the single amplitude displacement of the vibration in
tnches. The following page contains a nomogram of the
formula~-particle velocity equals 6.28 FD and it may be
used to determine the appropriate particle velocity.

For the purpose of this Qrdinance, steady state vibra-
tions are vibrations which are continuous (such as a
printing press) or vibrations in discrete impulses more
frequant than one hundred per minute (such as an air com-
pressor), Discrete impulses which do not exceed 100 per
minute shall be considered as impact vibrations (such as
a drop hammer) .

The Columbus, Qhio Zoning Code includes the following provision:

Zoning Cade: Ch. 3343

3343.11 Noise, seismic effects and particulate matter;
performance standards for EQ Excavation and Quarrying
Districts,--

{a) (1) As measured at any street or other property llpe,
the maxImum sound intensity resulting from blasting or
drilling shall not exceed one hundred decibels.

(2) The quantity of explosive in any primary shot shall
be controlled to prevent damage to any structure of normal
construction or to avoid creation of a nuisance to sur-
rounding property and shall not exceed that specified in
the following table:
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Maximum quantity of explosives
per shot for instantancous
firing or per delay for delay

Distance from blast area to firing in pounds
neareslt structure, nelther
quarry awncd nor quarry Norma | Abnormal
leased {in feet) overburden overburden

100 e, 340 70
200 Liurriarananoaas PPN 420 78
300 L iievnrrnnracenen i 625 100

T o vee 635 125
BOD tvivvanvrianananennins 800 160
BOD vvvvnevrrnnranareenas 950 200
F00 viiiiiiiiiineninas 1,175 245
BOO vivvriiininnenns ceees 1,500 300
900 ivrenrranrracnananes 1,830 360
1,000 tuiivnnannannnnnnas 2,250 430
1,200 siiiiuivavnnnsnnannns 3,500 610
L0 f ittt it iiia s e 820
1,600 tiiiiviiiinnannnnesansninss . 1,250
10800 tieeuiiniiniainnissnnenrnnees 1,900

2,000 vovevisnnarannsonerreasinanes 3,000

]Minlmum allowable distance when approved missile protec-
tion methods are used.
ZMore than 50 feet to bedrock.

(3) When ground frequency and displacement Tn relation
to the quantity of explosive In a primary blast can be
determined by approved instrumentation, such blast shall
be ¢ontrolled In accordance with the maximum allowable
amplitudes of ground vibration in relation to vibration
frequency specifled in the following table:

Table of frequency.--Amplitude relations frequency
of maximum amplitude ground motion
in cycles per second Inches

Up to 10 ..rineneinnnaenns evreavss Not more than 0.0305
] PP ¢ P N -
;1 cerrrararnaes  0,0102
1 e sesseires. 0.0076
BO suvvreronaosasnanssasessnsanarsannssaanns viev. 0.006]
T S vess s 0.0051

Several cities provide subjective tests for measurement of objectionable
vibration, such as Article 6i2, Zoning District Regulations of the Denver

City Code states,
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r: “Article 612-Zoning District Regulations

{Portion Pertaining to Hoise Only)
r? Distrlct: R-0, R-1, R-2, R-2-A.
d Volume of Sound Generated.--Every use, unless expressly
exempted by this ordinance, shall be so operated that the
volume of sound inherently and recurrently generated does
not excced fifty-five decibels at apy point of any boundary
llne of the Zone Lot on which the use is located.

Vibration Gencrated,--Every use shall be so operated
that the ground vlbration inherently and recurrently gen-
erated is not perceptible, without Tnstruments, at any
point of any boundary line of the Zone Lot in which the use
Is located.

District: R-3, R-h, B-1, B-2, I~P, =0, R-3~X, B-A-1,
B-A-2, R-5.

Volume of Sound Gencrated.--Every use, unless expressly
exempted by this ordinance, shall be so operated that
the velume of sound inherently and recurrently generated
does not excecd sixty decibels at any point of any boundary
Yine of the Zone Lot on which the use is located.

Vibration Generated.--Every use shall he so operated
that the ground vibration inherently and recurrently gen-
erated is not perceptible, without instruments, at any
point of any boundary line of the Zone Lot on which the
use is located.

District: RS-1, RS~-2, RS-3, RS-4.

Volume of Sound Generated,--Every use, unless expressly
exempted by this ordinance, shali be so operated that the
volume of sound inherently and recurrently generated does
not exceed sixty~five decibels at any point of any boundary
line of the Zone Lot on which the use is located.

Vibration Generated.--Every use shall be so aperated
that the ground vibration inherently and recurrently gen-
erated is not perceptible, without instruments, at any
point of any boundary line of the Zone Lot on which the
use Is located,

District: B-3, B-4, B-5, B-6, 1-0, B-8, B-A-3, B-A-4,

The Tucson, Arizona City Code deals with vibratlon in its Planning and
Zoning section which declares,

HSec. 23-391(22). Vibration: No vibratlon shall be per=
mitted which is discernible beyond the lot line to the
human sense of feeling for three minutes or more dura-
tion In any ane hour of the day between the hours of 7:00
a.m., to 7:00 p.m., or of thirty seconds or more duration
in any one hour during the hours of 7:00 p.m. and 7:00

g a.m,
E Lg Forelan Laws
During recent years, the most intense Tegal activity concerning regulation
L; of vibratian has been in East Europoan countrles such as the Soviet Union
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and Czechoslovakia, where the focus has been on the physiological conse~
quences of vibration in the workplace as opposed to environmental vibra-
tlan from sources such as highways. The Czechoslovakian vibration law

Is outlined in an article, "The Czechoslovakian Hygiene Regulation on
Protection Against Vibracion," Kryze, B., in Work-Envirenment-Health,
Val, 7 No. 1, pp. 51-56, 1970. The law regulates certain types of indus-
trial activity, setting maximum permissible values for vibration, criti-
cal frequency bands in which parts of the body are in resonance, and
obligatory measures to be taken against cold and moiscture Tar the pro-
tection of workers cxposcd to vibration.

While the Czechoslovakian law on vibration focuses on the workplace, the
British law, In contrast, focuses on environmental vibration ond is
applicable to highway induced vibration. Scction One of the Noise Abate-
ment Ack of 1960 is entitled, "Noise or Vibration Nulsance' and reads,

{)) Subject to the provisions of this section, noise or
vibration which Is a nuisance shall be a staltutory nuisance
for the purposes of Part Il of the Public Health Act 1936,
and the provisions of that Act shall have effect accordingly
as If subsections (1) to (4) of this section were provisions
of the said Part (i1,

(2) In relation te noise or vibration alleged to be a statu-
nuisance by virtue of the foregolng subscction--

{a) section ninety-nine of the said Act of 1936 {which
provides that a complaint of the existence of a sta-
tutory nuisance may be made by any person aggrieved
by the nulsance) shall have effect as if far the
refaerence to any person aggrieved by the nulisance
there were substituted a reference to any three or
more persons each of whom is the occupler of land or
premises and is in that capacity agqrieved by the
nuisance; and

{b) section one hundred and nine of that Act (which con-
tains a saving from the operation of the said Part 111
for mines and lndustrial processes) and sections
three hundred and thirteen and three hundred and seven-
teen of that Act (which relate to repeals and altera-
tions of local Acts) shall not apply.

{3) In proceedings brought by virtue of subsection {1) of this
section in respect of noise or vibration caused in the course
of a trade of business, it shall be a defence for the defendent
to prove that the best practicable means have been used for
preventing, and for countcracting the effect of, the noise or
vibratlon,

(1) Without prejudice to the savings contained in Part XIi

of the sald Act of 1936, no notlce shall be served or proceedings
brought by virtue of subsection {1) of this section In respect
of nolse or vibratcion caused by statutory undertakers in the
exercise of powers conferred on them by any enactment or
statutory order,
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(5) In the application of this sectlon to Scotland--

(a) in subsection (1) for the words from 'shall be a sta-
tutery nuisance' to the end of the subsection there
shall be substituted the words ‘shall he a puisance
liable to be dealt with summarily in the manner pro-
vided in Part Il of the Public Health {Scotland) Act
1897, in the same way and to the same effect as in
the case of a nuisance under paragraph (6) of see~
tion sixteen of that Act, and a county or town council
shall have the like powers and duties in relation to
such noise or vibration as they have in relation to a
nuisance under that Act';

(b} subsection (2) shall be amltted, but in reltation to
nolse or vibration alleged to he a nuisance by virtue
of this section, section twenty~two of the said Act
of 1897 shall have effect with the substitution for
references to ten ratepayers of the district of the
local authority of relercnces to any three or more
persons cach of whom is the occupier of land or pre-
mises and is in that capaclty aggrieved by the nuisance;
and

(c) in subsection (k) for the reference to Part X!t of the
sald Act of 1936 there shall be substituted a reference
to Part X1 of the said Act of 1897.

{7) WNothing in this section shall apply to nolse or vibratlon
caused by alrcraft.

It should be noted that aircraft vibrations are excepted from the Act's
jurisdictlon, and that the defendant may escape llability by showing
that he has used the best practicable means for counteracting the
effect of the vibration. By making vibratien a statutery nuisance,

the enforcement of the national Act must be carried out on the local
level, Just as would a municipal nulsance ordinance. Accordingly, the
British law has been criticized as being weak iIn its enforcement pro-

visions,

Concluslon

No attempt has been made, either on the natiemal or local level, to draft

a comprehensive statutory scheme to regulate vibration, such as has been
done wlth noise. Thus, control of excessive vibration has been left to
private complainants using the traditional, but }mited and rather [neffec-
tive, theoriec of nuisance and inverse condemnation. In the last few
years, a series of broadly remedial statutes, such as the Natlonal Envir-
onmental Policy Act, secking to Insure environmental quality have been
passed, which, theoretically, could serve as a basis for plalntiff's

relfef in future litigation concerning vibration.
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ADJUDICATED CASES RESULTING FROM VIBRATION

The law concernling vibration is Intimately Involved with the law concern-
Ing noise; the two are frequently confused. But while there are many
statutes regulating noise, there are few regulating vibration, and while
many judiclal decisions can bae found on vibration, there are relatively
few concerning noise. HNolse is requlated by many statutes on the state
and federal level, including the Noise Control Act of 1972, 42 U.5.C.

# 4901-18, the language and leglislative history of which suggests that
It is inapplicable to vibration (inaudible shaking as opposed Lo audible
sound). A review of state statutes reveals that the legislative focus
has been on audible sound waves, as opposed Lo inaudible vibration. A
few city ordinances address the problem of excessive vibration, but in
most jurisdictlions the problem is relegated to the courts, where the Jaw
of vibration is made on a case by case basis.

The common ltaw courts, which have given little sympathy to nelse clalms,
have recognized excessive vibration as an insult which may be redressed

by & number of craditional legal remedies such as nuisance or inverse
condemnation. These cases are the results of conventional private liti~
gation and seldom are colored by environmental considerations. In most
instances, these tradjtional cases have been brought by aggrieved plain-
t1ffs whose property has been damaged by concussions from explosive blast-
ing activity or sonic booms or by prolonged vibrations from a nearby
generator, highway, or rallroad.

The adjudicated cases cancerning highway departments have arlsen out of
two diFferent types of activities: (1) construction, with its blasting
and pile driving, and {2) operations, with complaints based on vibratiaons
from increased trafflc. Some of the peculiarities of these cascs are
discussed below, together with a discussion of non-highway vibration
cases arising out of analogous activities such as operation of a rall-
read, and cases not related to highways, but invelving vibration,

arlsing out of sonlc booms and activities carried on with explosives.

The Constitutional Requirement of Compensation: ‘'Taking" and ''Damaging’

Clauses

Suits brought by property owners agalnst the highway department or other
governmental agencles responsible for highway construction or operation
arc usually based on a provision of the state constitutlon which
parallels the takings clause of the Fifth Amendment of the Federal
Constitution which states, ". . .nor shall private property be taken for
public use, without Just compensation.'' State constitdtions, as a matter
of course, reenact on a state level the federal takings guarantee; but
many states have gone beyond the federal takings clause and provide for
compensation to property owners whose land is damaged, but not taken.

Comparison of two cases, one from a state, Ohio, with a '"takings' clause,
the other from a state, Georgia, with a ''damages" clause, 1llustrates
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the difference in practice, |In State ex rel Fejes v. City of Akraon,

2 Ohic App.2d 57, 206 N.E.2d 418 (1965), the court held that the city

was ‘not liable for damage caused by vibrations resulting from highway
construction activity adjacent to the plalntiff's property because there
was no actual "taking'' of his land by the government. The Ohie consti-
tutional provision provided for compensation for governmental takings only
in the literal scnse, that is actual physical expropriatfon. In contrast,
the Georgia constitution, Art, I, Sec. !, Para. | of the Constitution

of 1945 (Code Ann. #2-301), provides that,

"Private property shall not be taken, or damaged,
for public purposes, without just and adecquate com-
pensation being First paid," (Emphasis added.),

and, 1n Richmond County v. Willlams, 109 Ga. App. 670, 137 S.E. 2d 343
(1964), the court held that the plaintiff landowner should recelve com~
pensatijon Tor the cracks in his ceilings, walls, floors, windaws and doors
directly damaged by highway construction being carried on fifty fect away
from his land even though no portion of his property had been taken for
the project.

While Georgia courts will award compensation for physical damage, they
have so far drawn the llne on allowlng recovery for elements of incon-
venience such as nolse and annoying vibration. In the Richmend County
case, additional recovery was denled to the plaintiff for claims based

on annoyance growing out of horn blowing, glare of lights, and increased
traffic. Indecd, a Georgia court has held that the increased noise, smoke,
and dust from highway construction which did not result in actual physical
damage to the plaintiff's home, did not create a permanent decrease In
property value, and hence no recovery was possible, See Hollywood Baptist
Church v, State Hiaghway Dept., 114 Ga. App. 89, 150 S.E. 2d 271 {1966),
Similarly, in Reymond v. State Dept. of Highways, 255 La. 425, 231 §.2d
375 (1970), the court awarded domages to the plaintiff for the visible
damage caused by pile driving activity in construction of a highway on
neighboring land, The plaintiff's recovery was measured by the decrease
In the market value of her house caused by structural damage attributable
to vibration from pile driving.

In Lombardy v, Peter Kiewit Sons' Co., 266 Cal. App.2d 599, 72 Cal. Rptr.
240 (1968}, the plaintiff did not al lege property damage, but did aver
that the nearby highway construction caused mental, physical and emctional
stress resulting from noise, dust, and vibration. The court held that the
plaintiff did not state a case in inverse condemnation without alleging
substantial damage to property.

Although approximately half of the states have a '"damaging' provision as
well as a "taking'" clause, legal commentators believe that declisions from
Jurisdictions with a "takings" clause only can be just as liberal, They
clte cases such as Eaton v. Bosten, €. & M. R. R., 5] N.§. 504 (1872), In
which the New Hampshire Supreme Court awarded compensation to a plaintiff
whose property had been flooded by water coming through a cut made for a
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ratlroad track. The court got around the constitutional 1im/tation of
New Hampshire's constitution which 1imits compensation to governmental
takings by holding that the right to property Includes the right to bene-
ficial use, and that when a public project Interferes with that use, as
in the Eaten case, the property had been "taken'" and compensation must

be made. Although courts In some states evade the Full farce of the
absence of a "damaging'' clause by such a rationale, the Job of the plain-
tiff's lawyer and the judge seeking to award a reccovery ta the injured
landowner is easler if the law Torthrightly, by means of a 'damaging"
clause, permits recovery for consequential domages such as vibration.

See Sples and McCoid, "Recovery of Consequential Damages in Eminent
Domain, %B Va. L. Rev. 437, 443 (1962).

A modern application of this principle Is found in Board of Education v.
Palmer, 88 N. J. Super. 378, 212 A.2d 564 (1965), where the plaintifl
school board was held entitled to an award, even though there was no
physical taking, If it could show that the beneficlal use of the school
grounds would be Impaired during the course of highway censtruction because
of danger, noise, and construction activity. Sfmitarly, in City of Yakima
v. Dahtlin, 5 Wash. App. 129, 4B5 P,2d 628 (1971), the plaintiff was
allowed to sue for the diminution in the value of his property caused by
the noise and other annoying side effects resulting from hlghway construc-
tion, even though there was no physical taking. See also Bronxville
Palmer, Ltd. v. State, 36 A.D. 2d 10, 318 N.¥.S, 2d 57 (1971).

Tangible versus Intangible Damages

Vibration may be extremely annoying to the plaintiff, yet not rise to the
level of environmental harm for which the court wlll award relief., in-
conve: ience does not of Itself constitute the kind of Ydamage' contempla-~
ted by the eminent domain and Inverse condemnation laws, unless the
plaintiff can show that he has suffered “special damages' different in
kind and degree from those suffered by the public at large. See Northeutt
v. State Road Dept., supra; Richmend County v. Williams, supra; Reymond
v, State, supra. Evidence of physicai injury to the plaintiff's property
always makes his suit easier since there Is a long line of cases in which
awards have been given to compensate for tangible damage resulting from
highway vibration. See Richmond County v. Williams, supra; Northcutt v.
State Road Dept., 209 5.2d 710 (Fla. Appl. 1968). It is much easier to
argue that property has been "taken' or ''damaged" If it has suffered vis-
ible physical injury.

Highway Construction

Vlibration and concussion damage cases arising out of blasting activity
have been the subject of much legal commentary. Dean Prosscr notes, in
Prosser, Law of Torts, 4th ed.,, West Publishing Company, St. Paul, at page
513, that blasting has run the gamut of ail possible theories of 1lability.
The courts of a number of states have held that blasting is an ultra-
hazardous activity, and that the perpetrator of the excessive vibrations
wlll be held liable, whether negligent or not; while the courts of other
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states, require the complainant te show that the work was carried on in
a negligent manner. A review of the different position taken by various
state courts can be found in 20 American Law Reports, Annotated, Sccond

Series, "Annotation: Liability for Property Damage by Concussion from

Blasting' The Lawyers Co-operative Publishing Company, Rochester (1951)

at 1372. Cases arising out of highway blasting incidents have often

applied the latter standard requiring proof of negligence on the part of

the contractor. The court in Watson v. Mississippi River Power Co., 174
lowa 23, 156 N.W. 188 (1916) rationalized this different treatment on the
ground that highway censtruction s carried out under the authority of the
state. However, in the appropriate case, courts will not hesitate {o

assess damages against the blasting contractor at work on a public project.
fn H, L. Butler & Sons v. Walpale, 239 S.W.2d 653 (Tex. Cir. App. 15951},

the court held that the contractor would be 1iable for any damage causad

by concussions and debris resulting from highway construction activities

if sueh damages resulted from the contractor's negligence or fallure to

take precautions. Texas courts have spoken out more [requently on this
Issue than the courts of other states. |In Standard Paving Co. v. McClinton,
146 5.W.2d 466 (Tex. Cir. App. 1940), the Texas court held that proof of

the contractor's negligence was necessary before the plaintiff could recover
for damage caused by removing stumps from the highway right of way in front
of hls house. Where the contractor is not shown to be negligent, as In
Nelson v. McKenzie-Haque Co., 192 Minn. 180, 256 N.W. 96 (1934), he will

not be held liable for property damage to a neighboring property owner on

a nuisance theory, despite the annoying consequences of his blasting,

pile drivers and other nolsy machinery, since the state, under its sovereign
authority, had delegated the highway construction to the defendant.

Highway Operation

The cases concerning complaints arising out of use of the highway confuse
noise and vibration. |n many cases, the plaintiff's attorney lumps the
notse and vibration together in one allegation. Thus, in Northeutt v.
State Road Department, 209 So.2d 710 (Fla. App. 1968}, the court restated

the plaintitf's cTaim thus,

“Briefly, their complaint alleged, Inter alia, that they

had purchased and constructed a house and Improvements on
real property located in North Miami, Florida, for the
approximate amount of $40,000. The individuals and the real
property were in good physical condition until the defendent,
State Road Department, began and completed the construction,
maintenance and operation of the North-South Expressway, a
limited access, federally financed interstate highway known
as State Road 9-A, They claim that the defendant placed the
limited access right-of-way to the interstate highway very
close to their real property. They alleged that the constant
use of the quiet residential side street as an access reoad to
the highway by earth moving equipment, dump trucks, concrete
mixers, cranes, bulldozers, machinery, etc,, during and
after the construction of the interstate highway was a direct,
.and proximate cause of certain damages to their house and
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real property; thus causing the housc to become structurally
unsound and uninhabltable, and that thelr damage was irre-
parable and continuing. They alleged that the defendant

had constructed, maintaincd and operated the interstate
highway so as to cause hcavy Industrial and cosmercial
traffic to use it so near to thelr property as to cause
excessive shock waves, vibrations, and noises, at all hours
of the day and night which impaired their health and caused
them to lose sleep, become {11 and nervous and deprived

them of the use and aesthetic beauty of their property,
causing it to lose its value for residential purposes so

that it cannot be sold or finan~ed for any use or purposc,
They maintain that the defendant did not condemn sufficlent
property to provide for Lhe proper construction, maintenance
and operation aof the interstate highway system, and the
access roads, or their safe eperation, and that they had been
deprived of the beneficial use and enjoyment of their property
and that this amounted to a taking of their private properly
wlthout just compensation and without due process of law,
They prayed that the court erder the State Road Department

to institute eminent domain proceedings against thelr property
so that they could recover Just and full compensation, as
determined by a jury, together with interest, cost and
attorneys' fees.

Highway operation complaints differ primarily from highway construction

cases in that the latter are temporary annoyances while persistent and
excessive vibration from a highway in use becomes a permanent nuisance.

Inadequacy of Nulsance Law

Although the language of the complaints Ts often couched in teorms of
nuisance law, it has proved to be &n unsatisfactery tool in dealing

with offensive highway vibration. Courts treat as a nuwisance anything
that works harm to an individual or the public, A public nuisance
affects the public at large, while a private nuisance affects an indi-
vidual or a small group only. Prlvate parties are not allowed to brimng
public nulsance actions, which are usually filed by the District Attorney
of the Attorney General, unless they can show that they have suffered
“speclal damages,' distinet and different from the kind suffered by the
public as a whole. While nuisance sults are effective ip some vibration
cases brought against private defendants, they are [nappropriate In high-
way vibration cases because of the '"legalized nuisance doctrine." This
recurring doctrine is based on the rationale that highway nuisances such
as noise, alr pollutants, and vibration are incidenta) to the needs of

a functioning technological scclety, the price of progress, and that the
environmental costs are expected to be borne by the pubiic. Courts have
consistently held that the plaintiff who lives on a public street, no
matter how offended he may be by the legislatively authorized highway
placed adjacent to his property, musk put up with the conscquential
effects. See Campbell v. Arkansas State Highway Commission, 183 Ark. 780,
38 s.w.2d 733 {1931}, It's a nuisance, but It's a legalized nuisance.
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Courts further argue that to internmalize the etonomic lmpacts suffered
by nelghboring homeowners would be so Flnanclially prohibitive that it
would effectively halt road construction. See Thomsen v. State, 284
Minn. 468, 170 N.W.2d 575 {1969). Further, as the court stated in
Deaconess Hospital v. Washington State Highway Conmission, 66 Wash.2d
378, 403 P,2d 5h (1965}, "Nothing which is done or maintalned under the
express authority of a statute, can be deemed a nuisance." Thus, no
matter how much a highway may be a nuisance In fact, it cannot be a
puisance in law and the legal remedies of private and public nuisance,
so useful In correcting other environmental Insults, cannot be used
against highways authorized by law. MNevertheless, much of the language
used In nuisance cases is carried over into the eminent domain and
Inverse condemnation cases concerned with noise and vibration. For
instance, in Cheek v. Floyd County, 3G8 F, Supp, 777 (N.D. Ga. 1970},
the Court spoke In nulsance terms, stating that a plaint!ff could recover
damages for traffic vibratlens If he could shew that the injury suffercd
by him was distinguishable from that suffered by the public In general,
and that the vibrations and noise were so severe as to rise to the level
of a "legal nuisance! (legisiative authorization of the complained high-
way)} which usually serves as an effective defense for the stote In such

sults.

Private Party Defendants

In suing to abate annoying highway vibration and noise, plaintiffs some-
times sue private parties whose almost exclusive use of a particutar
stretch of road makes them an easy target. In Coon v. Utah Construction
to., 228 P.2d 997 (1951), the plalntiff sought ta recover damages to his
home allegedly caused by the defendant's heavy trucks in thelr passage
to and from its place of business. The court denied recovery, conclu-
ding that the operations of the defendant's trucks on a public highway
was a lawful use which did not create a nuisance nor any legally com-
pensable damage. Simllarly, in Bassham v. Shreveport Transit Company,
227 So.2d 160 (La. App. 1969), the court deniecd recovery te a plalntlff
whose home's cracked walls were allegedly caused by excessive vibrations
from the transit company's vehicles. The defendant's lawful use of the
road was held to be reasonable and no ground for liability.

Inverse Condemnation

inverse Condemnation is the legal tool which has evolved to glve the
damaged property owner reltef from the consequential effects of a govern-
ment project, |t is to be contrasted with direct condemnation proceed-
ings exproprlating land for the projecct brought by the government before
work begins, In an inverse condemnation proceeding, the injured property
owner proceeds against the government for damages which have been caused
by a state undertaking such as constructlon or operation of a highway

and which have not been compensated for in the original condemnation
proceeding. Such claims, while often evident at the time of the eriginal
condemnation proceceding, are not pald then because of their speculative

nature.
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Severance Damages

Courts, in Inverse condemnation sults, frequently treat plaintiffs

whose property 1s partlally taken for a highway differently from property
owners whose land is adjacent to the highway but not taken. This is true
even in states with a "damaging' clause. Such courts analogize the
award for vibration effects to severance damages in an eminent domaln
sult. Severance domages, which are awarded when part of a tract is
physically appropriated, are measured by the depreciation in the falr
market value of the remaining arca. They reflect the decline in value
of the property not taken caused by the expropriation. Spies and McCoid,
"Recovery of Consequential Damages in Eminent Domain,'" 48 Va. L. Rev.
437, W41 {1962). IF the complainant's property has been taken for the
highway, as In Hississippi State lighway Commission v. Colonial Inn, Inc.,
246 Miss. 422, 1h9 S0.2d B51 (1963), where an easement twenty foel 1n
length and 5 feet in width, approximately .02 of an acre, was condemned
recovery will follow, In the Colonial lnn case, a judgment of $9,210
was upheld to compensate for the diminution of value Tncluding, but not
limited to, increased noise and vibration.

In Thomsen v. State, 170 N.W.2d 575 (1969) a property owner whose land
was not taken by a new four lane truck highway, the travelled portion
of which was within ten feet of the plaintiff's home, brought suit to
compel an award, clalming the highway department had fntentionally nar-
rowed the right of way so as to avoid a taking and payment of compensa-
tlon. The Hinnesota Constitution states that, "Private property shall
not be taken, destroyed or damaged for public use without just compen=
sation therefor, first pald or secured.', Minn, Const. Art. 1, #13.

The court's explanation of why recovery for damages caused by the in-
creased noise and vibration should be denied unless the plaintif: could,
on rcmedy show evidence of "special damages," illustrates the ocutcome
determinative Issues in such suits,

"It Is clear, however, that not every conceivable kind of
injury to the value of adjolining property resulting frem
highway construction is '"damage't in the constitutional
sense, Wolfram v. State, 246 Minn. 2064, 74 N.W.2d 510,
McCarthy v, City of Minncapolis, 203 Hinn. 427, 281 N.W.
759. Thus, while a reduction in property values may result
from the neoise, light, vibration, or fumes produced by the
proximity of increased vehicular traffic on a newly con-
structed highway, such consequential damage Is not usually
treated as '‘damage'' in the constitutional sense. State ex
rel. State Highway Comm. v. Turk (Mo.) 366 S.W. 2d 420,
State By and Through Road Commission v. Williams, 22 Utah2d
331, h52 P.2d BBl. Sce, Wolfram v. State, supra; McCarthy
v. City of Hinncapolis, supra. Noise, light, vibration, and
fumes from traffic on modern four-lane highways are "incon-
veniences that are reasonably incident to the prosecution
of necessary public enterprises, Yand as such must be and
are borne by the public at large. Stuhl v. Great Narthern
fy. Co., 136 Minn., 158, 163, 161 N.W. 501, 503. The cost
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of compensating all owners of property adjacent or proximate
to newly constructed highways affected by these side effects
would be so prohibltive that Tt would effectively halt the
construction of highways by the state. See Horthcutt v,
State Road Dept. (Fla. App.) 209 So.2d supra. Therciore,

It has been held that in order for an omitted property owner
to force a condemnation and thereby recover for such conse~
quential damage to his property, the damage must be direct,
substantlal, and peculiar to him, in that It differs markedly
from the damage suffercd by the public at Jarge as a result
of the construction of the highway. See City of Crookston
v. Ericksop, 244 Minn., 321, 69 N.W.2d 909."

tn People, Department of Public Works v. Valunteers of America, 98 Cal.
Rptr. %23 (Cal. App. 1972} the court awarded damages for highway noise
and vibration even though the highway was not built on land taken from
the plaintiff. However, some of his land was taken and used for a free-
way buffer zone bringing himwithin the ambit of that class of property
owner whose land has actually been dondemned apd to whom severance
damages, including damages for annoying noise and vibration, are awarded.

In _Dennison v, State, 22 N.Y.2d 408, 293 N.Y.5.2d 68 (1968) the court
approved an award to the owners of a colonial frame house situated on

a large woonded lot through which a new highway was constructed. In
assessing damages, the loss of privacy and seclusion, the Toss of view,
the traffic noise, lights and odors were all lumped together as factors
causing consequential damage to the remaining property, to be assessed
as part of the severance damages due the plaintiffs.

Speclal Damages: The Quter Limits of Recovery

As noted in Thomsen v. State, supra, even when there has been no taking
of property or physical damage, in the appropriate case a court will make
an award to a property owner who can show that he has suffered by others
in the neighborhood. Thils doctrine offers a loophole to courts seeking
to find a means to glive a plaintiff an award. In the Thomsen case, supra,
which involved a particularly compelling fact sltuation, the court after
reviewing all the legal rules pointing toward dismissal of the home
owner's claim, sent the case back to the lower court with instructions

to retry the case with particular attention to the existence of special
damages, See also Yakima v. Dahlin, 51 Wash. App., 129, 485 P.2d 628
(1971) and Cheek v. Flayd County, 308 F. Supp. 777 (N.D. Ga. 1970).

Special Plaint{ffs

Special damages appear more 1lkely to be found In the case of certain
types of plaintiffs, such as schools, hospitals, and churches, which
receive better treatment from the courts. The gualities of quiet,
tranquility, and privacy have been held by the courts te be requirements
of such institution, and noise and vibration effect a different type of
damage on them from that offered by the public generally,

In Fleetwood Synagogue, Inc. v. State, 60 Misc.2d 326, 302 N.Y,5.2d 898
(Ct. Claims 1970) the state appropriated a strip of land approximately
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one hundred feet long and ten feet deep and took an easement over an
adjacent strip. The court awarded $37,150 for damages primarily bascd
on [nereased nolse,

In Board of Education v. Palmer, supra, the court held that, even though
no lapd had been appropriated for the hlghway, the environmental effects
of the road were so aeverwhelming as to effectively destroy the beneflcial
use of the property as a school., The court allowed the Tnverse condemna-
tion proceeding even though New Jersey is a "taking" jurisdiction., See
also Mew Jersey v. Board of Education, 3 E.R.C. 1169 (197 ); Stake v.
Board of Education, 116 N.J. Super. 305, 282 A.2d 71 (1971).

However, see, in contrast, United States v, Certain Parcels of lLand, 252
F. Supp. 319 (W.D., Mich. 1966) in which it was held that the noise, dust
and vibration frem the highway cemplained of by the school board was,
on the evidence presented, not substantjal enough to Justify an award.
Sce also Hollywood Baptist Church v. State Highway Department, supra.

Procedure

Professer David Mandelker believes that inverse condemnation law is so
procedurally technical and varies so from state to state that no easy
generalizations can be made as to the procedures for bringing suit and

as to the limits of llability. Mandelker explores in the report,
"inverse Condemnatlon: The Constitutlonal Limits of Public Responsibil-
ity," prepared under Contract No. CPR 11-8682 between the U. 5. Department
of Commerce, Burcau of Public Roads and the Washington University School
of Law in 1964, While the report is malnly concerned with cases arising
out of damage claims from floods or landslides, the same legal principles
govern In vibration cases in declding whether the court should award
consequential {unexpected or indirect) damages. Mandelker concludes that
the Timits of liability have never been satisfactorily worked out in the
eminent domain/inverse condemnation field.

Indeed, a survey of the cases in the noise and vibration area reveals

that courts within the same state may take different positions on the

same Issue. His report Is addressed to procedural and pleading matters

and Tncludes appendices analyzing each state's laws as to hos such claims
are brought. His general conclusiens as to how Inverse condempation sults,
Including clalms arising from vibration are brought states.

"The developrment of inverse condemnation progedures has been
left to the vagaries of judielal development In 50 Jurisdic~
tions, The result 1s & complex body of doctrine diffiecult to
survey except in the moest incremental fashion. (For a detailed
survey of state inverse procedure sce Appendix A}. A First
glance at the constitutional basis of inverse law Is an invi-
tation to mistaken expectations. Constitutional provisions
In all stages elther explicitly guarantee or have beepn con-
strued to guarantee that comBGnsation will be pald for prop-
erty taken for public use.?29 However, only twenty of fifty
states take the simplest and most direct route and permit the
agarieved landowner to file a common law action for i[nverse
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damages. 221 The rest employ a variety of more or_less compli-
cated procedures: a special statutory procedure,“““ a writ
of mandamus to compel the Institution of condemnation procecd-
ings,223 or a qualified Injunction to restrain the public
agency pepding the institution of proceedings to pay compen-
sation.#%t Severnl states have not yet been presented with
the question.225 The available procedures will briefly be
reviewed In turn.

The most dircct path into court is an action at law in

‘which the petitioner pleads his damage and the constitutional

guarantec of compensation. However, the action @t law is pro-
cedural ly less advantageous to the petitioner than a state-
initiated condemnation proceeding. When the state inltiates
the procecding the procedural position shifts, apd some evi-
dence points te mare liberal attitudes towgrd recovery in
this context than in the inverse action.42% Furthermore, the
inverse plaintiff must stand the casts if he loses, and
California is one statg ﬁhat defines costs to include a reas-—
ocnable attorney's fee. 2/ \hether inverse ¢laimants are
deterred by thls potential financial burden is certainly open
to guestion.

A second method of obtaining inverse relief is the sult
in mandamus to farce the commencement of condemnation pro-
cecdings by the hlghway authority. Apparently a simple and
direct remedy based upon the statutory or constitutional
duty to pay compensation, the origins of mandamus as a pre-
rogative writ have led to procedural difficulties which
inhibit its usefulness, even in the presence of a clear duty
to compensate. Technically, mandamus is only a first step
to the condemnation proceeding, and all questions about com-
pensation should in theory be decided in the condemnation
actlon. But the two actions have not been so clearly separa-
ted, tension has developed over the functions to be assigned
to ecach, and the scope of mandamus has varlied considerably.
In one state, decisions about substantive issues are largely
left ta the mandamus action, while in another they are rele-
gated to the mandated condemnation proceeding. Furthermore,
the mandamus proceeding may be dismissed 1f preliminary
questions of compensability cast doubt on the right to have
a condemnatlon proceeding at all., This issue is5 tied up,
in turn, with the basls of the mandamus actian, which may
rest alternatively on a statulory or on a constitutional
command.

A third procedure is relief by qualified injunction. In
this proceceding, the petitioner requests a restraining order
against further construction or entry on his lond unless
compensation is paid for damage done. A qualified Injunction
Ts most useful to the landowner whose property is damaged
at the time of construction. Unless a court is willing to
enjoin the use of a completed facility, the qualified injune-
tlon also issues as the first step toward a compensation
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proceeding, the question of compensation will usually be
tried in the Injunction sult,
r' A Tourth possibillity is a statutery procedure. The
4 statute parties to start condemnation proceedings, it may
: authorize an action at law for damage to property, or It
r" may provide for a cause of action at law for damage to
| property, or it may provide for a cause of action limi ted

; to specified substantive ltems of damage. Venue and limi-
i taticns requirement may alse be Included, Since the inverse
%5 r; action has a constitutional basis, the only serious difficulty
i is that the statute may so burden or qualify the constitu-
o tional remedy that it violates the constitutional guarantee
] of compensation, Excessive burdening could occur becouse of
praecedural obstruction which the statute sets to Lhe coause
of action, such as an unduly short statute of llmitations,
a claim=-filing requiremegt. or the taxing of attorneys' fees
to a losing plalntlff.22

The statutes may authorlize a claims procedure rather than
direct recourse to a court action. Claims procedures vary
considerably in detail, and include legislative determina-
tions, sometimes wlth administrative or judiclal advice,
administrative determinations, and proceedings before a
special court. When the statute makes the claims procedure
the exclusive remedy, the problem of burdening the constitu-
tional cause of action once mere arises with the added note

51 Eg that courts are often jealous of surrendering jurisdiction.
E
:‘ E 220, See Appendix A,
il
55 221, See Appendix A. Arfzona, Delaware, Georgla, ldahe, Ransas, Kentucky,
SO0 Louisiana, Maine, Mississippi, Missouri, Nebraska, North Carelina,
}j £ North Dakota, Oklahoma, Oregon, South Carclina, South Dakota, Texas,
Y Washington, Wisconsin, A few states make more than one remedy
i 3 avallable.
i b
g! 222, Six states, sece Appendix A. California, Indiana, Massachusetts,
' Lﬂ New York, Pennsylvania, Tennessce.
?. 223, Seven states, see Appendix A, |llinols, lowa, Minnesota, New
o Jersey, Virginia, West Virginia. Both mandamus and qualified
" lg Tnjunctlon are apparently available in Alabama. lowa Is similar.

22, Seven states, seec Appendix A. Alabama, Arkansas, Florida, lowa,
Maryland, Michigan, Utah.

|- g

225. Ten states, sce Appendlz A.  Alaska, Connecticut, Hawaii, Montama,
Nevada, New Hampshire, Ohio, Rhode l|sland, Vermont, Wyoming.
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226. See the discussion of chances for recovery under the federal
eminent domain clause in Hote, 50 Yale L.J. 668, 678 (1941).

o

227. Cal, Gov. Code 55 947 (Deer. Supp. 1963}, This section no
longer explicitly authorizes the taxing of an attorney's fee
against a losing plaintiff. He.is to be taxed for allowable
costs,' and there s no indication from the leglsliative history
that an attorney's fee Is not Included.

i B

228, Courts have been concerned with the prablem of costs suffi-

g ciently heavy to act as a deterrent to the excrcise of matters
o of right., If a state were to burden a remedy with excessive
procedural or substantlve Inhibltlons there is considerahle

H_
h‘aﬁ

Conclusion

‘ﬂ f: evidence that constitutional invalidity would result. See the
T discussion In People ex rel. 0'Heara v. Smith, 374 111, 286, 29
o N.E.2d 274 (1940).

r

|

The courts have had difficulty in handling highway noise and vibration
cases. In the words of the Supreme Court of Louisiana, in Reymond v.
State Department of Highways, supra, at p. 380, ""The courts of this
state have floundered from one theory to another to no theory at all---.!
: There has been controversy and a division between the different state

5 courts as to whether a property owner whose land is adjacent to, but

vt not taken by, a highway or even a property owner part of whose land is
condemned for the road may recover damages for the noise and vibratlon.
Although the law must be researched for each separate Jurisdiction, a
number of generalizations can be made. 1f tangible inJury such as
cracked walls and broken windows can be shown to have been caused by
highway construction or operation, the court will award domages, The
plaintiff usually recovers whether his property has been formerly
appropriated or js mercly adjacent to the highway. |f the complalnant
seeks damage for anneying noise and vibration, the state's constitutional
expropriation pravisions must be examined. Although recovery is easier
in a state which awards compensation for state actions ''damaging'' the
plaintiff's property, it is possible in a state which gives recovery
only for a "taking' of property, If it can be shown that the vibration

jog ]
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A Is so severe that 1t Interferes with the plaintiff's use of the prop-
: [y erty. A furthar analysis must be made as to whether it 1s merely adjacent
a to 1t. Recovery for annoying vibration has been limited to those whose
3 g property has been partially expropriated, as severance damages, while
lﬂ owners of property adjacent to the highway are denied recovery unless
i they can show special damages different from those suffered by the com-
o munity at large. The types of plaintiffs who have claimed special damages
? Lz successfully include hospitals, schools, and churches.

i Persistent Sources of Vibration

5 §
. L_ Vibration cases are not new, and antedate the Invention of the automo-
5 bile; there are scores of cases, beginning in the last century, concerning

i
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persistent annoying vibration from electric generation plants, subways,
and railroads,

Rallroads

Railroad cases are of particular interest since the damages done by the
vibrations are so similar. Onc important distinction is thav highway
operation for motor vehicular use ls more clecarly a state activity than
operation of a ratlroad. However, even in the turn of the century rali-
road cases, plaintiffs ran into the problem of state licensing and regu-
lation of railroads acting to cast a veil of state authority over the
nulsance. In Miener v. Pennsylvania k. Co., 292 All, App., 303, 10 N.E.2d
981 (1933) the plaintiffis rocovery for vibration damages was barred
unless he could show that the rallroad was being operated negligently or
unlawfully. Applying a similar rationale, the same result was reached
In Chicago G.W, Ry, Ce. v, First Methodist Episcopal Church, 102 F. 85
(Bth Cir. 1900).

Other railroad cases illustrate an carlier application of some of the
docltrines discussed above such as the special damages dectrine applied in
Louisville R, Co. v. Foster, 108 Ky. 743, 57 S.W. 480 (1900}, where the
court held that recovery would be allowed only if the plaintiff could show
that damage was not fairly incidental to the usual operation of the rail-
road. Similarly, in Kinsay v. Union Traction Co., 169 Ind. 563, 81 N.E.
922 (1907), the court awarded damages to an adjacent land owner whose

home had developed cracks caused by vibratlon from the defendant's rail-
road, holding the defendant llable for the tanglble special damages
proven. The old railway cases, while interesting, are not as forceful
authority as that readlly available from the large body of adjudicated
cases concerning highway vibration An exception is perhaps the most sig-
nificant rallroad vibration case, Rlchards v. Washington Terminal Co.,

233 U.S, 546, 34 S. Ct. 654 {1914) which is historically important because
1t opened the door to the awarding of consequential damages to neighboring
landowners. While the case Is primarlly concerned with the terminal's
flushing of smoke and gases onto a nelghbar's property, with vibration
playing a minor part, the Supreme Court's opinion sets forth legal princi-
ples which have been applied to determine whether consequential damages
should be allowed for injuries arising out of governmental operations.

The Court held that while the government's operation of a project ordiparily
would legalize what otherwise would be a public nuisance, that recovery
would be allowed in cases in which the activity, in effect, worked damages
whlch were direct and peculiar te the plaintiff resulting In a taking of
the property. Thus, the Richards case opened the doors of the courts to
the special damages doctrine.

It has been suggested that the property owner is more likely to receive
compensation for consequential damages where the condemncr is a profit
making corporation acting as a delegate of the government. When the
government itself {s involved as the actor, operating military aireraft,
cte., 1t is more likeiy that a court will be impressed by sovercign
immunity arguments than when the damage is done by a construction company.
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See Comment, “Emlnent Domaln Valuations in an Age of Redevelopment:
Incidenta) Losses,' 67 Yale L,J. 61, 94 {1957).
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Machinery

L

A number of cases have arisen out of vibration from electric wt]l]ity
plants, Here, the law of nuisance comes (nto play If the plant spoils
the enjoyment of life and full use of property of lts nelghbor. A series
of cases commented on in i American Law Reports, Annotated 3d 982, Anno-
tation, "Electric Generating Plant or Transformer Station as Nulsance,"
The Lawyer's Co-oparative Publishing Company, Rochester {1973) bear out
the observation that recovery is casier in such cases than in the highway
and rallroad vibration cases. This Is probably because the ambit of pos-
sible claimants 1s much smaller, being confined to dwellings within an
casily marked and narrow radius of the plant, while the possible plain-
tiffs In a highway suit stretch along the entire length of the road.

s S =

Aircraft Operation

Molse and vibratlon from alrcraft landing and taking off from a neighboring
] alrpart have been held to be such an interference with the owner's property
h as to amount to a taking. See United States v. Causby, 328 U. 5. 256, 66
Ly S. Ct. 1062 (1946) and Griggs v. Alleghany County, 369 U.5. 84, 82 §. Ct.

; 531 (1962). The recovery in Griggs was against the county which planned
and operated the airport, while the recovery in Causby was agalinst the
federal government which operated both the offending milltary flights and
airfteld, The cases deriving from Griags and Causby are more concerned
with noise than with vibration., Significant vibration problems have arisen
out of sonic booms from alrcraft operations. However, the courls have
treated sonlc booms as extraordinary events and have been more reluctant

te grant recovery than in the noise and vibration cases arising out of
routine commercial alrcraft operations.

e e

ERs

Recently, litigation has centered around the attempts of communities to
regulate alrport nolse. In Clty of Burbank v. Lockheed Aly Terminal, Inc.
411 U,5.624, 93 5, Ct. 1854 (1973), the United States Supreme Court struck
down a municipality's ordinance barring night operation of an airport on
the ground that the Nolse Control Act of 1972 had preempted the field,
barring any state and local initiatives against aircraft nolse.

B

EXTRAORD INARY VIBRATIONS

Sonic Booms

==

The law concerning recovery for damages by sonic booms has, to date,
developed In a restrictive manner. Early sonic beom litlgation Faltered
because of the unavallability of experts to testify that the aircraft
shock waves possessed the potential ro cause such damage, That sonlc
booms can cause physical danage to property Is now common knowledge, but
sonic boom |ltigation is difficult because the booms are held to be a
byproduct of a sanctioned government activity {all of the complaints to
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date arising out of military actlvity}. Lltigation is mired in a welter

of confusing theories Including actions brought under the Federal Tort
Claims Act 28 U.S5.C. 2674, as well as conventional common law suits brought
under theories of negligence, trespass, nuisance, and unconstitutional
taking. While a number of cases in the last few years had suggested that
there might be an opening up of liability (see, e.g,, U.S. v. Gravelle,

407 F.2d 964 10th Cir. 1968), the United States Supreme Court's decision

in Lalrd v. Nelms, 406 U.5. 797, 92 5. Ct, 1899 (1972) scriously restricted
recovery on what had been thought the best vehicle for reljef, the Federal
Tort Clalms Act. {n Laird, the Court held that the plaintiff could not
recover without a showlng of negligence cither in the planning of operation
of the flight. The Court stated that the Act did not authorize a suit
against the government based on strict llability for conduct of an ultra-
hazardous activity.

The status of sonic boom litigation is up in the air after the Laird
decision and a number of legal writers have commented on possible directions
future litigation might take, Sce, e.g., Note, '"Utility, Fairness and the
Takings Clause: Three Perspectives on Lkaird v, Melms,'* 59 University of
Virginia Law Review 1034 {1973); Note, 'Torts--Federal Tart Claims Act--
Government Immunity from Strict Liability for Damages Caused by Sonic

Boom" 47 Tulane Law Review 920 (1973).

Whatever future direction senic boom litlgation may toke, its fmpact on
highway vibration cases probably will be small because of the difference
in degree hetween the two phenomena. Seonic boom cases are more akin to
blasting cases, where the harm ls done rhrough one sharp explosion rather
than through the steady vibration frem highways.

Environmental Law Suits

The wave of environmental litigation which began in 1870 has not yet
effected vibration cases. The Noise Control Act of 1972, 42 U,S.C.

#4901-18 {Supp. 1973) which is addressed to audible sound and not to
vibration has not yet beenm interpreted by the courts. Significantly,
however, a number of environmental groups have tried to halt highway
projects because their nolse effects had not been fully disclosed In the
environmental impact statement which the agency is required to file, pur-
suant to the National Environmental Policy Act (NEPA}, 42 U.S.C. #4321 et
seq., before beginning work on the project. The plaintiffs in these cases
averred that the impact statement Filed was skimpy ar procedurally
inadequate. Under NEPA, 1f there is no adequatc impact statement making

a detailed statement on the expected environmental effects, Including

nolse, an [nfjunction may be entered, halting the project. The plaintiff
was successful In the [-29] Why? Assn. v. Burns, 6 E.R,C. 1275 {U.S5.D.C.
Conn. 1874) In having such an injunction issued., See also M,A.D. v. Volpe,
5 E.R.C. 1625 (U.5.D.C. Myd. 1973): Scherr v, Volpe, 466 F.2d 1027 (7th
Cir. 1972); Consarvation Socicty of Southern Vermont, Inc. v, Volpe, 343

F. Supp. 761 (U,S.D.C. Vt. 1972); Julius v. Voipe, 349 F. Supp. 8B (U.S.D.C.
lowa 1972) Tor additional casces In which environmentalists tried to stop
highway construction on the ground that noise Impact had nat been adequately
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assessed. HNone of these cases mentfon vibration. They are noisc cases,
but they are significant: (1) beeause the courts consistently, in the
past, have confused noise and vibration, ond (2} because they are recent
decisions in a new and undcveloped area of the law. Federal courts have
interpreted NEPA in more than 400 lawsuits. Although no NREPA case has
ever been decided on the basis of highway vibration, it Is the sort of
adverse environmental effect which must be assessed under the statute,
Environmental litlgation is an area in which new developments in highway
vibration law may be expected to develop.

=l W o8 = B

Conclusion

Although there are many cases concerning damage from such various sources
as highways, railroads, Industrial plants, blasting eperations and

i airplancs, which offer helpful analogies, It appears that the best

i authority for future highway vibration litigation is the considerable body
o of adjudicated highway cases. MHost of these have been brought as inverse
condemnation sults and are governed by the technical substantive rules

of eminent domain law. The loophote by which the courts have expanded
tiakllity for annoying, but not physically damaging, vibration has been

b+ Sy |

»

% the special damages rule whereby the plaintiff must show that his
Injurles differ in degree and kind from the community at large. Whether

. this will be expanded in the future by environmental litigation remalins

# to be seen. As courts define unacceptable standards under the Hoise

id Control Act of 1972, and the Natlonal Envirommental Policy Act, special
damages may be more loosely defined to include environmentally annoyin

e vibratlon which effects the community at large. Bul at the present time,

® recovery 1s governed by the strict rules outlined herein,

LAW RELATED LITERATURE CONCERNENG HIGHWAY VIBRATION

i b

Beranek, "Street and Air Traffic Noise~-And What We Can Do About It,"
UNESCO Courier, July 1967 at 12, l4.

Brazener, Robert, 'Traffic Noise and Vibratlon From Highway As Element of
Pamages and Eminent Domain,. 51 American Law Reports Amnotated 3rd 860,
Lawyers Cooperative Publishing Company, Rochester, New York (1973). This
excellent annotation In the ALR series is an analysls of recent cases
secking compensation for property damage caused by highway noise and vibra-
tion.

e B e

Case Comments, Y"Eminent Domain: Inverse Condemnation--What Constitutes
a Taking," 21 University of Florida Law Review 257 (1968). This short
L comment analyzes state law on property damaged by adverse consequential
v effects of highways.

BT o

Gray, Oscar S., "“Enviranmental Requirements of Highway and Histeric
Preservation Legislation," 20 Catholic University Law Review 45 (1970).
This article by a Department of Transportation official explains the
general duty of the Department under the Natienal Environmental Policy Act

E- &=
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and the Highway Act to avoid adverse environmental effects from highway
design, construction, and cperation.

Righway Rescarch Board, Scverance Damages--Hoise, tnconvenience, ete.,
Highway Research Clrcular, Hational fAcademy of Science, Washington, D.C,
{1971). This report contains a summary of court decisions discussing
severance damages to the property owner.

Hildebrand, James L., "Noise Pollution: An Introduction to the Problem
and an Outline for Future Legal Research,' 70 Columbia Law Review 652,
662 (1970). This article discusses the technical background apd need
for noise control legislation, including infrasound and ultrasound.
Some of the proposals advanced include mass tronsit and construction of
quieter road surfaces. Troffic nolse is discussed at page 672 to page
679 and aircraft noise from page 679 to page 682.

Handelker, Daniel, Inverse Condemnatlon: The fonstitutional Limits of
Public Responsibility, Bureau of Public Roads, Washington, D. C. {1964},
This report, prepared under a contract from the Bureau of Public Roads
and the Washinagton University School of Law at 5t. Louis, concerns in-
verse condemnation suits action brought by land owners who have been
damaged by highway activity such as noise, vibration, erosion of lateral
support, etc. While Mandelker does not focus on vibration cases, the
legal principles analyzed are those which are applicable in common law
vibratlen cases in inverse condemnation lawsults.

Oklahoma University Research Institute, Valuation 1nd Compensability of
Noise, Pollution, and Other Environmental Factors, Highway Research Board,
Hational Academy of Science, Washington, B. C. (1271). This report
analyzes cases arising from highway oriented pollution in urban areas.

Organization for Economic Cooperation and Development, Urban Traffic
Noise: Strateay for an Impreoved Environment, Paris, 1971, This volume
is a report of the consultative group of transportation research of the
Organization for Economic Cooperation and Development, which surveys cur-
rent administrative and legislative practices in Canada, France, Italy,
Japan, Netherlands, Scandinavia, Switzerland, and the Unlted Kingdom.
While the foc-s is on noise and not vibration, it serves as a background
on the European regulatory framework.

Sackman, J. L., "Proximity Damages,' Appraisal Journal, April 1969, pages
177-199. This article summarizes the approaches used by appraisers in
calculating monetary awards for abutting property owners who will be
affected by the adverse consequences of highway operation.

Zoellner, George L., Selected Problems Relating to Highway Laws, 1962,
Highway Research Board Special Report 76, Natlopal Academy of Sciences--
National Research Council, Washingten, D. €. (1962). This short paper
was an address delivered by the Deputy Chief Highway Counsel and Assistant
Attorney General of Calorado concerning eminent domain and inverse con-
demnation problems experienced by highway departments. !t reviews
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the major traditional conservative sources of authorlty denying recovery
to damaged property owners prevatent in the older cases.

LAY RELATED LITERATURE CONCERNING ENVIRONMENTAL VIBRATION

General

American Jurisprudence Proof of Facts Amnotated, Volume 8, Nulsapce, at
pages 527, 531, 540-542; Volume 18, Alrport Hoise, page 123; Volume 26,
Community Hoise, page 10]1; Lawyers Cooperative Publishing Company,
Rochester, Mew York (1960). This legal encyclopedia offers the trial
attorney suggested questiens and apswers in handling witnesses in & noise/
vibration case.

Annotation, "Electric Generating Plant or Transformer Station as Nuisance,"
4 American Law Reports Annotated 3rd 902, 918, Lawyers Cooperative Pub-
11shing Company, Rachester, New Yorlk (1965), This ALR annotatien dls-
cusses nuisance sults brought against power plants because of vibration,
noise, air pollution, etc.

Annotation, "Liability for Property Damage Caused by Vibrations or the

Like Without Blasting or Explosion,'" 79 American Law Reports Annotated

2nd 966, Lowyers Cooperative Publishing Company, Rochester, New York
(1961). This thorough ALR annotation surveys damage caused by vibration

in tort law suits. |t should be compared with the eminent domain annota-
tion at 51 ALR 3rd mentioned above. The particular vibration producing
agencles or Instrumentalities discussed Include rallreoads, heavy machinery,
subways, quarrying and drilling operations.

Annetation, '"Right of Abutting Owner to Compensation faor Rallroad In

Street under Constitutional Provision Against Damaging Property for

Public Use without Compensation.' 22 Amerlcan Law Reperts Annotated, 145,
187, The Lawyers Cooperative Publishing Company, Rochester, New York

{1923). This annotation focuses on noise and vibration caused by rallroads,
The cases cited support the proposition that any unusual vibration of a

bul 1ding which causes substantial damage to the property Supports a cause
of actlon.

Bigham, D. Alastair, The Law and Administration Relating to Protection of
the Environnent, Chapter 9, pages )77-186, Oyez Publishing, London (1573}.
This survey treatise on Britlish environmental law includes a chapter on
noise and vibration. It discusses land use planning control in the
routing of highways as a significant noise and vibration contrel,

Bolt, Beranek, and Newman, Inc., Chicago Urban Nolse Study, Bolt, Beranek,
and Newman, Cambridge, Massachusetts {1970). This repert was the back-
ground study for the Chicago ordinance which regulates both nolse and
vibration. :
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Comment, "The New York City Noise Control Code: Not with a Bang, but
with a Whisper," 1 Fordham Urbon Low Jourpal B46 (1973). This comment
gives a good description of the New York City Noise Control Code, which,
in pertinent part, passes on vibration problems from rapld transii sys-
tems, alrplanes, and attempts to limit noise in streets adjacent to
schoals, hespitals and other sensitlve areas, and to tunneling permits.
It should be poted that the New York City code defipes noise in terms

of excessive or unusually loud sound and not In terms of vibration.
However, the activities sought to be regulated impinge on vibratien
activities,

Counci] of State Governments, 1974 Suqaested State Legislation, Volume 33,
Lexington, Kentucky (197#). The proposcd model state noise control act

set out at pages 10-20 Includes vibration by defining neise to include
vibration of subaudible frequency, The proposed comprehensive progrom

of noise and vibration control includes control of environmental noise,
product nalse, labeling requirements, notice to purchasers of recal property
of the noisiness of the arca, setting of ambient standards, adoption of

“a plan for achieving standards, standards for new construction, workplaces,

and airports. The proposed model law suggests establishment of special
noise insulation districts. Highways are not specifically mentioned.

puerden, C., Noise Abatement, Philosophical Library, New York (1871).
Chapter 9 of this baok about British attempts to control noise pollution
deals with legislation and discusses the Noise Abatement Act of 1960

that regulates noise or vibration which Is a nuisance. The British Act
differs from the American Noise Pollution Act of 1972 in dealing specific-
ally with vibration. However, a review of the British cases dealt with in
thls survey shows a close similarity in the treatment of neoise and vibra-
tion by British and American courts, The appendix sets out a series of
statutes and ordinances dealing with noise and vibration control.

Kramon, James M., "Nolse fontrol: Traditional Remedles and a Proposal

for Federal Action," 7 Harvard Journal. of Legislation 533 (1970). This
article surveys the legal remedies traditionally available for noise pollu-
tion contrel, which are the saime avallable for vibration control as well,
The author concludes that the common law remedies are not effective and
proposes a statutory action to regulate noise pollutien, The article
focuses on changing patterns of government spending In line with the gov~
ernment contract program to require that the reclipient pursue technological
alternatives which would provide a reasonable degree of qulet.

Lloyd, Willtam H., "Naise as a Nuisance,' 82 University of Pennsylvania
Law Review 567 {1934). This brief article serves as an introduction to

the traditional remedies for recovery in noise nuisance cases. The author
pelnts out that noise and vibration are frequently lumped tegether by
plaint!ffs since the cases factually present a complex of nuisances in
which nolse, smoke, vibration, and offensive odors are frequently mingled,
In the cases, it Is difficult to separate noise from vibration, so recovery
and the court's decision are frequently based on the combination of
offenses.
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Meloughlin, J., The Law Relating te Pallution, Manchester University
Press, Manchester (1972). This survey treatise of British environmontal
law includes a chapter on naise and vibration at *pages 77-85 which dis-
cusses defenses to nolse and vibration lawsuits. The primary emphasis is
oninoise; however, vibration is treated throughout in conjunction wilh
noise.

Spater, George A., "Hoise and the Law:, 63 Hichlgan Law Review 1373
{1965). In this survey article, which encompasses nuisance cases arising
out of both noise and vibration, Spater distinguishes between nolse and
vibration cases, glving o higher dignity in recovery to the vibration
cases, The article is o collection of mostly conservative opinion veer-
ing away from plaintiff's recovery. It should be noted that the article
predates more recent cases which have allowed recovery to plaintiffs for
noise and vibration damage caused by highways.

Blasting

American Jurisprudence, vol. 31, Explosions and Explosives, 37, 38, and
41, The Lawyers Cooperative Publishing Co,, Rochester, New York, (1967).
This legal encyclopedia gives a short discussion of damage from copcussions
or vibrations in general and the degree of care required of those carrying
on blasting activity. |llustrative cases are footnoted to demonstrate

the rules for liabitity of blasting operators whose vibrations cause dam-
age to adJoining property owners.

Annotation: ‘''Liability for Property Damage by Concussion from Blasting,"
28 American Law Reports 2d, 1372, The Lawyers Cooperative Publishing Co.,
Rochester, New York (1951). This ALR annotation discusses the various
legal standards as to what constitutes negligence in the conduct of
blasting operatlons.

Comment, "Blasting in New York: A Reappraisal of the Trespass~Vibration
Distlnction," 33 Albany Law Review 295 (1969). This student comment
reviews the difflculty common law courts have had in dealing with damage
caused by vibration from blasting operations.

Decislons, ""Torts--Blasting-Liability for Damage from Concussion without
Traspass," 28 Brooklyn Law Review 177 (1972). This student note discusseas
the evolution of New York law on blasting activities and the difficuley

of getting an award for vibration damage.

Prosser, Wllliam L., Handbook of the Law of Torts, kth Ed., West Pub-
1lshing Co., Saint Paul, Minnesota (1971). Blasting activities are dis-
cussed in various places throughout the Prosser treatise; however, the
most interesting discussion fs In section 7B on abpormally dangerous
things and activities. Prosser traces the confusion in Anerican law con-
cerning blasting cases which preoceed on tort theery, nuisance and other
theories,

Recent cases, "Torts--Absolute Liabllity-~Blasting=-Concusslon Damage,"
10 Cathelic University of America Law Review 98 (1961). This student
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notc discusses the evolutien of'biasting and vibration cases [n South
Carollina and ather southeastern states.

Recent cases, "Torts--Blasting--Strict Liability for Concussion Damage,"
W6 Kentucky Law Journal 636 {1958). This student note discusses the
development of hlasting/vibration cases In Kentucky which is one of the
few Jurisdictions continuing to recoegnize the distinctien between damage
done by {lylng debris and damage done by means of vibration, (requiring
a higher degree of proof as to the latter),

Health and Job Safely

Lehmann, Phylist, "Vibration," Job Safety and Health, January 1974,

pages 5-10, U. S, Pepartment of Labar, Occupational Safely and Health
Administration, U, S, Government Printing OFfice Washington, D. C.

(1974). In this short article, Ms. Lehmann comments on the adverse health
effects which result from excess vibration. She points cut that most of
the rescarch done on health effects of vibration In the workplace has
been done in Europe, where the International Standards Qrganjzation has
drafted a general gulde designed to apply to vibration exposure. Regula-
tory standards have been promulgated as law in the Soviet Union. MNs.
Lehmanp's article points te future OSHA activity in the vibratfon regula-

tion field.

Willlams, Charles R., ""Soviet Tentative Standards and Regulations Tor
Restricting Noise in Industry," Noise Control, September 1959, pages 44
ff. This article includes a translation of proposed Soviel regulations
for restricting noise in industry which also govern vibration. The regu-
lations include guidelines for the design and operation of machinery,
plant units, and industrial sites.

Sonic Boom

Caplan, Harold, Some Legal! Problems Arising from Supersonic Flight or
Boom Time for Lawyers, American Bar Association Section of fnsurance
Negligence and Compensation Law, Proceedings 1970, page 451, Chicago
(1970). A survey of Britlish approaches to the problem of vibration dam-
age caused by supersenic flights.

Comment, "“The S55T: Lowering the Somic Boom on Property Owners,' 37
Albany Law Review 524 (1973). This student comment focuses on the
agarieved property owner's remedies against sonic boom vibration damage.
After surveylng insurance, administrative remedles, and various tegal
theories based on negligence, nulsance, inverse condemnation, and strict
liability, the author concludes that the problem of sonic boom vibration
damage prescnts problems difficuit to redress.

Comment, "Torts--Federal Tort Claims Act--Sonic Boom--Cause of Action
Based on Absolute Liability not Actional be under the Federal Tort
Claims Act," 48 Notre Dame Lawyer 727 (1973). This comment discusses
the Supreme Court's most recent decision making recovery by property
owners damaged by millitary senic boom vibration more difficult,
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FitzGerald, Gerald F., “"Alreraft Nolse in the Viecinity of Acrodrames
and Sonic Baom,' 2] University of Toronto Law Journal 226 (1971}, This
article surveys the laws of varlous western European and Horth American
countries concerning the sonic boom problem.

Gray, Oscar 5., Environmental Law: Cases and Materials, 2nd ed.,

Burcau of National Affalrs, Washington, U. C. (1973). Professor Gray's
case book devotes approximately 90 pages to neise and vibration cases,
under the rubric of noise. HNo distinction s made between noise and
vibration in this gathering of cases, most of which are concerned with
alrplane and sonic boom prohlems. The examination of legislative mater-
ials is confined to the Nolse Follution and Abatement Act of 1970 and

the Noisa Control Act of 1972.

Hildebrand, J., ed,, Noise Pallution and the Law, Willlam 5. Hein & Co.,
Inc., Buffalo, N. Y. (1970). This volume reprints a number of cxecellent
articles on the legal problems caused by soni¢ booms including {])

Baxter, William F., the 55T: From Watts to Harlem in Two llours, 21
Stanford Law Review 1 (196B); (2} Sonic Booms: Tort Liability, a com-
ment from the Winter 1970 issue of the Journal of Air Law and Commerce,
volume 36, pages 117-135; and {3) Sonic Booms: Ground Damage and Theories
of Recovery, published in the Autumn 1966 issue of the Journal of Air

Law and Commerce, Velume 32, pages 597-606.

Hontgomery, John R,, "The Age of the Supersonic Jet Transport: |[ts
Environmental and Legal Impact, 36 Journal of Air Law and Commerce 577
(1970). This article focuses on technical problems connected with the
SST and sonic booms. |t briefly mentions the American sonic boom cases,
and concludes by discussing possible future international conventions.

Note, '"Torts, The Federal Tort Claims Act--Absolute Liability, the
Discretionary Function Exception, Sonic Booms, Lalird v. Nelms," &

Akron Law Review 105 (1972). This short comment discusses the implica-
tlons of the Supreme Court's decision In the Laird v. Nelms case which
restricted recovery by property owners under the Federa)l Tort Claims

Act,

Note, ""Torts~-The Discretionary Function, Exceptlon and Absolute Liablility
in an Action for Recovery for Sonic Boom Damage Brought under the Federal
Tart Claims Act for damage caused by senlc booms from millitary aircraft.

Note, "Ucility, Fairness and the Taliings Clause: Three Perspectives on
Laird v. Nelms,' 59 University of Virginia Law Review 1034 (1973). This
phllesophically searching inquiry conjectures as te future dircctions in
sonic boom litigation following the Supreme Court's restrictive ruling in

Laird v. Nelms.

Shureliff, William A,, S5T and Sonic Boom Handbook, Ballentine/Friends of
the Earth Book, New York (1970). This short paperback velume focuses on
the 55T controversy of 1970, Approximately half of it is devoted to
sonic boom complaints., There is a seven page bibliography at the end.
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Taylor, J. P. and Taylor, E, R, G,, A Brief Legal History of the Sonlec
Boom In America, Advisory Group For Acrospace RE D, Paris, France (1969)
(National Acronautics & Space Administration; N70-13138, This recport
focuses on administrative approaches to the sonic boom problem.

Varner, Robert E., "Legal Aspects of the Sonic Boom," 23 Alabama Lowyer
342 (1962), This short article is an early attempt to deal with the
legal aspects of sonic booms. It attempts to compare sonic boom com-
plaints to blasting cases and other types of ultra hazardous activities.

LAW RELATED LITERATURE CONCERNINWG NOISE CONTROL
THAT AFFECT VIBRATION CONTROL

Very litrle attention has been paid te the environmental effects of
vibration in legal literature. However, recent years have scen an explo-
sive increase In the number of articles and books dealing with nolse
control. Often the legal principles underlying a noise control action

and a vibration control suit are similar, if not identical. Therefore, an
abbreviated 1ist of law related publications dealing with nalse contral

is Imcluded.

American Assoclation of University Women, A Resource Gulde an Pollution
Control, Chapter B, pages B 1-4, Washington, D. C. (1970). This resource
volume on materials concerning pollutlion contains a short bibliography on
legal control of noise and a Tist of citlzen's groups, trade groups and
governmental groups Interested in noise and vibration control, Some of
the sources listed are specifically concerned with transportation and
with vibration problems.

The Association of the Bar of the City of New York, ''Selected Materlals
on the Prablems of Noise Pollution and Centrol," 27 The Record 118
{1972), The New York Bar Association's jourmal reprints a 15 page
bibl{ography of articles on the technical and legal aspects of noise
pollutlon control. Several of the titles refer to vibration, but no
distinction Is made In the classification system.

Bragden, Clifford R., "Municipal Noise Ordinances,'' Sound and Vibration,
December 1973, pages 16-22.

Burcau of National Affairs, Noise Regulation Reporter, Washington, D.C.
(1971). This two volume weekly service reports developments in the
noise control fleld.

Burcau of Natienal Affairs, Occupational Safety and Health Reporter,
Washington, D. C. {1973). This multi-volume weekly service reports
developments related to OSHA, an act interpreted by the Department of
Labor to cover environmental vibration,

Cohem, Joseph L, and Sharon, Lecnard, "Noise and the Law: A Survey,'
11 Duquesne Law Review 133 {1973): A good survey which, however, con-
fuses noise and vibration cases. The article treats both private and
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publ;c legal remedies gtvlng a good background discussion on private
nuisance and public nuisance and the Tnjunctive remedies avallable to
halt such nuisances.

Comment, "Automobile Hoise--An EFfective Method for Control," 4 Uni-
versity of Richmond Law Review 314 (1970}: This short case note is
confined to discussion of sounds from autemobile engines and exhaust,
and dees not refer to olher sources of automolive nalse such as tires,
roadways, etc.

Conment, '"Noise Abatement at the Municipal Level,” 7 University of San
Francisco lLaw Review 478 (1973) This student comment discusses the
problems with noise control in California where state and local authority
conflicts, The artlicle focuses on both vehicular and air transpertation
nolse problems. While not directly on the point of vibration, it
iTlustrates the approach of legal planners in drafting local noise control
laws.

Environmental Protection Agency, Legal Compilation, Statutes and Legis-
lative History, Executive Orders, Reguilations, Guidelines and Reports,
Nolse, Volume 1, Chapter 4, Laws and Regulatory Schemes for Naise
Abatement, U, S. Government Printing OFfice (1973). This survey chapter
discusses current federal laws and regulalory schemes regulating noise.
Willtary standards for noise reduction as well as the efforts of other
government agencies in the transportatien (aircraft and highway) and cen-
struction areas to regulate and control noise are discussed.

Environmental Protection Agency, Legal Compllation, Statutes and Lenisla-
tive Histery, Executive Orders, Regulations, Guidelines and Reports,

Suppiement 1, Volume 5, Neise, U. 5. Goverament Printing Office Washington,
D. C. (1973). This volume In EPA's legal compllation series contains the
text of the Noise Control Act of 1972 together with documents making up

the legislative history of federal noise control and abatement laws. |t

15 a necessary background for establishing the parameters of the federal
control scheme which focuses on sound and not vibratian.

George Washlngton University, Law and Requlatory Schemes For Noise Abate-
ment, U. S. Environmental Protection Agency Office of Noise Abatement,
Washington, D, C. {1971), NTID 300.4, This major report prepared by
George Washington University's Program of Pollicy Studies in Sclence and
Technology served as the background legal study for E. P. A. on Its noise
abatement authority. While not dealing directly with vibration, it
touches peripherally on vibration problems of transportation.

Hatfield, Mark, '"Compilation of State and Local Ordinances on Nolse Con-
trol,' Congresslional Record, House of Representatives, Volume 115, No.
176 (dally edition), 29 October 1969, pages E 9031 to E 9112,

Hildebrand, James L., editor, Noise Pollutlon and the Law, William §.
Hein and Co., iInc., Buffale (1970)." This 1970 anthology reprints without
change a series of articles dating mostly from the early 1960s. Several
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classfe articles on commen law nolse control are reprinted but most
attention Is given to sonic hoam and alrport noise problems,

Note, Stotute: "A Model Ordlnance te Control Urban Noise Through
Zoning Performance Standards,'' 8 Harvard Journal of Leglslation 608
(1971). While this article focuses on noise pollution control, the
same analysis and statutory approach would be used In the vibration
control field,

Note, '"The Molse Control Act of 1972--Congress Acts to Fill the Gap in
Environmental Legislation," 58 Minncsota Law Review 273 {1973). This
student note, the best single short introduction to the Nolise Control

Act of 1972, gives a deseriptlon of the legal remedies at private law
available prior to the statute, and discusses the approaches expecied

to be used under the 1972 law, |In passing, the article discusses the
Secretary of Transportation's duty under the Federal Highway Act to pro-
nulgate nofse standards for highways which are compatible with surrounding
land uses.
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APPENDIX 1V
HUMAN RESPONSE TO BUILDING VIBRAT!ON

The purpose of this review Is to survey the titerature relevant to human
response to bullding vibration as a part of the overall study of the
impact of vibrations related to highway use., The known llterature
related to human responsc to vibration Ts extensive (sone have estimated
5,000 relevant reports) and growlng at the rate of 75 to 100 papers per
year, MNo attempt was made to present an exhaustive survey. Excellent
summaries are avallable (6riffin, 1973; and Guignard and Guignard,
undated; among others)., Host of the studies were directed toward vibra-
tion experlenced by occupants of land, sea, and air vehlcles. Many
invelve the criteria of reduced proficiency and threat to health while
the problem to whlch this study [s addressed is that of reduced comfort
or thresholds of vibration perception.

Almost without exception published studies have concentrated on the
response of humans to vibration as a function of the frequency, magni-
tude, duration, and directlon of application of the vibration stimulus.
Virtually nothing has been reported concerning the ways in which
environmental, psychological, and socioceconomic factors may influence
vibration tolerance. .

Terminology

Vibration, with respect to direction, may occur In three translational
and three rotational directlons. Given the nature of bulldings, for the
present purpose [t is necessary to conslider only translational vibration,
and that fn only two directions. HMotlon in the feot-to-head dlirection

Is genarally referred to in this country as vertical vibration. In
blodynamics, wlth respect to a coordinate system of the human skeleton in
normal anatomical position, vertical vibration 1s designated £ a_. The
1974 180 Standards refer to vertical vibration as longltudinal. ZThe term
vortical vibration will be used to refer to % a_ motion In this review,
S5imITarly, the other two translaticnal motlons dre = a_ (chest to back)
and * a, (lateral motion). When referenced to building vibration these
two los¥ some precision so that any motjon of wall perpendicular to that
of vertlcal floor vibration is referred to as lateral vibration.

Criteria s a generle term used to Indicate some level of human suscepti-
bllity to vibratlon, generaliy with specific reference to comfort, per-
formance or health,

Existlng Criteria

The earllest reported study directly related to butiding vibration was
authorized in England by the Board of Trade in 1202, The study was
initlated in response to complaints by Hyde Part resldents of huilding
vibrations Induced by traffic on the Central London Rallway. The basic
conclusions, reported by Mallock (1902), were that vibrations of approxi-
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mately 0.01 g were notlccable and those between 0.04 g and 0,05 g were
~consldered unpleasant, '

=

Mellville (1903} was among the flrst to note that human response to
vibratlon was frequency dependent, probably the most single agreed upon
. aspect of human vibration susceptibility by current fnvestlgators,

;; Melville (1903) concluded that susceptibllity was a constant function

o - ler 1|

force x frequency = mass % rate of change of acceleration.
The unit for rate of change of acceleration Is called the "jerk."
Dlgby and Sankey (1911) reported that susceptibility to vibration was

a function of velocity., Values of 0,100 to 0,125 in/s were established
as faintly perceptible,

s B

Probably the most cited study, even today, was conducted in Germany by
Relher and Heister {1931}, They concluded that vertical vibration was
felt more strongly than horizontal vibration., They further concluded
that for small amplltudes vibration susceptibility was a function of
maximum velocity; while for larger amplitudes it was a function of
acceleration., This response data [s based upon laboratory sublective
response tests conducted with ten (I10) male subjects between the ages
of 27 to 37.

Zeller (1933) concluded that susceptibility to vibration could be quanti=
fled as a function of rate of change of acceleration by the following
equation:

S

. CE = 167X F3

B m=u o mm o

where X = displacement In Inches
f = frequency in llz

i 14

e

Zeller (1933) further proposed the Pal as the unit of subjective Intens!ty

where Pal = lO-Ioglo(E/Eo)

where E Ts the measured vibration
Eo Is the reference value of 0,5

g2

e

Pal values associated with given criteria levels were listed as

ﬁ Pal Criterion Lovel
0-10 Threshold of perception
Ei 10 - 20 ‘ Generally perceptible
20 ~ 30 Traffic vibration unbearable by human beings
in buildings
30 .- 4o Vibrations In smoothly running vehlcles,

[ A

slight damage to buildings

-
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On the basis of his investigation, Zeller (1933) concluded there was
tittle differcnece in susceptibility with respect to direction of vibra-
tton, ‘

B0 SR |

Jacklln and Liddell {1933) used only three levels in their study -
perceptible, disturbing, and uncomfortable. From this work conducted
at Purdue University, these Investigations develaped the Tollowing
quantification of intensity

Aeo.ﬁf

K =~

vhere = A constant, called the Comfort Index

=%

K

A = Maximum acceleration in ft/sec2
¢ = Base of the natural logarithm
f

= Frequency in Hz

The K values assoclated with uncomfortable and disturbing vertical vibra-

tion were
! Uncomfortable 64,7
b E Disturbing 3.2

Coermann (1940), using the results of Relher and Melster and following
the convention of Zeller (1933), proposed the foltowing critaria.

i o]

J = Io-log(Ullvo) for amplitudes of less than .02 mm
Jd = S.h-]og(alon) for amplitudes of greater than .02 mm

whore U' = measured velocity of vibration
V_ = velocity at the threshold of annoyance
= measured acceleration of vibration

1]
[Ep -

& acceleration of the thresheld of annoyance

[,

= {ntensity of vibratfon in Pal units

R R B
o

Postlethwaite (194%) constructed frequency scales of equal vibratioen
sensation, calling them Trams., Janeway (1950), after a comprehensive
review of other tolerance studies, determined that comfort was a constant
function of rate of change of acceleration from 1 - 6 Hz, of acceleration
batween & and 20 Hz and of velocity From 20 -~ GO Hz, Dicckmann (1958)

on the other hand, developed a welighting scale that defined comfort as

a function of acceleration {1 - 6 Hz), velocity & ~ 20 Hz) and displace-
ment {20 - 60 Hz), obviously one derivative away from those of Janeway.
Using cross-modality matching of neise loudness and vibratfon intensity,
Versace {1963) concluded that comfort was a functlon of rate of change
of acceleration.

. To summarize and critique, mest of the studies reported used sinusoidal
vibration in small laboratory studics and developed criteria that varied
as much as 100 fold for perception (Allen, 1971). These studles, for
the most part, were concerned with vehicle ride and tolerance. They

s EB=
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generally agreed that comfort was frequency dependent and that the
frequency range of approximately h - 8 llz was most critical; generally
ascribed to body member and whole bedy resonance frequencies.

IS0 Standards

[
B

Ih 1270 the International Organizatlon for Standarlzatlon published a
guide for the evaluation of human exposure to whole body vibration. A
new standard was published in 1974, In the Introduction to the 197%
edition the authors state:

“In view of the complex factors determining the human
response to vibrations, and in view of the paucity of
conslstent quantitative data concerning man's perception
of vibration and his reactions to it, this International
Standard has been prepared first, to facilitate the
evaluation and comparison of data gained from continuing
rescarch In this fleld; and, second, to glve provisional
guidance as to acceptable human exposure to whole bady
vibration. The limits proposed In this International
Standard seem to be a fair compromise between the avail-
able data and should satisfy the need for recommendations
which are simple and suitable for general application.
These limits are defined explicitly in numerical terms to
avold ambiguity and to encourage precise measurcment In
practice, However, when using these criteria and limits
It Is Important to bear in mind the restrictions placed
upon their applicatlon.”

L

bt ]
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The following delimits the scopé and application of the standard:

"This International Standard defines and gives numerical
values for limlts of exposure for vibrations transmitted
from solid surfaces to the human body in the frequency
range | to 80 Hz, it may be applled, within the specifiad
frequency range, to perlodic vlbrations and to random or
non-perfodic vibrations with a distributed frequency
spectrum. Provisionally, 1t may also be applied to con-
ttruous shock-type excltatien Insofar as the energy in
guestion is coptained within the 1 to 80 Hz band."

o e EE e R

o

‘ “These limits are given for use according to the three

it generally recognizable criteria of preserving comfort,
working efficlency, and safety or health., The 1imits set
according to these criteria are named respectively in this
International Standard the "'reduced comfort boundary,"
"fatigue-decreased proficiency boundary,'' and the
"exposure 1imit." For example, where the primary concern
Is to maintain the working efficiency of a vehicle driver
or a machine operator working in vibration, the "fatigue-
decreased proficlency boundary" would be used as the
gulding timit In laying down vibration specifications or

&
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in carrying out vibration contrel measures, while, in
the design of passcnger accommodations, the 'reduced
comfort houndary' should be censfdercd.”

Mpecording to the criteria mentioned, these limits are
specified In terms of vikratjon frequency, accelera-
tion magnlitude, exposure time, and the direction of
vibration relative to the torso. This direction is
deflned according to the reccognized anatomical axes
of the human body."

The eriterion most applicable for the present purpose [s preservation
of comfort., To obtain the vertical {150 longitudinal) reduced comfort
boundaries from the published fatigue-decreased proficiency houndaries,
the acceleration values must be divided by 3.15 (10 db lower). For
example, the acceleration Vimlt In the 4 - 8 Hz range for reduced com-
fort based on 24-hour exposure would he approximately 0,0004 'g' RMS,

Alen (1971) has critized the 1970 standards on the following hases:

1. Short term exposure limits to vertical vibkration are too llenient,
He goes on to point out that the A-minute reduced comfert bound-
aries are In the band of comfort of all, and even the intolerable
region of some of the 13 laboratory studies he reviewed.

2, Limtes of horlzontal vibration above 3 Hz are probably too strict
and should be set equal to those of vertical vibration,

3. Criterion limits are based on mean responses and do not reflect
vartability (standard deviations) of responses. Thls suggests
that as many as 50% of individuals would be uncomfortable before
the comfort level s exceeded,

L, The standards were based mainly on laboratory studies and It is
possible that telerance in the laboratory is higher than in the
real world,

5. The standards do not allow for the possibility of additive or
synergistlc effects of vibration in more than one direction,

Griffin {private communication) has proposed as a reasonable 1imit for
resfdential vibration .0D1 'g' RNS or down 30 dB from the &-hour fatligue-
decreased proficiency boundary., Far offices the reduction would be 24 dB
and for critical areas such as hospitals, down 36 dB. For residents this
would place the Timlit 20 dB lower than the reduced comfort boundary pro-
posed in the 150 stapdards. Thils Is fn line with the Reiher and Meister
{1931) criteria and with the criterfa used by the German courts
(Splittgerber, 1969},

To accommodate vibration spectra (rather than discrete frequency vibra-
tlon) the 150 Standards provide weighting factors relative to the
frequency range of maximum acceleration sensitivity., These weights, when
multlple by the acceteration in the respective frequency bands and summaed

A=
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over the significant components provides a single value of measured
vibration intensity. The weighting factors, presented in Table 3 of

“the standards, are derived from the lnverse of the boundaries provided

by the Standards.

Tokita {1973} has described how an electronlc natwork welghting pro-
cedurce bascd on the 150 Standards has been Implemented In Japan in
connection with the consideration of vibration criteria and environ-
mental regulations. The ratio of the output of the weighted network
(a) to the standard {a_ = 10" 5 m/scc® or approximately .000001 'g')
is then expressed in decibels as

L= 20‘Iog|0(a/ao).

Tokita (1973) reported that complaints tended to be associated with

vibration levels over 60 dB {approximately .001 'g'} on the weighted
acceleration scale., This weighted level was Tound to be Induced In

bulldings 20 m away from the road edge in good construction and 80 m
away from the Tokalde line railway express.

Fathergi!l (1973) used a method equivalent to the 150 weighting network
and concluded that hls work supported the concept. Jones and Saunders
(1972} constructed a set of equal comfort curves For both men and women
In unrestrained sitting positions. Thelr curves imposed more reduction
on vibration levels for reduced comfort than those preposed in the 1970
150 Standards., They further cautioned that the curves were based on
mean responses of 60 subjects and that leglslation should consider the
50% who were more sensitive to vibration annoyance.

To summarize, the 1974 150 Standards provide a technique for weighting
frequency components of random vibratfon to provide a2 single level that
reflects the frequency dependency of human vibration response. The
absolute value of this level that wlil reflect complaints of a popula-
tion, however, must still be determined. There s some evidence to
suggest that the 150 recommended levels are somewhat lenlent, even for
vehicle ride where vibration Is expected and tolerated more, Further,
the 150 Standards are based on mean responsc where, say, the Tower 10th
percentfle of a populatlon should be determined and would probably be
rore appropriate, Finally, the 150 Standards do not directly provide
for increases or decroases In tolerapces that may be assoclated with a
myriad of other variables, some of which are outlined In tha next
section.

Other Variables That May Influence Vibration Tolerance

Glven that it is possible to obtaln a single value frem a frequency
weighting network, how can thls value be related to the probabillty of
complalnts, A logical starting point might be to try to relate the
probability of complaint to the dally probability of exceeding some
specified level, In all likelihood, this probabllity would be influcnced
by a number of factors. Some candidate factors are glven below.
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Physical Variables: The architecture and condition of the bullding
will undoubtedly influence the probabllity of complaints. Most of
the reported vibration comfort criteria, discussed above, are hased
on steady state excitatfon, The transient nature of highway vibra-
tion using induced bullding vibration suggests that the influence
of the dynamlc characteristics of the buildings, especlally damping,
must be taken Into account {Wiss and Parmeleec, 1974},

Lenzen {1966) reported, based on experimental studies using steel
Jolst - concrete slab floors, that when damping exceeds 5% of
critical damping, Individuals felt only Initlal impact. OBelow 3%
critleal, the response was similar to that of steady state. Between
3% and 5% critical, tolerance was groater than the steady state by

a factor of 10.

Nelson (1971) suggests an extensfon of the Reiher and Meister formula
to include a damping factor as follows:

L]

. n
Aof Cl; + c2

where A maximum displacement of the impact response

o
= damping ratlo (percent of critical)

Wiss and Parmelee {no date) fltted experimental data using the follow-
ing equation to obtaln a subjective response welghting parameter, R,
as

I

5.08(rn )0+ 265/ ()0 058

R
R =1, lmperceptible vibratian
R
R

2, barely perceptible vibration

3, distinctly perceptlble vibration

Other physical varlables, such as the absence of windows, would have
to be considered scparately. Climatic condltions could also In-
fluence response.

Environmental Variables: The combined effects of noise and vibratlon
wlll probably interact to Influence the probability of complaint
although It is difficult to know in what manner. Sommer and Harris
(no date), found a synergestic effect between high intensity nolse
and vibration. With respect to performance, Harris and Shoenberger
(1970) reported that the effects of nolse and vibratton may be addi-
tive. Gurgnard (1971) reported that above 30 Wz human response to
vibration marges with and becomes secondary to auditery stimulf.

Psychological Varlables: MHuman response to any environmental stimulus

are influenced by many psychological varlables. few of which are
understood with any degree of clarity.

a, Startle: |If a building occupant knows when to anticlpate
vibration iIntrusion, he is less likely to complain than if
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the intrusion takes him by surprisc., Two or three Incidents
above the comfort threshold per day at randem time Intervals
are probably more likely to generate complalnts than a
constant level just at the comfort threshold level.

Adaption Level: A sudden Increase in traffic density or the
opening of a new highway shouid initially produce more
complaints than in subsequent months because humans have a
rather amazing capacity to adapt te various encrgy input
levels, This type of response history is in llne with fieid
rescarch into the cffects of sonic boom (von Gierke and Nixon,

1972).

Time of Day: One might expect that intruslons at bedtime and
In the early merning would be more |lkely to disturb sleep
and to produce complaints. Griffin (personal communication),
however, has suggestad that the bed provides sufficlent
additional isolation so that eriterion levels need not bhe
reduced at night.

Dissonance: Once humans make a major decision they are more
Flkely to attend to positive aspects resulting from the decision
and less likely to search for or attend to negative aspects,
Persons who moved knowingly and voluntarily into bulldings

that are subjected to notfceable vibration levels are less
llkely to complain than individuals already occupying buildings
prior to the build-up of vibration problems.

Fear of Property Damage: Seeling objects In the bullding
vibrate and detecting cracks in the walls and ceilings would
mast probably heighten complaints both from fear »f property
damage and fear of building coellapse. Owners would probably
be more attentive to property damage than tenants.

Urban Versus Rural Environment: Threshold of complalnts should
be assoclated with higher Intensity tevels in urban as opposed
to rural environments, largely because of adaption levels,

Psychological Well Being of the Cccupants: Stable and well
adjusted occupants would probably complain less than a family,
for example, In the middle of marital problems.

Psychological Well Being of the Community: In comnunities
where there Is considerable civil unrest or in time of national
domestic crises one might anticipate more complaints,

Economic Status of Occupants: It is reasonabla to expect
menbers of a higher economic status, with more percelved in-
fluence and peower, to complaln nmore at a given vibration

level above threshold (Zepler, Sullivan, Rice, Griffin, Oldman,
Dickerson, Shepherd, Ludlow and Lange, 1973).
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summary

It I5 well established that human response to vibration is a function of
magnitude, frequency, exposure time and dircctlon of vibration relative
to the human torso. Comfort and tolerance criteria almost all show the
most sensitive levels in the 4 - 8 Hz range with gradual decreases in
sensitivity on cither side of this range., These consluslons, although
based largely on laboratory studies of sinusaidal vibration and concerned
mainly with vehlcle occupants, are nevertheless sufficiently general Lo
apply to the problem of building vibration.

The 1974 150 Standards for the evaluation of human exposure to vibration,
while probably deficient in some respects, represent a hase of departure
for future fnvestigations, The weighting network proposed in the
standards to account for the frequency dependency of human response to
vibratlon 1s the most meaningful attempt yet to provide a single value
related to human response to random vibration,

Although many have cited targe discrepancies In reported comfort and
tolerance criteria, It Is probably realistic to view these discrepancies
as reflectlons of the considerable vartabillty of human responsc under
varying condltions. Mo single value is going to adequately reflect

the baundary between complalnt and no complaint by kuilding cccupants.
Some of the factors clted plus many others can be expected to influcnce
the threshold of comptaint.

It Is recagnized that the weighting network proposed in the 1974 150
Standards are considered as providing a single vibration intensity value,
This value could then be referenced to some selected value and reported
In decibels. Based on field studies in troublesome areas the probability
of complaint could then be related to the probabillty of complalnt could
then be related to the probability per day of exceeding a given dB level.

Survey data should be gathered on those physiecal, environment and psycho-
logical varlables discussed and others relevant variables that may be
uncovered, These data, when reduced, could provide, for example, a
vibration susceptibility Index based on an empirical welghtings of the
variables involved. Separate complalnt probabliity curves could then

be developed for several levels of vibratlon susceptibility.
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