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1.0 INTRODUCTION

These englineering guidelines present recommended procedures
for the prediction, measurement, and analysi{s of ground vibration related
to highway traffic operatleons. The guidelines are concerned with highway
pavements in dlrect contact with the subgrade. Englneering parameters,
famitiar to hlghway design engineers, are utillzed. The procedures
for the prediction, measurement, and analysls of traffic~induced
vibration are an exact parallel to the conslderation of highway traffic

nolse. -

1.1 Objective of the Guidelines

These guidelines present a step-by-step description of the
procedures recommended to assess the potential for adverse environmental

.impact from ground vibration generated by highway trafffc operations.

1.2 Scope of the Guldellnes

These guidellnes present the primary censiderations requlred
to evaluate highway traffic-induced vibrations. The detalls upon whlch
the guldelines are based are presented in Reference 1. All procedures
and supporting data required to utilize the guidelines are presented

in this report.

1.3 Brief History of Trafflec=!nduced Vibrations

Environmental vibrétfon resulting from highway traffic has:
been Tnvestigated and reported in the technical 1lterature for the
past 30 years. The earliest reference to traffic induced vibration
appears to be Barphard in IBhI.* Southerland {1950) investigated

%  Appendix | of Reference | contains an annotated bibllography
of these references.
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vibrations produced in residential structures from buses. Southerland's
test data was based upon driving buses over a short ramp to induce
Ycontrolled Impact loading on the pavement. (See Sections 2.3.3

and 3.4 of these guidelines). Southerland developed, perhaps the
first defensive abatement strategy for traffic-induced vibration
complaints —~ good public relations. Additlonally, Seutherland
utillzed building Inspections as a basis for evaluating complaints

of alledged damage from traffic-induced vibration. By comparing
structural conditions of bulldings of similar construction and age,

he was able — through public relations — to convince a majority

of the complaining population that traffic-induced vibrations were not
the cause of alledged building damage.

Steffens (1952) presented test data results in his summary
of varlous proposed methods for assessing vibration Intensity as
related to criteria. This test data presents results of highway
traffic~induced ground vibration measurements conducted in England
as far back as 1929.

In the past four years, most of the technlcal research
relating to traffic-induced vibrations has been conducted in Europe
and Japan. Bata (197!} reported extensive studles conducted in
Czechoslovakia concerning traffic-induced vibratlons. In England,
Whiffln and Leonard (1971) of the Transport and Road Research
Laboratory reported the results of a survey project on traffie~induced
vibration., House {1973) presented a dlscussion of the possible
factors defining excitatlon, propagation, and bullding response as
related to traffic-induced vibration, |In addition, House presented
a rather extens{ve survey of bullding damage data as related to
vibratton. In 1973, Tokita presented data ranking varlous vibration
sources as to their magn!tude and distance attenuvation effects.

Tokita described a frequency welghting characteristics for acceleration
that is apalogous to the A-weighting characterlstic used in environ=

mental nolse.
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In 1975, Tokita again described the results of experimental
work conducted In Japan related to ground vibration generated by
highway trafftc, This result is, apparently, the first reference in
the open technical literature that reported a quantitative vibration
emlssfon level prediction. Tokita fdentified the pavement surface

roughness, vehlcle weight and vehicle speed as the relevant parameters.

Although not directly related to trafflc induced vibration,
the United States National Academy of Sciences published (1977) ""Guide-
lines for Preparing Environmental Impact Statements on Nolse'. The
Natlonal Academy of Sclences (NAS) Guidelines contain criteria levels
for human perception and annoyance and potentlal for bullding damage
as related to environmental sefsmic vibrations. The criterla presented
in this report are consistent with the NAS proposed criteria,

:

Today, the general topic of environmental seismle vibrations Is
void of standardization. Neither the metrlc(s} describing the amplitude
and frequency content or a measurement methodology are Internationally

accented.,

Thls report Tdentifles speclfic engineering parameters
describing excltation, propagation, and building respense for traffic-
tnduced vibration. Mixed trafflc flows are considered. The assessment
of trafflc-induced vibratien Is a very site spec|fic problem as
descrlbed in the following sections.

1.4 Histarical Biblicgraphy

The references cited in Section 1.3 are llsted in chronological

order as follows:

Barnhard, R.K.: "Noise Tremor Due To Traffic', Journal of
the Acoustical Soclety of America, Vel.12, January 1941, pp, 338-347.

i e e 1 e
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Southerland, H.B.: YA Study of the Vibration Produced In
Structures by Heavy Vehicles', Highway Research Beard, Proceedings

- of the 30th Annual Heeting, 1950.

Steffens, R.J.: ""The Assessment of Vibration Intensity and
Its Application to the Study of Bhlldlng Vibration", National
Bullding Studies Special Report No. i9, Department of Sclentific
and Industrlal Research, Building Research Station, Lendon, 1952,

Bata, M.: "Effects on Bulldings of Vibrations Caused by Traffic",

Bullding Science, Vol. 6, 1971, pp. 221 - 246,

Whiffin, A.C. and Leonard, D.R.: "A Survey of Traffic-
Induced Vibrations'', Ronad Research Laboratery Report, LR 418, 1971,

House, M.E.: "Trafflc-lnduced Vibrations In Bulldings",
dournal of the Instltute of Highway Engineering, Vol. 20, No. 2,
February 1973, pp. 6-16.

Toklta, Y.: ''Ground Vibrations Gensrated by Factorle's Machine
and Vehlcles'!, Inter-noise '73, Tech. Unlv, of Denmark, Copenhagen,
Aug. 22-2k, 1973, pp. 85-83.

Tokita, Y, and Oda, A.: "On the Characterlstics of Ground
Vibratlon Generated by Traffic", Inter-noise '75, Tohoku University,
Sendai 980, Japan, August 27-2%, 1975.

Anon: ""Guldelines for Preparing Environmental Impact
Statements on Noise', National Acadeny of Sciences, Washlngten, D.C., 1977.
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2.0 CHARACTERIZATION OF TRAFFIC-INDUCED VIBRATIONS

-

- The characterizatlon of highway traffic-induced vibration
';1 is anpalogous to the characterization of highway traffic noise. Both
- traffic noise and traffic-induced vibration comprise a source-path-~
r} receiver scenarlo, For both traffic noise and traffic-induced

wl vibration, each vehicle appears experimentally as a moving point

- source on the roadway and Is modelled as such (l).*

L

For highway traffic nolse, the nolse source s defined by the

1.2

traffic fiow and the highway alignment relative to the receiver. For
highway traffic-induced vibration, the vibration source {s defined by

]

the traffic flow, the pavement surface roughness, detalls of the pave-
ment/subgrade structure, and the hlghway alignment relative to the

-
I recaiver. For both highway traffic noise the traffic-Induced vibration,
' .

: ' the more signfficant traffic flow parameters are the vehicle speed and

? iﬂ weight. Levels of traffic nolse and vibration both increase with

5 i3 |

increaslng vehicle speed and weight,

Whereas highway traffic nofse analysis Tdentifles the vehicle
as the primary noise source, highway traffic-induced vibration must

.,'_,--.,
——

consider the vehicle-pavement system as the primary vibration source.
» The pavement surface roughness is the primary highway design {or
Lj condition) parancter affecting traffic-induced vibration,
[“i Away from the highway alignment, both traffic noise and
= vibration decrease in amplitude with increasing distance., Generally,
TW traffic nolse Is not an environmental consideration beyond 1000 feet
bl {305 meters) from a roadway. It appears that traffic induced vibra-
™ tion Is not an environmental conslideration beyond 200 to 300 feet
- (61 to 90 meters) from the roadway.

* Numbers in { } denote references listed at the end of the report.
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Considering the receiver to be an occupant or an activity
in a building adjacent to a roadway, the main difference between
trafflc nolse and vibration becomes evident, Building structure
attenuates or decreases the amplitude of traffic noise from the
exterior to the Interior, Highway traffic-induced vibration, as
recelved at the building foundation, may cuase the building structure
to amplify the vibration. Depending upon the vibration amplitude
recelved at the foundation and the ampliflcation characteristics of
the building structure, the floor or wall vibration inside a bulldlng
may be perceptible to an occupant. Whereas traffic noise may be per-
ceptlible but not annoying to a building occupant, it appears that
perception of traffic-induced vibration may result n complalints,
concerted public action, and the potential for litigation.

The general pubiic may well confuse the separate issues of
trafflc noise and traffie-Induced vibration. On a single event basls,
noise from a vehlcle may Induce perceptible exterior wall vibration
and resulting “rattles" inside a bullding. Simllarly, traffic induced
vibration may be imperceptible to an occupant but generate annoying
"rattles" inside a building., Sound levels great enough to result in
perceptible building vibration are so loud that the noise |s the
dominant annoyance factor. Perception of building vibration via the
rattling nolses generated In a huilding, however, may be extremely
annoyling to an occupant.

Figure 2-1 presents an outline of the traffic~induced
vibration problem [1lustrating the interrelationship between source,
path, and recelver parameters. Flgure 2-2 presents a graphic com=

parison of highway trafflc noise and highway trafflic-induced vibration,
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2.1 Sound Level and Vibratlon Level

The decibel measure is conveniently used for both traffic .
noise and traffic-induced vlbration, The concept of an equivalent
(encrgy mean) level, expressed in dB, may also be used to characterize
both traffic noise and traffic-Induced vibration.

For atmospheric poise, the physical quantity that Is con-
venlent]y measured for amplitude description [s acoustle pressure.
For vibration, the physical quantities that are conveniently measured
for ampiitude descrlption are displacement, veloclty, or acceleration,
If the frequency content of the vibration signal is known, displace-

ment, velocity and acceleration are all related,

Acceleration is used as the vibration amplitude measure In
these guldelines., The acceleratlon levels, expressed In dB, are
referenced to an accleration of "Ig" or 9.807 meters/(second)z. Peak
acceleration amplltudes associated with trafflc-induced vibratlon are
on the order of 0,001g to 0.030g. Hence, peak acceleration lev.ls are
on the order of -60 dB {re. lg} to -30 dB (re. 1g). Using this con-
vention, acceleration levels cannot be confused with noise levels

from traffie,

The definition of the acceleration level used in these

guldellnes is:
2,.2, _
L = 10+log (a /ao) = 20+log (a/ao), dB (2-1)
where a is the acceleration measured

a, Is the reference acceleration (taken as 19 or
9,807 meters/secondz).
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Acoustlec pressure characterizes the sound level at a point. For
vibration, however, a complete description of the motion at a polnt
requires six amplitudes corresponding to three longitudinal components
and three rotations. From a practical standpoint, one need not be
generally concerned with a complete description. For traffic-induced
vibration rotatifonal motion at a point may be ignored, However, one
must always note and report the directions In which vibration measurc-
ments are taken. Usually, only one component or direction of the
vibration need be estimated or measured. For traffic-induced vibra-
tlon 1t appears that It is sufficiently accurate to use the vertical
component of ground motion or the component normal to the line or piane
of least stiffness of structures.

2.2 Criteria for the Evaluation of Vibration lmpact

Traffic nolse is well defined with respect to both a level
metric and associated criteria. Trafflc noise levels are expressed in
terms of the A-weighted sound level., The A-~weighted sound level Is a
single number based upon frequency weighting of the sound pressure,
Accepted values of the A-welghted sound level have been developed over
the past several years that relate sound level to effects of nolse on
people and structures.

Environmental vibration is nat so well defined as envlron-
mental noise with respect to elther a level metric or the assoclated
criteria. Standardized frequency welghting for vibratlen, such as
the A-welghted sound level for nolse, 15 not available at the present
time, Standardization of frequency weighting for acceleration does
appear to be possible in the near future (2).
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Criteria relating vibration amplitude to effects on people
and structures 1s available, Table 2-1 presents a criteria description
and related acceleratijon levels, For comparison, sound levels corres-
ponding to the similar criteria description for noise are also presented,

The 1Isting In Table 2«1 js Important in quantifying and
understanding highway traffi¢-induced vibration. The levels presented
In Table 2-1 indicate that from perception to a high probability of
structural damage, acceleration levels cover a 50 dB range and sound
levels cover a 140 dB range. For both nojse and vibration, the
threshold for structural damage Is a higher level than the level for
extreme annoyance. For noise, the range between extreme annoyance and
structural damage threshold is approximately 30 dB {a factor of 32 In
pressure) . For vibration, thls range 1s approximately 10 dB (2 factor
of 3.2 In acceleratlon). For nolse, the range betwsen perception and
annoyance is approximately 60 dB (a factor of one thousand in pressure),
For vibration, the range between perception and annoyance |s about 5 dB

(a Factor of 1.8 in acceleration).

Hence, for evaluating the effects of environmental yibratlon,
the slgnificance of a change in acceleration level is much greater than
an ldentical change in sound level. Whereas, a 1 dB change in sound
lavel either in measurement or predliction is generally considered insig-
nificant, 1 dB change in vibratlion level may be very significant,

Figure 2-3 presents criteria curves for both human response
and bulldlng response as a function of frequency. The vibration metric
used In Figure 2-3 Is the acceleration level expressed in dB {re: 1g).
The use of Figure 2-3 requires that the acceleratlon spectrum level be
used {i.e., the level in a frequency bandwidth 1 Hz wide). The con-
version of either octave band or one-third octave band levels to
spectrum levels |s described in Section 4,0 of these guidelines,



i
I Table 2+1
| -
. .
l COMPARISON OF NOISE AND VIBRATION LEVELS AND CRITERIA
i
’ - NOISE VIBRATION
i 5] Sound Level Criteria Description Acceleration Level
| dB (re, 2x10™° N/m%) dB (re. lgpge = 9-8m/s2)
. | _ (Approximate}
ool T
-
: 0 Threshold of Perception ~65
-
! 55-65 Annoying ~60
, - g0 Extremely Annoylng -45
] 120 Threshold of Structural -35
{ e Pamage™
‘ l : 130 Structural Damage of ~25
. [] Concern’
‘ >140 Structural Damage Highly >=-15
Probable®
)
—

* The nature of structural damage is generally a fatlgue effect.
That 1s, cracks and damage slow!y progress over a period of tlme.
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Traffic-induced vibration is generally a transient discrete frequency
signal. Hence, the peak overall acceleration level will be gqulte
close to the spectrum level at the discrete frequency,

Trafflc-~induced ground vibration and bullding response field
test data generally exhibit maximum levels in the frequency range of
5 Hz to 30 Hz, From Figure 2-3 it Is.seen that the criteria curves
all increase approximately 16 dB between 5 Hz and 30 Hz. That Is,
for both human response and bullding response criteria, hlgher accele-
ration levels are permitted at higher frequencies.

The discrete frequency excltation that generally characterizes
traffic-induced vihration appears to be related to the vehicle tire/sus-
pension system characteristies. This excltation occurs, generally, In
the fange of 5 Hz to 20 Hz., The ground motion appears to be forced
non-resonant vibration of the pavement/subgrade system., Generally,
the pavement/subgrade fundamental natural frequency appears to be in
the range of 25 Hz or greater.

Acoustic noise from the vehicle source may induce both ground
vibration and excitation of bulldling structure. This excitation cccurs
general ly in the frequency range above 40 Hz, The source of this
excitation 1s the vehicle exhaust and other discrete frequency compo-
nents related to the engine cooling system, Generally, vibratlons
generated by the airborne path are measurable but are toco low in level
at their excltatlon frequency to he perceptible. (Sec Section 3.6 and
h,0 of these guldelines.}

2.2.1 Human Response Criteria

The criteria presented in Figure 2-3 for human response to
vibratlon are those recommended by the Reference 2 study. They have

P PR Y M
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been compared and agree with criteria proposed by other rescarchers

as reported in Reference 1. These criteria are generally based upon
laboratory tests almed at defining comfort-and functional agillty
boundaries for vehicle passengers. Most of the data, [ndeed, is based
upen sublective reactions of young male mllitary alrcraft pilots.

Many of the psychological factors required to translate the criterla
to an occupant in a house are described in Reference 1. The criteria
presented In Flgure 2-3 for human response to environmental vibration
Is belleved adequate for the purposes of evaluating the environmental

impact of traffic-induced vibratlon,

Two important points must be remembered, however. First,
the perceptlon criteria level and the high annoyance criteria level
are separated by 20 dB, This level range is eas!ly within the range
of vibration levels generated by various trafflc operating conditions,
Secondly, since the vibration criteria levels are based, in general,
upon subjective reactions of vehicle passengers, vehicle design and
vehlele operation on the highways utilize the same criteria. As
described In Section 2.3, pavement surface roughness fs a primary
variable deflning traffic-Induced vibration. For example, high speed
travel on a very rough road may result in an estimate of perceptible
vibration to a highway nelghbor, but the vehicle generally would not
be operated at this condition since the passengers would perceive a

very ''rough! ride and slow down the vehicle,

Also, the usaer of these guidelines should recognize that the
5 Hz to 20 Hz frequency range associated with traffic~induced vibration
Is not the result of chance. Vehlcle suspension systems are
designed to resonate at frequencies above the most sensitive frequency

range for passenger comfort (i.e.,above § Hz),
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2.2,2 Bullding Response Criteria

The criteria presented in Figure 2-3 for bullding response
to vibration are those recommended by the Reference 2 study. They have
been compared and agree with criterla propesed by other researchers
as reported In Reference 1. These criteria are ievels of constant
vibration veloclty, Dynamic stresses Induced In structures are pro-
portional to the velocity amplitude {3). The nature of the building
damage from man-made environmental vibration Is generally of the form
of a fatigue fallure over a long time period. The criteria levels

presented in Figure 2-3 reflect this consideration.

Trafflc~-Induced vibration is not the only source of environ-
mental vibration potentially damaging to building structure. The
highway engineer faced with evaluating alleged building damage must
consider all vibration sources bath external and internal to the
building.

One aspect of traffic-Induced vibration that may be a unique
conslderation for alledged bullding damage is the settlement of footings
or foundations. Low level ground vibration may result in frregular
foundation settlement over a long tIme span (perhaps years). The
evaluation of this aspect of allteged bullding damage is a speclalized

'soi] mechantcs problem. As such it can be evaluated only on the basis

of detaill analysis of the conditions at each site. Data presented in
Reference 4 may help in providing guldance in this area.

2,2.3 Multiple Intrustons

The detail discussion of criterlia levels for human response
and bullding response presented above rclates to a single event, For
mutltiple events occurring during a daily {24 hour) period, the per-
missible limits for vibratlon decrease with-increasing number of
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occurences. Additionally, lower criteria levels are recommended
durlng nighttime (2200 to 0700 hours) than during the daytime (0700
to 2200 hours)., Crliterla acceleration levels for bullding interiors
in residential areas are presented in Flgure 2-4 in terms of the
number of occurrences per day. As described in Reference !, the
complaint assessment conducted related to traffle-induced vibrations
indicated that 90% of the complalnts reglstered were associated with

Indlvidual owner-occupied residences.

2.3 Parameters Governing Traffic-Induced Vibration

The most difficult task in evaluating the potential for
adverse enviropmental impact from trafflc~induced vibration 1s under-
standing the Interrelationship between the signiflcant parameters.
The criteria levels presented in Section 2,2 Indicate a range of
approximately 20 dB between the perception level and the level of
high annoyance. Hence, the prediction accuracy and the measurement
accuracy assoclated with the analysis of traffic-induced vibration Is

rather stringent as compared to trafflc nelse analysls.

2.3 Trafflc Parameters

Gross vehicles weight and vehicles speed are the primary
traffic parameters affecting ground vibration from highway operations.
Ground vibratfon levels increase approximately 3 dB for each doubling
of gross vehicle welght. The effect of vehicle speed depends upon
the pavement roughness. Increasing vehicle speed increases ground
vibration levels within the limits of 3 dB to & dB per doubling of
speed, An appropriate design value appears to be 5.2 dB per speed
doubling. Since speed effects are dependent upon surface roughness,
the evaluation of the retationship between vehicle speed and ground
vibration level must be conducted on a site specific basis.




b
-]

ACCELERATION {METERS/SEC )

et T e e W e

T T

oo [ o [ ey N ovurey N ooy T St OO P
2.0 {Thre_shold of risk of damage to normal dwelling-houses with plastered
celling and walls .
1.0 &= Im/see” (19,8 dB)
- .
e : .
0.5 sTh:ish_g[d_g risk_of damage to sensitive struclures — = 5/sect (-25.9 dp)
~ \:-..\ Recommended Structural Damage Thresheld for
0.2 |~ ~ N« Traffle-Induced Vibrations (-35 dB)
fon e a— — d— — Ty S Mo Mt S S—— — e || -
o IS0 PROPOSAL <3 ~Daylime_peak_mpulses(comploints < 20%) 2 _ _l_35.8 d8)
' SNQ 3 IMPULSES/DAY ~Daytime _rms(complaints < 20%)¢__ _ _ -
NG Jayltime rmalcomplaints < elvelg | — = [(-42,7 dB)
QOS5 ™"~
.
0.02 ~ \\\\
~ . .
oo - \ \Dayh‘nla peak_impulses (complaints < '%). ~d.0Im/see® (59,8 d8)
Daytime rms {(complaints < %) = 0072m/sect (-62.7 d8)
005 =~ Night time rms{complaints < | %) - _005m/sect (~65.8 dB)
] l ] !
i 1o 102 103 104 10%

HUMBER OF OCCURRENCES PER DAY

Figure 2-4,

AREAS (REF. 2 WITH ANNOTATION)

ViBRATION CRITERIA FOR BUILDING INTERIORS (N RESIDENTIAL -



A

i1

i
| S——

_

| S

1

L]

i

PR T {

|

S

L3 13

LI

As indicated in Figure 2-4, the criterla levels associated
with evaluation of traffic-induced vibration are related to a number
of oceurrences of a level durlng 24 hours. Since heavy vehicles will
defline the maximum ground vibration levels of the traffic flow, the
criterla of Flgure 24 place a ¢onstraint on the number of heavy
vehicles in the traffic flow. This consideration is described in
Section 3.6 of the guldelines under abatement strategles,

2.3,2 Pavement/Subgrade Parameters

Pavement surface roughness js the primary factor affecting
ground vlbration generated by highway traffic. Almost all measures
of pavement surface roughness currently used by highway engineers
are not applicable for a quantitative description of traffic-
Induced vibration, Heowever, as reported In Reference 1, it appears

‘possible to relate the Present Serviceability Rating (PSR} index of

a pavement to the quantitative description of traffic-lnduced
vibration. This approximation involves relating the PSR index to a
pavement roughness power spectral denslity descriptien, The details
are presented In Reference 1. Other references describing the con-
cepts of pavement roughness power spectral density are avallable in
the open iterature {5}, (6).

As an approximation, traffic~induced vibration Increases
h,2 dB with each unit decrease In the Present Serviceabillty Rating
{PSR) index. For new pavement, an appropriate PSR value Is 4.5
with a design life, for example, of 20 years to reach a PSR of 2.0.
Thus, all traffic parameters held constant, traffic-induced ground
vibration would increase about 10.5 dB over the design life of the
pavement. On this point, however, one must always remember that the
relation between speed and vibration level appears to depend upon
surface roughness. The present avallability of field test data does
not allow this point to be further quantified.
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Considering a typlcal suspension system natural frequency
of 12 Hz and vehicle operating speeds between 15 to 60 mph (24 - 97
km/h) typical pavement roughness wavelengths on the order of 2 to 8
ft/eycle {0,6 to 2.4 m/cycle) appear to be most significant for the
traffic-induced vibration problem. Roughness amplltudes on the order
of 0,25 inches {6 mm) appear to be signlficant enpugh to cause per=
ceptable ground vibration at the edge of the pavement.

Flgure 2-5 presents a comparison of relationships between
the PSR surface roughness index, as used in these guidelines, and
the pavement roughness power spectral density {vertical axis). The
herizontal axls Is the reciprocal wavelength of the roughness. For
comparison, representative values of the pavement roughness powar
spectral density functions for gravel roads and off-highway terrain

are presented, Detalls are discussed in Reference |,

A secondary parameter relatlng the pavement/subgrade system
to traffic~induced vibrations is the pavement/subgrade mass, This
mass parameter {s a function of densities of the pavement material and
subgrade material, the pavement width, the soil support value, and
pavement thickness., Considering typlcal values of pavement and sub-
grade parameters, it appears that optimum compaction (density i{ncrease)
of the subgrade/base materials s the only parameter controllable on

an economic basis.

Pavement surface roughness and pavement/subgrade parameters
are two aspects of traffic-induced vibratlions that render the problem

a site-specific consideration.

20
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2.3.3 Pavement Loading

In developing a quantitative description of traffic-Induced
vibratlon, effects of vehicle-pavement interaction and the resulting
pavement dynamic loading were obtained. These results are presented
fn Reference 1, Since dynamic loading of the pavement is proportlional
to the acceleratlon of the pavement/subgrade mass, comments concerning
vehicle speed and pavement surface roughness apply equally to pavement
dynamic loading and acceleration level,

2.13.) ' Potholes and Other Discrete Bumps
The pavement surface roughness discussed in Sections 2.3.2

and 2,3.3 corresponds to a random roughness distributed over a length
of roadway. Potholes, manhole covers, rumble strips, etc., are forms

-of highway surface roughness that are dlscrete In character. A

generally smooth highway may exhibit Isolated potholes etc. that
represent isolated sources of traffic~induced vibrations., Since
source-receiver distances are con<tant for this type of surface dis-
contlinuity, the consideration of potholes is different from that of
random surface roughness. Abatement of traffic-induced vibrations

for a "pothole" source [s cbvious - repalr the locallzed discontinuity,

Discrete surface Irregularities are a completely different
conslderation than the consideration of random surface roughness.
First, dynamic pavement loading resulting from a tire contacting a
pothele or a ramp may approach 180% of the static wheel load., For
random pavement roughness the dynamic pavement loading Is no more
than 10 to 20% of the static wheel load, Secondly, increasing vehlcle
speed may result in decreasing dynamic pavement loading for a pothole
or ramp. This is contrary to the corresponding situation for random
surface roughness.

22
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. These paints are emphasized because many researchers have
utilized ramps or planks secured to pavements to generate and to
report ground vibration data related te traffic-lInduced vibration,
Unless the ramp or bump configuration s typical of the highway
design characteristics, such as an expansien joint, the consideration
of such irregularitles should be avoided [n evaluating the potential

for adverse impact frem traffic-induced vlhration.

Section 3.4 of these guidelines is devoted to the quant/-
tative description of pothole effects.

2.3.5 Propagation Parameters

The propagation of traffic-induced vibratien away from the
highway depends upon the soil characteristics and conditions between
the pavement and the receiver. Ground vibration from highway traffic
decreases with distance away from the highway much more rapidly than
traffic noise. In general, it appears that dlstances beyond 200 to
300 feet (62 to 91 meters) From a highway need not be considered for

adverse impact from traffic-induced vibration.

In general, traffic noise attenuates over open terraln at
a rate of 3 dB per distance doubling {geometric spreading from a
line source) with a possible 1.5 dB per distance doubllng excess
attenuation for "'soft site'" absorption. Distance attenuation for
trafflic-induced ground vibration is totally absorptive. Hence, dis~
tapce attepuation effects cannot, In general, be quoted in dB per

dlstance doubling.

Additionally, the absorptive effects of sejls [n attenuating
ground vibration are highly frequency dependent. The higher frequency
components of the ground vibration attenuate much more rapidly with
distance than the laow frequency components.,

23
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Flgure 2-6 presents four acceleration power spectra related

to a bus passing along a two lane residential street. Rough pavement

had resulted from repalr of a sewer line underneath the near lane, Each

spectra is ldentified as to distance from the cdge of the road., This
f1lustration clearly indicates a more rapld distance attenuation for
the high frequency vibration.

At 12 Hz, the roadside acceleration level Is approximately
~55.9 dB (re.lg9) (10+1o0g (2.6 x 10-6) and -64.6 db {re 1g)
{(10+10g (3.5 x lohy) at the footing, At I3 Hz, the roadside accelera-
tion ltevel Is =65.5 dB and at the footing is -90 dB,

Compared to the vibration criterla levels presented In

Table 2-1 and Flgures 2-3 or 2-4 it is seen that the -54.2 dB peak
at 11 Hz and the -52,2 dB peak at 16 Hz for the bedroom floor raes-
ponse wauld be considered to exceed limits for residential annoyance
and 1s approximately 15 dB below the threshold limit for structural
damage. (The owner-occupants had recently purchased and redecorated
the house. The house was approximately h0 years old. Thelr vinorous
complaints centered upen the six buses that passed thelr house each
week day. Thelr complaints were descrlbable as extreme annoyance,
rattles, and cracks in plaster, tile and masonry. Detalls of this

and other cases are presented in Reference 1.)
2.3.6 Bullding Parameters

Ground vibration recelived at a building foundation may
cause an amplification of vibration on the building interior. The
degree of ampliflcation depends upon the details of the building
construction, For traffic-induced vibration, the building component
vibration appears to be the most significant consideratlon, That is,
floor and wall vibration is more significant than total bullding
vibration.

24
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It 1s extremely difffcult to estimate accurately either the
natural frequencies or response amplitudes of building construction,
Typically, transverse vibration (motion out of the plane) of building
floors and walls will occur In the frequency range of 20 iz to 4D Hz,
These vibration modes represent the fundamental and the First few
harmonics of the floor or wall vibration, Above h0 Hz, vibration of
floors and walls generally comprises motlon of the structure between
supports such as joists, etc, These vibration modes play a deminant
role In the transmission loss or nolse reduction of the structure and

are generally exclited by noise impinging on the structure,

As seen In Figure 2-6, the bedroom floor peak response
occurs at 11 Hz (~54.2 dB), 16 Hz (-52.2 dB), and 28 Hz (-65.,2 dB).
The response spectra at the footing for these frequencies Is: 11 Hz
(~64.6 dB), 16 Hz (-67 dB), 28 Hz (-78.5 dB). Hence, the bedroom
floor amplifications relative to the acceleration levels at the
footing are: 11 Hz (12.4 dB), 16 Hz (4.8 dB), 28 Hz (13,3 d8),
Since the peak bedroom floor response In the freguency range below
50 Hz s generally the most important for vibration perception (See
Figures 2-3 and 2-4), It is usually necessary only to consider this

frequency range 1f one must perform a spectral analysis of the data.

If the structure is relatively clase to the roadway, the
possibility of acoustic exclitation of the bullding structure ex!sts.
In particular, if heavy vehicles are accelerating away from a stop,
high level (80 dBA or greater) traffic nofse may Impinge on the
structure. The buildipg response to the combined traffic nolse and
vibration environment is different from that indicated in Flgure 2-6.
Figures 2-7 and 2-8 present building and ground motion acceleration
spectra, respectively, for a cambined envirenment of trafflc nolse
and vibration. The low frequency peak corresponds to the ground
excitatlon and the high frequency spectra corresponds to the atmos-
pherlc excitation. The Interpretation of these two results [s that

26




b - ]

"

——
[ |

T RN LT

—————

1000,

100.

:l ce e

M BETWEEH SUPP

USTIC MOISE FROM VEHICL

«1-"KIR PATH -

BT

e
i
i

A!

|

i

RTICAL FLOOR ACCELERATIO

'R

10.
FREQUENCY, HERTZ

AVEMENT |NTERACTION)

"GROUND PATH ]

e s it ey

- {VEHICLE

P

~=\Nm ‘ALISHIC TYyuE13dS HOILYY3I3DIV

27

Flgure 2-7.

BUILDING RESPONSE TO COMBINED TRAFFIC NOISE AND VIBRATION

LT RO PP SR PN SR L

Fuinal izaerie

A

NSy &

-

LRI
i)



1000,

AR PATH
190,

TIC NOISE FROM VEHICLE

:,3

- (ACOUS
!
E
g
§

BROUND BATH 3\ 70

TERACT10H)
R IR UM
10,

FREQUENCY, HERTZ

R

we

at

e r—

“(VEHICLE-PAVEMENT |NT

Y SR R, i
VERTICAL GROUND ACCELERATIO

3 ¥
mecepen

!
1

| [
!

!

.0

1

GROUND MOTION RESPONSE TO COMBINED TRAFFIC NOISE AND

VIBRATION

Figure 2-8.

=
: A T

o = () o o

- - - - -

Nx\Nm ‘ALISHIO TWYLIIJS NOLLVHIIIDY

28




I |

| S

B

£

]

i

i’}

i3 (23

]
~d

O

the low frequency ground motion {(Flgure 2-8) resulted in a non-rescnant

forced vibration of the building as indlcated by the low frequency
peak In Figure 27, The high frequency nolse-induced vibration of
the building structure is Indicated in Figure 2-7 by the acceleratlion
spectra above 40 Hz, In Figure 2-8, the high frequency acceleration
spectra above &0 Hz is the vibrating building shaking the ground!

The discussion of combined traffic nolse and vibration
excltation of building structures |s not an academic exercise, The
purpase of the discussion Is to emphasize the importance of spectral
analysis in evaluating complaints of traffic-induced vibration. The
presence or absence of nolse-Induced vibration must always be deter-
mined. In particular, field measurement data must always Indlcate
this cons!deration, The aspect [s discussed In Section 4,

In the absence of fleld measured data, it is possible to
estimate the expected amplificatlon of ground vibration by building
structure. Generally, floor vibratlon increases with increasing
building storeys. For deslgn use, the bujlding amptification appears
to be from =5 dB to +10 dB for ground level Floors, Second storey

floors appear to amplify ground motion from -5 dB to +15 dB. Specific

guldance {s presenpted In Section 3.5 of these guidelines.

The levels of vibration induced in a building by traffic
operations are on the order of magnitude of vibrations caused by
other household activities such as footsteps, closing doors, playing
a loud recording, ete. Natural phenomena such as thunder, high
winds, and minor earth tremors may alse induce bullding vibration
that exceed levels geperatad by traffic. Hence, on a long term
basis, the posslbility of ldent!fying traffic-Induced vibration as
a single source of building damage Is quite difficult to establish.
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Considering all aspects, traffic-linduced vibration appears
to be an annoyance problem, Although it is an annoyance problem,
the nature of complaints [s more closely associated with public reac-
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tion to aircraft noise than public reaction to highway trafflc nolse.
That s, when people complain about traffic-induced vibration the

complaints are vigorous and public offlclais can expect continued

action on the part of the people annoyed until the problem is
resolved,
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3.0 ESTIMATION OF TRAFFIC~INDUCED VIBRAT{ON

3.1 Qutline of Estimation Procedure

The procedures for estimating the effects of traffic-induced
vibration are identical to the procedures used to evaluate traffic
noise. First, a vehicle reference emission’level is estimated for a
location adjacent te the roadway. The reference emission level is
then adjusted for distance attenuation from the roadway to the receiver.
An appropriate building amplification is selected and the recelver level
Is adjusted to obtain the vibration level estimate on the building
interior. The building interfor vibration level is then compared to
the appropriate criteria to estimate the impact from vibrations
induced by highway traffic.

3.2 Vibratlon Reference Emission Level

The vibration reference emisslon level is the basic varlable
quantifying the vibratlon generation resulting from vehicle/pavement
interaction. The vibration reference emission level is denoted by
the symbot, Lo. This tevel, as used in these guldelines, {s the peak
vertical component acceleration level measured on the ground surface-at
the edge of the roadway.

The vibration reference emisslion level depends upon the
foliowlng basic parameters:

pavement surface roughness
vehicle speed’
gross vehlcle welght

vehicle suspenston stiffness

pavement/subgrade mass
The present availability of data does not allow for a

complete resolution of the vehicle suspension stiffness and the pavement/

subgrade mass effects, |t appears, however, that these terms do not
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vary slgnificantly between vehicles of the same gross welght
category or between various $ites. Hence, these two parameters

are currently grouped as a ''site constant!',

The vibration reference emission level at the edge of a

roadway may be qualltatively grouped In the form:

Lo = Aslog (Surface Roughness Parametar) (3-1)
+ Belog (Speed
+ Celog (Gross Vehicle Weight)
+ Y"slte constant'

where A, B, C, and the "site constants" are emplirical constants.

Based wpon the results of Reference 1, it appears that the
vibration reference emission level at a point on the ground surface
6.5 feet (2 meters) from the edge of the pavement may be expressed as

Lo = =4, 155(PSR) + 17.2+10y(V) + 10-log{Wg) ~87.7, dB {re. lgrms) ({3-2a)
or
Lo = =4, 155(PSR) + 17.2%10g{(S) + 10slog(Wg) - 87.8, dB (re. lg,.o) {3-2b)

where PSR is the Present Serviceability Rating of the pavement roughness
V is the vehicle speed in miles per hour
$ is the vehicle speed In kilometers per hour
We Is the gross vehicle weight in thousands of pounds
Wg is the gross vehicle weight In thousands of kliograms

The use of Equations {3-2) to estimate ground vibration at
the edge of a pavement does not distinguish between lanes of travel
on the same pavement/subgrade structure, |f surface roughness varies
hetween lanes on the same pavement/subgrade structure, use the appropriate
PSR Index for the estimating procedure. Equations {3-2} assume
a vehicle crulsing past the observer on a roadway generally chatacter-
ized by random surface roughness. Discrete roughness such as potholes,
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etc,, are considered in Section 3.4,

Flgure 3-1 presents a nomograph for estimating the vibration
reference emission level based upon Equations (3-2). The similarity
between Equations (3-2a) and (3~2b) allow the nomograph of Figure
3~1 to be used either for English or metric unlts. That Is, the gross
vehicle weight scale is entered numerically in either thousands of
pounds or thousands of kilograms. Simlilarly, the vehicle speed may

be used numerically in ejther miles per hour ér In kllometers per hour.

The PSR Index s, of course, a pure subjective number and requires

no conversion.

As an example, a 45 thousand pound (20.4% thousand kg)
vehicle crutsing along a roadway at 35 mph (56.3 kmph) with an
estimated surface roughness with a PSR rating of 3.0 would cause an

acceleration level of =57.1 dB (re. 19.ns) at 6.5 ft. (2m) from the edge

of the roddway. The use of the nomograph of Figure 3-1 [s indicated
by the dashed path for this example problem.

The nomograph of Figure -1 may be used to determine any one
of the variables in Equations (3-2} if all of the other variables are
defined. For example, If one desired to 1lmit vibration to a maximum
single event level of -60 dB (re. lg.n¢) at 6.5 fr. (2m) from the edge
of a roadway with a posted speed of 3% mph (56,3 kmnph} and an
estimated PSR of 2,5, then the maximum gross vehicle welght allowable
on the roadway is 15 thousand pounds (6.0 thousand kg).

Figure 3-2 presents axle arrangements and code designatlons
for typleal vehlcies and vehicle combinations. Table 3-1 presents
typical maximum gross vehicle weights based upon ranges of maximum
axle weight limit (7, 8, 9). These values may be used for guidance

in the absence of local data.
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TABLE 3-!

OF MAXTHUM AXLE WEIGHTS

MAXIHUM GROSS VEHICLE WEIGHTS FOR RANGES

Vehicle and Axle
Code Designations

Single/Tandem Axle Weight Limit
Thousands of Pounds (Thousands of Kilograms)

(See Figure 3-2) 18/32 20/35 22/38 247k) 26/hh
{8.2/14,5) [(9.1/15.9) [(10.0/17.2) [(10.9/18.6) [{11.8/20.0)

2D 25,4 28.2 31.0 33.8 36.6
(11.5) {12.8) {14,1) (15.3) {16.6)

3A 41.6 45,2 48.8 52.4 56.0
{18.9) (20.5) (22.1) {23.8) {25.4)

2-5] 43.6 48.0 52,3 56.5 60.6
(19.8) {21.8) {23.7) (25.6) (27.5)

25-2 58.4 63.7 69,0 74.3 79.6
{26.5) (28.9) (31.3) (33.7) (36.1)

3-52 73.7 80.0 86.3 92.6 98,9
{33.4) {36.3) {39.1) {42.0) (44.9)

3-2 77.8 8s5.2 92.6 100.,0 107.4
(35.3) (38.6) (42,0) (45.4) (48.7)

2-5]1-2 80.7 88.9 97.1 105.3 113.5
{36.6) {40.3) {hk.0) {47.8) {51.5)
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Figure 3-2.

AXLE ARRANGEMENTS AND CODE DESIGNATIONS FOR TYPICAL VEHICLES AND
VERICLE COMBINATIONS
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3.3 Propagation and the Fguivalent Vibration Level

The results of Section 3.2 allow the estimation of the
peak acceleration level at a point 6.5 fect (2 meters) from the edge
of a roadway. The parameters required for this estimation are: PSR
Index of pavement, vehlcle speed, and gross vehicle welght. The
next step In the estimation procedure is to adjust the vibration
refercnce ecmission level for distance attenuation,

3.3.1 Propagation of Vibration

In estimating traffic noise at a distance from the road-
way, {t is required to consider finite roadway segments to model
the roadway-receiver geomatry {10). The traffic~induced vibration
problem does not require thls complication, The reason for this is
that traffic-Induced vibratlons attenuate very rapldly with distance
away from the highway. Typically, the total time required for an
acceleration level to rise from and return to a level 20 dB below
the peak level is on the order of two seconds for high-speed traffic
and caven seconds for low speed trafflc., During this time Interval,
the vehicle s within 75 to 150 feet (23 to 46 meters) of the closest

passby lacation as measured along the roadway. The comparable situation

for traffic noise Is a roadway distance of approximately 4950 feet

(1509 meters) for a “hard" site and 1940 feet (591 meters} for a "soft"

site. Hence, from a practical standpoint, all roadways are "“infinite"
for traffic-induced vibration problems.

Flgure 3+3 presents the source-path-receiver relationship for traffic-
Induced vibration., The distance between the point vehicle source and
the receiver varies with time as indicated. Assuming that the vehicle
generates a random vibration as it travels along the toadway, the
vibration level at the receiver at any Instant is expressed as:

L{t) = Ly + 10 log(Da/R{t})=20+10g(e)a(R(t)~Do}, dB (3-3)
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where L. is the reference vibration emission level presented
{acceleration level from Eqn (3-2))

flo is the reference distance at which Ly Is defined

R(t} =v (DZ+{5t)2) Is the time varying source-recelver

distance
D Is the receiver dlstance from the roddway
s 15 the vehlcle speed (ft/secon m/sec)

t is time (seconds, sec)

a 1s the distance attenuation constant for the soil
between the saurce and the receiver

Equation {3-3} is totally analogous to the comparable
result for traffic noise. The first term is the reference emission
level. The second term {s the geometric spreading of surface waves

across the ground away from the source. The point vibration source

geometric spreading varies inversely as the square-root of the distance,

The third term is the distance attenuatlon of the vibration due to
absorptive losses [n the solfl. The absorptive losses In the soil are
directly proportional to the absolute distance between the source and
the receiver. This term is analogous to the '"soft site' attenuation

used In traffic noise analysis {(10).

Values of « are presented [n Table 3-2 for various solls,
As used in Equatfon (3-3}, the absorption coefficlient @ Is [ndependent
of frequency. The values of:u presented In Table 3~2 were derived from
data presented In References 11 and 12 in terms of the 'lass Factor'
for the soll. The assumptions used to obtain the values of a are
indicated In the footnotes to Table 3-2.

The maximum vibration level at the receiver is obtalned
from Equation {3-3) for the time t =0,

3.3.2 Single Event Vehicle Passby

As shown In Reference |, the cquivalent (onergy mean)
vibration level Is obtained from Equation {3-3} by integrating over
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TABLE 3-2
SOIL ABSORPTION COEFFIECIENTS

TRANSVERSE o TRANSVERSE
501t DESCRIPTION WAVE SPEED WAVE SPEED a
METERS/SECOND PER METER FEET/SECOND PER FOOT

Moist Clay, Clayey Soil 152 0.025-0,25 500 0.008-0.08

Silty Clay 152 0.019~-0.k3 500 0.06-0.13

Wet Clay 152 0.31-0.50 500 0,10-0,158
Loess at Natural Moisture 259 0.04-0,13 850 0.01-0.00k
Dry Sand 152-3596 0¢.007-0.070 500-~1300 0,002-0,023
Dense -Sand and Gravel 250 0.015-0.045 820 0.005-0.014
Gravel (20-60%) plus Sand & Silt 250 0.023-0.053 820 0,007-0.016
Flne Grajned Sand

Water Saturated V10 0.0%-0, 300 360 0.026-0,091

Water Saturated, Frozen 110 0.050-0.170 350 0.016-0,052
Perived from Reference 11 as follows: a=2rfn/c¢ f=15Hz a=30gn/c

where 1 s the soll loss factor and c is the transverse wave speed.
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a passby time perlod, -T/2 < t < T/2. The resulting expresslon for the
energy mean vibration level Is:

Le = Lot10 log(Do/sT) ~ Selog(ab)-20elog(e)u(D-Dg} + 5 log(n) {3-h)
where T Is the time period for the passby,

Any set of consistent units may be used [n Equation (3-4).
This result applles to a specific vehicle/roadway combination defined

by the vlbration reference emission level, Lg.

For a continuous flow of N vehicles of the same gross
welght over a time period, T, at a constant speed, s, the energy mean

vibration level for a given roadway Is:
le = Lotl0+log{NDg/s T)=5+log(ad)~20log (e} a{D-Dg)+5+10g(n},dB {3-5)
Any set of consistent units may be used In Equation (3-5).

For distances expresszd In feet, speed in miles per hour,

and time in hours, the energy mean vibratlon level is:
Le = Lot 10¢1og (NDp/VT)- Sslog(ap}-8,686u{D-Do)=16.1,dB {3-6a)

whare 20+iog{e) = 8.686
5elog(n/5280) = -16.1
« In units of {feet)™!

For dlstances expressed In meters, speed ip kilometers
per hour, and time in hours, the energy mean vibration levél ls:
Le = Lg+l10+]og(NDo/ sT)~5+Tog(ab}-8,6860(D-Dy)~12.5, db {3-6b)

where 20elogle) = B.686
Sslog(n/1000)=~12.5
a in units of (meter)”!
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3.3.3

Mixed Vehicle Trafflc Flow

For a mixture of vehicles of different gross welght

categories travelling along a roadway at a constant speed, s, the

energy mean vibration level at a receiver located at distance D from

the roadway is:

L 10 —
be = 10 |°9{§Pi'0 al/ J+10+10g(NDg/sT)-5+10g (D)

where

-20+tog(e)a(D-Dy)+5+T0g (), dB (3-7)

N is the total vehi¢ie count for the time period T
s Is the traffic speed (Ft or m per unit of T)

pi=N /N, the percePtage of the total traffic count of
vehicles 1n the 1N weight category

Lo; Is the vibration reference emission level for
vehicles of the 1M weight category traveiling at
the constant traffie speed s

Do 1s the reference distance.at which L, Is monitored
£ Is the sum over vehicle welght groups

Any conslstent set of units may be used in Equatlon {3-7).

Vehicles must be grouped by weight categories repreosentative of the

vehicle type.

sentative gross vehicle weights by vehicle classiflcation and axle welight Jimit.

Table 3-) may help in providing guldance as to repre-

For distances expressed in feet, speed in miles per

hour, and time In hours, the energy mean vibration level for a traffic

flow comprisi

L, = lﬂalog{£p1|0

ng velilcies of mixed gross weights is:

Lai/104.10+ 1og (Do /VT) -5+ 10g {aD)

i
~8.686a(D-p,)-16.1, dB (3-8a)

where o s In

unlts of (Feet)'I

For dlstances expressed in meters, speed In kilometers per

hour, and time In hours, the energy mean vibration level for a traffle

h2
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flow comprising vehicles of mixed, gross welghts lIs:

L, = |o~log{§piloLoi/'°}+|o-log(ﬁbO/sT)-s-log(ab)

-B.GBGa(D-Do)-]Z.S, dB (3~8b)
where a is In units of (meters)"]

The results presented In Equations {3-8) are general In
that the vibration reference emission level js not expressed in terms
of a specific metric. That is, Lo could be expressed as a declhel
level in either displacement, velocity, or acceleration and the equivalent
levels wil]l then be exprassed in terms of the appropriate measure,

3.3.4 Dl fference Between Peak and Energy Mean Level

The determination of impact from traffic-Induced
vibration must be made In terms of available criteria. Figure 2-4
presents criteria in terms of the number of occurrences of peak
acceleration level Tn a 24 hour period, |In terms of a single
event vehicle pass-by, the peak vibration level at a distance D from
the roadway 1s glven by Equatlon {3-3} with t=0{j.a., Rlo)=D}. For
a constant speed traffic flow on a roadway of specified roughness, the
heavlest vehicle class will generate the maximum vibration level,
Denoting the heaviest vehicle class by a subscript, I, the peak
vibratlon level is (from Eqn. (3-3)):

L seak™ opt10*10a(Do/D)-20+ og (e)a (D-Dy) (3-9)

where L0 Is the vibration reference emission level for the
heaviest vehicle class in the traffic flow.

Subtracting Equatian (3-7) from Equatien (3-9), the
difference between the single event peak vibration level and the energy
mean vibration level is obtained, For a receiver at a distance D from
the roadway the result is:

i3
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L -~lLe = S-Iog(aD)'IO-log(Dﬁk'T)-IO.Iog{?pilo }~5«log(m)  {3-10)

peak

where A;=L ol-"Loi
Any consistent set of units may be used in Equation {3-10).

Thls result is Important in addresslng complaints
focusing upon a single vehicle type such as buses or other heavy
vehicles passing on a roadway, This consideration will be discussed
further under Abatement Strategies in Section 3.6,

For distances expressed In feet, speed In miles per hour,
and time in hours, the difference between the single event peak
vibration level and the energy mean vibration level for a traffic
flow comprising vehicles of mixed gross welghts Is:

~L,=5¢log(ab)-10+1og (DR/VT)~10+ logfzp, 107417105 76,1 (3-11a)

Lpeak i

where o s In units of (feet)™)
A‘=LOI-L01
For distances expressed in neters, speed in kilometers
per hour, and time In hours, the difference between the single
event peak vibration level and the energy mean vibration level for a
traffic flow comprising vehicles of mixed gross weights Is:

Lpeak-LEFS-log(aD)-|0'Iog(0ﬁ75T)-]0-!og[prIO-QI/‘D}-|2,5 (3-116)

where als In unlts of (meters)"l

Ai=LoI-LoI

3,3.5 Percentile Vibration Level

For traffic noise analysis, the equivalent sound

level and the L), sound level are common descriptors used to evaluate

by
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impact from traffic noise, SImilarly, the determination of Impact
from traffic~Induced vibration may be expressed In terms of percentile
vibration levels. The approach Is ldentical to that used for trafflec
noise analysis (12), '

For dense traffic flows, it s assumed that the distri-
bution of vibration amplitudes durlng a time perlod T Is Gaussian,
(The validity of this assumption appears to be as accurate for
traffic-induced vibration as It is for traffic noise.) The vibration
amplitude distribution is then completely defined by the mean :
vibration level, LSO’ and the standard deviation of the vibration level,

UL.

The mean vibration level ls defined in terms of the

energy mean vibration level and the standard deviation as

2
Lgg = Lg=0.11501 (3-12)

o, = “0/“’1('0))&‘IH(I*K2)=11.3113Y’IH('+K2)
where K, Ts given by Equation (3-1h)
Interms of either the mean vibration level, LSO' or

the energy mean vibratlon level, Le, the percentile vibration levels

are:

L]0 = L50+].280L (level exceed 10% of time)
L05 = L50+I.6ﬁ80L (level exceeded 5% of time) (3-13)
LOI = L50+2'33°L (level exceeded 1% of time)

LO.IE L50+3.090L (level exceeded 0,1% of time)

These results apply to a traffic flow comprising a mixture of vehicles
of different gross welghts.
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For a constant speéd trallic flow, the energy mean
vibratlen level, L_, Is given by Equation (3-7) for any consistent
set of units. As shown in Reference 1, the factor ks (called a

cunulant) is gliven by:

as T/ t s L7102
ko® (T, 10701 ?) /(Ep, 10701 ') (3-14)
Y2uab I i f
where p, is the percentage of the Eﬂtal traffic flow

comprising vehicles of the I~ welght category

Lyy is the ref‘erenﬁe vibration emlssion level for
vehicles of the [N welght category

?.'0, See Equation (3-16) _
a 15 the sofl absorption coefficient {Table 3-2)
N is the total traffic count during the time period T

is the constant traffic speed

w

Is the distance of the recelver away from the roadway

o

Any consistent set of units may be used in Equation (3-14),
(vehicle speed, s, must be In feet per second or meters per second,)

To account for variation in Lo] see Equation (3-16).
3.3.6 Variability of the Vibration Reference Emission Level

The vibration reference emission level, L, must be
establlshed as the result of fleld tests, Section 3.2 describes an
estimation of the acceleration reference emission level, This
result exhibits a variation of approximtely 5 dB., That is, the
estimatlion using elther Equations (3-2) or the design chart of Figure
3~1, Is the expected value of the reference emission level.

As shown In Reference 1 or In Appendix A of Reference
(10), the variability of the reference emlssion level may be con-
sfdered if one assumes that the distribution of values of Lo are
Gaussian. For a regression analysis, the mean or expected value of the
reference emission level, E'O. Is obtalned along with the standard error
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assocfated with the rcgression.l Thus, the value of the reference

emlssfon level is expressed as an energy average as
L = T.+0.1155 (3-15)
o o ' o

The value of L, glven by Equation (3-15) Is the value to be used

in Equations (3-3) through {3-11}. In Equation (3-14), the following
values must be used:

E;i=E;I+O'23OU%I {numerator) {3-16a)
L0[=t5i+o.llso§i {denominater) {3-16b)

For an extimated value aof a°=5, the reference emlssion level 1s given
by

2_._
by = I;+0.l15(5) = [ +2.9 dB
u — 2 —
Ly = L°+o.230(5) = L +5.8 dB

The value of T, for traffic-induced acceleration Jeve! may be estimated
using the results In Section 3.2 or may be based upon slite measured
fleld-test data.

3.4 Potholes and Impact Factors

The results presented in Section 3.3 apply to vehicles moving
along a roadway characterized by a general random surface roughness.
That {s, the roadway surface does not contain any abrupt varfations in
surface roughness such as a pothole, etc. It is common practice in
highway des!gn to express the peak dynamic loading as an impact factor.
The Impact factor Is defined as the ratio of the maximum peak dynamic
load to the static load (13).
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The estimation of traffic~-induced vibration resulting from
bumps Ts presented since such irregularities may result from an inten-
tional design feature of the highway. Also, many investlgators have
used ramps on planks fixed to a roadway to induce and to report
"traffic vibratlon" data.

For bumps or potholes in the roadway surface, the relation
between vehicle speed and the resulting pavement loading is totally

different than that described in Section 3.2. The prediction methods -

for random surface roughness are site specific in that pavement rough-
ness must be estimated. Vehlcle parameters required are the speed and
the gross weight.

For the analysis of vibratlons generated by vehicles striking
bumps several specific vehicle parameters must be known or estimated

.as well as the bump geometry and pavement/subgrade structure. Details

of the development of the results described in these guidelines are
presented In Reference 1.

341 Bump, Vehlcle, and Pavement/Subgrade Parameters

Bump Geometry: The significant bump parameters are the bump
helght, T, and the bump length, %. The helght, R, 1s measured normal
to the local plane of the pavement surface. The length of the pavement
bump, %, 1s measured n the direction of travel. The methodology
presented in these guidelines Is limited to bump geometries that do
not result in significant "tire enveloping' (14). Generally, the
bump helght must be less than 2 inches {50 nm) to satisfy thls
restriction.

Vehicle Parameters: The slignificant vehicle parameters are:

the vehicle speed, S; the static tire load, wo; the tire stiffness, kt;
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and the vehicle suspension system natural frequency, fn. Many of
these parameters can only be roughly estimated. Hence, one may have

to work with typical walues.

The vehicle suspension system natural frequency may be

estimated using the following relatlonship:

T -1 Ry wrard : -
fn = (21) .ﬁf(kt+ksjlws , Hz, (3-17)
where kt is the tire stiffness

ks is the suspension stiffness

ws is the suspension weight (axle, tire, rims, ete.).
g Is the aceeleration due to gravity {ie, 9.807m/52)

For design use the suspension system stiffness is approximately 17%
of the tire stiffness. The suspension welght 1s approximately 123

to 18% of the static wheel load of an empty vehicle. For heavy

" vehicles, Lhe suspension system natural Frequency appears to be

approximately 12 Hz (1), {14}, (15).

Tlire stiffness [s generaily considered to be a non-1lnear
function of load. As an approximation, It appears that for surface
roughness varfations of 2 inches (50 mm) or less that linear tlre
stiffness 1s a reasonable assumptien, There is little avallable
fnformation published concerning typlcal tire stiffnesses. Tire
stiffness varies as a function of internal! pressurization and tire
geometry (16), In the absence of experimental data, the follewling
result may be used to estimate tire stiffness (1):

k = 4 /aD P, 2/3 (3-18)

where ﬁo Is the Internal pressure
d is the tire width or minor diamcter

D is the tlre major diameter
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The tlre geometry is illustrated in the désign nomograph of Flgure 3-4.
This design nomograph estimates the tire stiffness based upon the
approximatlon of Equation (3-18). Neither fquation (3-18) nor

Flgure (3~4) should be used to estimate load-deflection characteristics
for tlres. The estimates do appear, however, to be sufficiently
accurate for trafflc-induced vibratlon calculations.

Pavement/Subgrade Parameters: The effect of a vehicle striking

a bump is to cawuse an impulsive force on the pavement., The pavement/
subgrade sturcture 1s a complex system, However, for dynamic leading
generated by heavy vehicles it appears that somewhat simplificd models

are accurate (1), (17).

The basic¢ pavement/subgrade parameters required to estimate
response to loading are the natural frequency of the pavement/subgrade

" fundamental mode and the "effective' mass of the pavement/subgrade

system,

For rigid pavements the natural frequency of the fundamental
mode of a pavement/subgrade system may be estimated by the relation:

fi = (1/H?) (ke/me}* (1re) 7 (140) y Hz. (3-19)

where kf Is the modulus of subgrade reaction
me is the mass per unit area of the subgrade material
e Is a characteristic pavement/subgrade scale factor

u is the ratio of the pavement mass per unit area to the
subgrade mass per unit.area.
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In terms of englneering constants, the parameters in

Equation (3-19) may be estimated as:

P
ke = Ef/H(I~vf }ome =y H/3g m o= Tphp/g

P
(3-20)
- VIO,I75 -
E 2{1-vp) 73 (/o) b= m/me
Where H is the subgrade depthh {units of length)
hp s the pavement thickness (units of length)
b 1s the pavement width {units of length)

v is the density of the pavement material (force per unit volume)
Yp is the density of the subgrade material (force per unlt volume)
g standard value of the acceleration due to gravity

(9.807 m/s? = 32.17 ft./s> = 386.1 In/s?)

Ef is Young's modulus of the subgrade materlal

{force per unit area)
Vg Is Pelsson's ratio for the subgrade materfal
subserlpt T denotes foundatien (subgrade) and

p denotes pavement.

As for any soll mechanics problem, experimental results
should be used if they are available. As an approximation, representative
values of subgrade material properties are listed in Table 3-3. Table
3-4 1lsts representative values of kf for regions of the United States (7).

The final pavement/subgrade parameter requlred is the effective
welght (or mass} of the system. Based upon the model of Reference 1 and
conslstent with the above results, the effective weight of the pavement/
subgrade system may be estimated by the relationshlip: \

W= 5.5 T b2ZHe{1+p)/3 {3-21)

%  The theory upon which these results is based assumes that H s equal
te or less than b/2. If H is greater than b/2 set it egual to b/2.
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TABLE 3-3

ORDER~OF-MAGNITUDE VALUES FOR SOIL PROPERTIES
AND WAVE SPEEDS BY SOIL CLASSIFICATION SYSTEM

CLASSIFICATION MODULUS. OF ELASTICITY DENSITY  POISSON'S COMPRESS | ONAL TRANSVERSE
SYSTEM WAVE VELOCITY WAVE VELOCITY
UNIFIED AASHO E, Ibs/tn.2 ¥ 1bs/Ft3  RATIO, v ft/sec ft/sec

oW A-1 15,000 - 30,000 130 0.30 848 -~ 1200 453 - 641
GP A-1 15,000 - 130,000 120 0.31 Bo6 - 1267 470 - 665
GM A=1 15,000 ~ 30,000 127 0.32 896 - 1253 hss - 6Ly
GC A=1 15,000 - 30,000 123 0.33 915 - 1294 461 - 652
SW A-2 7,500 - 2,000 .tl20 0.34 668 - 844 329 - 4i6
v 5P A-2 7,500 - 12,000 110 0.35 712 - 900 342 - 432
SM A-2 1,560 ~ 3,000 117 0.36 316 - Lky 148 ~ 209
5C A-2 1,500 ~ 3,000 115 0,36 319 - 459 149 - 211
HL A-3 1,000 - 2,000 107 0.40 305 - 431 124 « 176
ch A=Y £00 - 1,200 107 0.41 246 - 348 96 - 136
oL A-5 200 -~ 600 90 0.42 183 - 281 85 - 104
HH A=t 75 - 500 82 0.43 1o - 284 38 - 99
cH A-7 75 ~ 500 92 0.44 111 - 286 36 - 94

OH A-7 75 82 0.45 127 38
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TABLE 3-4

REPRESENTATIVE AVERAGE SOIL SUPPORT
VALUES USED FOR THE DESIGN OF PAVEMENTS

(REFERENCE 7)

FHWA CENSUS RIGID PAVEMENT
DIVISION MODULUS OF SUBGRADE
REACT ION ke
I. New England 150
2. Middle Atlantic 150
3. South Atlantic North 100
h. South Atlantic South 200
5. East North Central 100
6. East South Central 150
7. Mest North Central 100
8. West South Central 100
9. Mountaln 250
10. Paclfle 200
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where 1 = Dp/kf is the radlus of relative stiffpess of the
pavement/subgrade system
b =E hg /lz(l-us) Is the bending rigldity of the

P P
pavement slab

Ep Is Young's modulus of the pavement materlal

Vo Is Polsson's ratlo of the pavement material

The effective weight (or mass) of the pavement/subgrade
system is the representative '"glob' of materlal forced into motion
by the vehicle dynamic loading. The effective weight of the pavement/
subgrade system is one of the characteristic parameters comprising
the "site constant' of the vibratlop reference emission level given

In Section 3,2,

To assist in evaluating the parameters used in Equations
{3-19) through (3-21), design charts have been prepared. Figure 3-5
presents a nomograph for calculating the modulus of subgrade reaction
based upon Equation (3-20}. Figure 3-6 presents a design chart for
calculating the radius of relative stiffness of the pavement slab
resting on a subgrade, The result of Flgure 3-6 is based upon the
definitions of Equation (3-21).

3.4.2 Impact Factors and Impulse Leading

The impulse loading of a pavement follewing tlre contact
with a bump may be estlmated based upon the concept of a shock
spectrum (18}, Based upon available experimental data {1), the peak
dynamic loading Is modelled as the response of a one degree-of-freadom
vehicle suspension model to a half-cycle sine wave base displacement.
The amplitude of the base displacement Is taken as the bump helght
B and the duration of the forcing is taken.as the time required

for the vehicle to pass over the bump.
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Using this approach, the peak pavement Joading resulting from
a vehicle traversing a bump of length & and height T at a speed V is given hy

Py = ktﬁ'/ {1-v) 0<v < 1/3
Py = ktT{ SIN(2uv/{1+v)) /{1-v) /3 <v el (3-22)
Py = Zk-tﬁ ve £0S (n/2v) / (v2=1) vl

Where v = WV Is the ratio of the vehicle speed to the characteristic
speed
V= Zﬂ.fn Is the characteristic speed

The parameters requried to evaluate Equation (3-22) are
the vehicle suspension system natural frequency, fn (Eqn {(3-170%
the tire stiffeness, k, {experimental values or Eqn (3-18)); the
bump height, h ; and the bump length, &. The characteristic speed

V represents the vehicle speed at which the forcing time £/V

equals the natural perlod Tn = l/fn of the suspension system,

The impact Tactor is obtained by dividing both sides of Equation (3-21)
by the static tire load. To assist in evaluating Equation (3-22) the
design chart of Flgure 3-7 has been prepared,

3.4.3 Favement fiesponse to Impulse Loading
The analysis of Reference ) indicates that the pavement/

subgrade system may be modelled as a multi-degree-of-freedon system.

Further, based upon the range of engineering parameters normally
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encountered In rigid pavement design, it appeais that the fundamental

mode of the pavement/subgrade system may be considered separately

from the higher frequency vibration medes. This madelling approach

‘has been verifled by fleld tests {17},

The peak dynamic pavement loading from Equatlon (3-22) Is
assumed to be constant during the time that the tire traverses the
bump. That 1s, the Impulse forcing of the pavement is assumed to be
rectangular with amplitude P_ and a duratlon of &/V,

The maximum pavement acceleration level resulting from this

impulsive loading is denoted by Lpo and is glven by:

Lo = 201og(|=°)-201og(m+2olog(|5|N(n/z§}‘)|)+s.o,ds(re.lg)(3-z3)

where P, Is the peak impulse load given by Equation (3-22)

W is the effective subgrade mass given by Equation (3-21)
ny
‘l

= V/V 1s the ratlo of the vehicle speed to the
.characteristic speed in the subgrade

q, ".
v =21,

The acceleration level given by Equation (3-23) is an estimate

of the pavement response. This estimate must be adjusted for distance

between the source {bump) and the receiver location.

From Equation (3-3), the approximate recelver peak impulse

tevel 15 estimated as:
LPr = LPO-IOIog(D)-Zolag(e)nD {3-24)

where Lpr is the peak impulse level at the receiver

D Is the distance between the bump and the receiver,
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The frequency content of the Impulse loading will be much
lower than that generated by randem surface roughness. Also, the
values of « approprlate for use in Equation {3-23) are gencrally
lower than the values given in Table 3-2. For guidance, the values
for @ given In Table 3-2 may be divided by 3 to indlcate the low
frequency content of the [mpulse excitation, That is, impulse ground
vibrations generated by bumps will attenuate less rapidly with distance

than random giround vibrations generated by rough pavement.

Considering the low frequency content of the impulse
acceleration level, building response to the impulse Is quite similar
to a very short duration Tow level earth tremor. Due to the short
duration of the Impulse, building ampliflcation of the vibration may
be less than that resulting from traffic moving aleng rough pavement (19},

3.5 Bullding Amplification and Criteria Levels

The results of Section 3.3 and 3.4 provide guidelines for
the predictlon of trafflic-Induced vibration at a location away from
the highway allignment. This location correspends to the foundation of
a bullding. The receiver or bullding occupant is assumed to be on
the building Interior. Hence, the levels predicted for the foundation
excitatlon must be adjusted for building amp)ification,

3.5.1 Expected Levals for Bullding Amplification

In the absence of fleld measured data, 1t is possible to
estimate the expected amplification of ground vibration by building
structure, The estimate of bullding ampl!fication of traffic-induced
vibration is based upon the work of House (3), Toklta (20), and
Rudder (1). The nature of the building amplificatlion facter, as
used In these quidelines, is a simple addition of dB levels. For
example, if the acceleration level at the foundation of a building is
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estimated to be ~70 dB (re.lg) with an amplification of +10 dB

(re. ground vibration level) for floors, the estimated building fleor
acceleration level would be -60 dB (re.lg}. Flgure 3-8 presents a
plot of bullding ampl!flcation versus probabllity of notL exceeding
the ampllfication. The type of buliding structure considered hy

the data of Figure 3-8 is a frame residential house (20}). The

shaded areas Indicate the degree of data scatter. As Indicated In
Flgure 3-8, negative amplification {attenuation) of the ground
vibratien is possible but not very probable.

The building amplificatlon of traffic-induced vibration
appears to lpcrease with Increasing building storeys. For a one
starey house the floor ampl!fication ranges from ~5dB to +15dB. For
a two storey house, the first floor amplification ranges from
~5dB to +10dB. For the second floor, the amplification ranges from
~5dB to +15dB. As a conservative limit, a +15 dB amplification may

be assumed.

Wail vibration may be expected to be on the order of
magnltude of the floor vibration. Considering the room to be a box,
the wall vibration will be in the same ratio as floor vibration as
the celling height is to the floor dimensfon norma! to the wall. For
example, a 12 ft. x 15 ft. (3.7 m x 4.Bm) room with an 8 Ft. (2.4 in)
celling might be expected to have a wall amplification of 8/12 = 0.667
(3.5 dB) for the 8 x 15 wall and an amplification of 8/15 = 0,533
(-5.5 dB) relative to the Floor (21).

The results of Figure 3-8 are generally applicable to
buildings adjacent to roads wlth randon surface roughness. For
impulse excltatlon resulting from vehicles striking a pothole, it
can be expected that the building amplification may be less than that
indicated In Figure 3-8. Until addltiona! fleld measurcments can
refine the data, !t is recommended that the values of Figure 3-8

be used,
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The application of the criteria presented in Flgure 2-3
requires the estimatien of the ground vibratlon spectra at the
building foundation and the adjustment of the spectra based upon
the dynamic characteristics of the building, Vibration analysis
of extremely complex structures Is possible using large computers.
Bata (22} indicates such an approach. It is conceivable that
formulating input data and conducting calculations that may be
approximate - at best - could cost more than the value of a typical
resldence, Hence, the guidelines for bullding amplification factors
appear both pracltcal and appropriate,

In general, building response to traffic-induced vibhration
appears to be non-resonant forced vibration., The ground vibration
excitation appears generally as a transient harmonic oscillation for

hlghway sources characterlzed by random surface roughness. Figures 2-6
through 2-8 are typical results (pages 25, 27, and 2B). The excitation

frequency of the traffic~Induced vibration is generally less than

the expected fundamental frequency For floor vibration., The building
response is then controllad by the structural stiffness. Thls i,
perhaps, why 2nd Tleor amplification factors Indicated in Flgure 3-8
are greater than values for the first floor.

3.5.2 Threshold Levels for Perception

The determinatlon of the effects of traffic-induced vibration

requires the application of criteria levels related to the measurement

metric used. These guidelines use the acceleration level, expressed
in dB (re. lg).
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The criterla curves presented in Figure 2-3 (page 13)
indlcate the frequency dependence of human response to vibration.
Each curve describes an "acceptable" limit for the indicated activities.
There can be little doubt that exceeding these limits will result in

camplalnts.

The use of the criteria presented in Flgure 2-3 indicates
that a lower limiting value of -70dB (re.lg) 1s perhaps an appropriate
threshold 1imit for deslgn use. |In the frequency range applicable to
random roadway roughness (5Hz to 20 Hz) thls design limit will allow
a margin of safety of approximately 3 dB to 12 dB in evaluating impact,

The criterla curves in Figure 2-3 represent the 'combined
worst case X,y, or 2 axis' criteria of Reference 2, In the terminology
of human response to vibration, the x-axis is the back-to-chest direction,
the y-axis Is the right-to-left side direction, and the z-axis I5 the
foot {or buttocks)-to~head direction. That Is, the criteria

cons bder human postures of standing, sltting or lylng down.
3.5.3 Threshold Levels for Potentlal Building Damage

The criteria curves presented In Figure 2-3 {page 13)
Indicate the frequency dependence of building structual damage
potential. The criteria are based upon the recommendations of
Reference (2). Each curve represents a curve of constant velocity.

The threshold for structural damage |s taken as a constant

velocity of 2.5 mn/s. This constant veloclty corresponds to an

acceleration level of

L o(f) = -55.9 + 201og(f) dd{re.lg) (3-25)

where f Is the frequency in Hz.
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The region Tn Figure 2-3 labeied "Damages Very !mprobable
covers the velocity range between 2,5mm/s and 6émm/s, The 1imiting
velaclty of 6mm/s corresponds to an acceleration level of

Ly (f} = -48.3 + 2010g(f) d8(re.lg) (3-26)
where f Is the frequency in Hz.

The region in Flgure 2~3 labeled ""Minor Damage Possible"

covers the velocity range between 6mn/s and 10mm/s. The limiting

velocity of 10mm/s corresponds to an aceeleration level of
Lsz(f) = ~43.9 + 201og(f) dB(re.lg) {3-27)

where f is the frequency In Hz.

The region in Figure 2-3 labeled ''Structure Damage Pcssible"

covers the velocity range from }Omm/s to 50.8 wn/s. The 50.8 mm/s
Itmit Is the 2.0 in,/s "Safe Blasting'" limit used by the Bureau of
Mines U. $. Department of the Interior. The limiting value of

50.8 mw/s corresponds to an acceleratlon level of

LS3(f) = ~29.7 + 20log(f) dg{re.lqg) (3-28)
where f is the frequency in Hz,

Based upon complaint data, the nature of alledged bullding
damage resultlng from traffic-induced vibration is geperally related

to cracks in plaster, wall board, and separated grout around ceramic
tlles. More serfous complaints have alledged cracking of bloek and

B T AT T L gt = L TRt T e TadTe

SRR

brick walls, Trafflc-induced vibration has cven been hlamed for broken
water plpes in residential yards {opinion of the plumber} and for broken
dlshes In a china cablinet {opinien of police investigating a vandallsm

call),
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Except for vehicles leaving the roadway and striking a
bullding, it does not appear that traffic-induced vibration can cause
bullding damage on @ single event basis. Any potential for building
damage, it at all possible, can result only in a long-term exposure
to repeated vibration excltatlon from both within and without the
bullding,

The criteria curves of Figure 2=k {page 18) indicate
constant acceleration levels for the threshold of bullding damage,
These criteria are based upon the number of intrusions of vibration
per day. In Figure 2-4, the acceleration Jevel of -26dB (re.lg) Is
taken as the '‘damage threshold for sensitive structures'. This
accelaration level corresponds to the 10mm/s upper Iimit of the
""Minar Damage Passible' range of Flgure 2-3 for frequencies around
10Hz. In Figure 2-4, the acceleration level of =20 dB (re.lg) Is
taken as the ''damage threshold for normal resldential structures
with plastered cellings and walls'’. This acceleration level
corresponds te the lower range of the "Structure Damage Possible'
range of Flgure 2-3 for frequencies around 10Hz. Hence, the criteria
of Flgure 2-4 may be too lenlent with respect to long-term buildling
exposure to low level traffic-induced vibration.

Based upon the criteria of Figure 2-3, a lower limiting
value of =35 dB (re.1g) has been indicated in Figure 2-4., The =35 dB
limit is recommended as a threshold for traffic-induced vibration
based on a structural damage potential for long~term exposure. This
threshold level is an engineering judgement and Indicates a limit
above which the highway deslgner or planner should exercise cautlon,

The recommended threshold acceleration level of =35 dB {re.lg)
fs at least 35 db above the lower limiting perception level for human
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aﬁénoyance. The highway planner or designer can be assured that very
strong complalints will be received before the =35 dB level Is
encountered. (The highest overal) acceleration level recorded during
the Reference | study was a peak of =24.4 dB with an rms level of

-39.8 dB. This data point was for the same accelerometer and

locatlon as given in Figure 2-7. The building vibration was totally
dominated by response te truck generated acoustlc noise {airborne path)
above 100 Hz. The building response to the traffic-induced ground
vibration was -76 dB (spectrum tevel) at SHz,

3.6 Abatement Strategies for Traffle-Induced Vibration

There appears to be no ready solutlon that generally
applles to the abatement of traffic-induced vibrations. Each situation
must be treated as a special case. From a highway planning and design
standpoint, these guidelines provide a rational methodology for
assessing the potentlal for adverse impact from trafflic-induced
vibration. The hlghway designer can estimate the effects of traffic-
Induced vibration in the planning stage.

For engineers and public officlals faced with Immedfate
complaints, the best and most economlical abatement strategy appears
to be a rapld application of good public relations. As with any
publlc rejations approach, the complaint should be followed by visible

action as soon as possible,

Pubiic officials are apparently reluctant to admit that
trafficeInduced vibration problems exist {1). This is an understandable
attitude since courts in the Unfted States have awarded compensation
to plantiffs alledging building damage resulting from trafflic-induced

vibration. (A legal summary is provided In Appendix 1il of Reference 1).

Before 1976, there was almost no quantltlve Information concerning the
characterlstics of traffic~induced vibration. Hence, doubts conerning
the appropriate strategy to use for the abatement of traffic=induced
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vibration are understandable. Hopefully, these guldelines will
dispel many of the uncertalnties assoclated with traffic-induced
vibrations, That is, structural damages resulting from traffic-
induced vibrations do nol appear to be a highly probable situation.

For the purposes of these guidelines, abatement strategies
are classified as Active Strategies, Passive Strategles, and
Defensive Investigations. At some point, field measured data may
be required, The topic of measurement of traffic-Induced vibration
is discussed in Section 4 of these guidelines.

3.6.1 Active Strategles

Active strategies for abatement of traffic-induced vibration
are basically related to the englneering parameters characterizing
the problem. As discussed 1n Section 2 of thesa guidellines, the
englneering parameters characterizing the traffic-induced vibration

problem are:

Traffic parameters
Pavement/subgrade parameters

Propagation parameters

Bullding parameters

The highway engineer or planner controls the traffic and
the pavement/subgrade parameters, Building parameters can only be
controlled vla local building codes, There appears to be little
beneflt gained by attenpting to alter the source-receiver propagation
characterlstics either on or off the highway rlght-of-way.
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Pavement Smoothness: The first conslderation for the

abatement of trafflc-induced vibration is the destgn, construction,
and maintenance of smooth roadway surfaces. Potholes, bumps, ripples,
etc, in the pavement surface can result In perceptable vibrations in
bullding adjacent te the highway. Abrupt pavement discontinuities on
the arder of 1/2 inch (13mm) may be sufficient to generate perceptable
vibration in buildings adJacent to the hlghway, These effects are
described in Section 3.4.

Even smooth highways (P5R=3.0}) may exclte perceptable ground
vibratien at the edge of the roadway., (See Figure 3-1, Page 34).
Basad upon the estimate of Figure 3-1 on Equations (3-2), repalring
a roadway surface from PSR=1.0 to PSR=3.0 would be expected to abate
traffic=induced vibration appreximately 8 dB for all vehicle weights

and speeds.

Vehicle Speed and Welght Requlation: As described In

-Sectlons 3.2 through 3.4, vehicle speed and welght are primary

variahles for the traffic~induced vibration problem. Vehicles
striking potholes or other types of bumps induce high impact loading
on the pavement., This loading is very dependent upon vehlcle speed,
welght and suspension stlffpess parameters. More important, however,
Is the fact that the high pavement loading results in a continued
rapid deterioration of the pavement surface. Hence, a smooth

roadway surface may rapidly become very rough and the potential for
increased probability of traffic-Induced vibration exfsts,

For random read reughness, the level of traffic~induced
vibration appears to be a continuous function of both vehicle and
vehlcle weight., Vehic¢le speed appears to be a function of the
pavement roughness. The results of Equatfon {3-2) Indicate that
decreasing posted speed limits by one-half may abate traffic-induced
vibration approximately 5dB. This change in ground vibration level
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and the resulting decrease in building vibratlon levels may be quite
significant. However, for roadways with posted speed limits of 40
miles per hour (64 km/h) or less, decrecasing the spoed 1imit may
increase the traffic nolse generated on the highway., As described
in Sectfons 2.3 and 3,5, traffic-noise may induce hligh=frequency
{above 50 Hz) bullding vibratfon. Heavy vehicles regulated to

move at low speeds may aggravate a sensitive sltuatlon rather than

resolve the problem.

Weight regulation of vehlicles on the roadway is another
potential abatement strategy for traffic-induced vibration. Heavy
vehicles on a roadway are the focus of attention in traffic-induced
vibration situations. Based upon the results of Equation {3-2),
decreasing gross vehicle weight by factor of 2 would be expected to
abate traffic-induced vibratfon 3dB. This may or may not be sufficient
to resolve the problem. |If heavy trucks of 50 thousand pounds
{22.7 thousand kg) gross welght were prohibited from a roadway, it
Is possible that buses and medfum trucks of approximately 25 thousand
pounds {11.3 thousand kg) would be "identifled'"' as the annoyance

source since peak ground vibration levels would decrease only 3dB,

A combipation of vehlcle speed and weight regulation aimed
at abating trafflc-Induced vibration may be possible. The particular
combination of vehicle speed and weight regulation can only be assessed
on a local basis. The methodology of these guldelines will hopefully

assist in this respect.

Requlation of vehicle weight on a roadway implies a possible
re-routing of traffic flow, If such re-routing is a practical
alternative, based upon local condltions, the planner must ensure

that he does not create or aggravate a problem along the alternate route.
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Trenches and Berms: For highway trafflc noise, one potential

abatement method Is the construction of barriers or berms along the
highway, The effectiveness of a noise abatement barrier depends, In
part, on the source height relative to the top of the barrler and on

the source nolse spectrum (wave length) (10).

A trench cut in the ground is the aboatement analogue of a
nolse barrier for traffic-induced vibration, As s the situation for
nolse barriers, the effectiveness of trenches depends upon the source
Halevation'' relative to the bottom of the trench and the vibration source
specturm {wave length). The design of trenches for vibration abate-
ment 1s a highly specialized talent (4}. First, trenches must be
designed based upon the wave length of the Incident vibration. The
wave length is equal to the propagation speed of the vibration
divided by the frequency of the vibratien.

The vibration propagating away from a roadway s complex
In nature, but it appears that the Rayleigh (R} wave 1s the more
dom!nant wave associated with the traffl¢-induced vibration problem.
The Rayleigh (R) wave essentlally propagates at the transverse or
shear wave speed of the soil (See Table 3-3, page 53). Typically,
these propagation speads are from 150 ft/s (46 m/s) to about 600 Ft/s
(183 m/s).

The general frequency range for traffic-jnduced vibration
is from 5 Hz to 20 Hz with 10 Hz a typical number. Hence, the wave
lengths for vibrations generated by highway traffic appear to be on
the order of 15 feet (4.6 meters) to 60 feet (18.3 meters) based
vpon the 10 Hz excltation frequency,

Trenches are vsually considered effective if the amplitude
of the vertical surface motion Is reduced to 25% of the no-trench
conditton (12 dB attenvatlon) within a semlcircular area with a radius

of one-half the trench length centered on the trench length, For

72



A A LW i — e . bt oot & e

e B AR S A

{1

i

]

L

i

3

1

-

1

example, a house with overall plaﬁ dimensions of 40 feet by 30 leet
(12.2 m by 9.1 m) lecated 30 feet (9.1 m) from the roadway would require

a trench approximately 150 feet (45.7 m} long to isolate the house. The
depth of the trench would have to be scaled based upon the wave length
of the Rayleigh (R} wave. Typically, the trench depth should he 1.2

to 1.5 wave tengths mininum {4). For traffic-induced vibrations,
assuming a 15 foot (4.6 meter) wave length, it appears that the trench
depth should be approximately 18 feet (5.5 m} te 22.5 feet (6.9 m),
Hence, to isolate the house the trench would have to be approximately
150 feet (45.7 meters) long and about 20 feer (6.1 meters) deep.

Trench width does not seem to be too important as related to

attenuation,

Other than the obviocus practical considerations of constructing
and maintaining a deep trench, one must consider the potential for
traffic nolse to flank the trench and Induce high frequency building
vibration. The high-frequency building vibration may or may not be
perceptable, but the resulting ""rattles” may be annoying.

Berms, contrary to the analegy of barrlers and trenches,
prasent the possibility of attenuating both traffic noise and
traffic-induced vibration (&), By raflecting and scattering
Incldent Rayleigh (R) waves, berms may be used to decrease the
amplitude of traffic-Induced vibration. One propsoed use of berms
as an abatement measure (23} Indlcates an approximate attenuation of
! dB8 per each 1/4 wave length Increase In topographic relief between
the source and the receiver. For trafflc-induced vibration, /b
wave length Is approximately 4 feet (1.1 meter) to 15 feet (4.6 meter).
That is, for terrain that is generally flat between the roadway and
the recejver, a berm of approximately 20 feet (6.1 meter) in height
with an Included angle of approximately 60° might attenuate traffic-
induced vibration about 3 to & dB. Depending upen the size of the
building or buildings to be isolated, the length of the berm would
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have to effectively screen the bullding. As with any problem dealing
with wave propagation in a real-world situation, exlenslve localized

testing and geotechnical consutting would be required prior to
inttiating such a projeect,

3.6.2 Passive Strategies

Passive Strategies related to traffic-induced vibration are
properly a form of public relations. The success of these strategles is
based upon recognition that traffic-Induced vibration is generally an
annoyance problem. The extent to which a public agency may be able to
address complaints is a local issue, However, some cities assign an
individual as a public works ombudsman just to address issues such as
traffic-induced vibration complaints. Public transit systems have
uitlized retired drivers to visit residences to help identify situations
In which speeding buses have generated complaints of traffic-induced
vibration. Ap ombudsman can see that street repalirs are expedited and
improper operation of vehicles such as speeding can be minimized.

The main point Is that the complaint is addressed as quickly as possible
and that the persons complaining know that semething Is beiny dane,

3.6.3 Defensive Investigations

If a preliminary investigation Indicates that normal road
malntenance and/or other forms of public relations do not result fn
adequate abatement, defenslve investigations may be In order. Alleged
bultding damage usually is of the form of cracks and annoyance 1s usually
retated to “rattles" of building contents,

One need not use instruments to perceive traffic~induced vibration,

By standing on the edge of the roadway as a vehicle passes by, one
may be able to perceive ground vibration. Due to the Jow levels of
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ground vibratlon generated by traffic, [t may be necessary to stand

a long time so that several heavy vehicles pass. If ground vibration
is felt at the edge of the roadway and the receiving building Is
within approximately 100 feet (30.5 meters), the vibration In the
bullding may be great enough to be considered highly annoying.

If traffic-induced vibrations are not perceptable at the
edge of the roadway and the recelver 1s within approximately 50 feet
{15.2 meters), the vibration In the building may still be great
enough to cause a high level of annoyance. (See Figure 3-8).

Eventually, one may have to enter the building elther to
observe or to measure traffic-induced vibrations. This is an
absolute technique for assessing perception to traffic-induced
vibration. As {s the case with roadside observatlons, it may be
required te observe a long time peried to evalute the effects of
several vehicles passing the bullding., Perception, If it occurs,
will be quite similar to rattles and vibrations resulting from people
walklng about the house. As a practical matter, never take wrltten
notes during the observation period In a house. Always remain
courtesus and in all cases, Inform local police of your activity prior
to standing by a road for a long time In a residentlal neifghborhood.

To evaluate the relative significance of alleged buflding
damage, It 1s advisable to survey the building and to determine the
general type of construction and bullding age. |f complaints reach
the point of potential litigation, survey bulldings in the same arca
of similar construction and age that are not exposed to heavy vehicle
traffic., Compile the data to determine any similar forms of damage
or deterforatiaon that may be related te building age and normal

environmental factors.
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One aspect of good public relations Is the actual measurcment
of traffic-induced vibration In a building, There appears to be a
positive attltude effect on the part of the complaining public In
sceing technical measurements being taken, In particular, use instru-
mentation that has at least a direct indlcating meter. Much to the
surprise of the resident, you can show Rim that normal houschold
activities will cause building vibratlen at least on the order of
magnltude of trafflie~Induced vibratlion. This may appear to be a
Y'snake of1'' treatment; however, any data measured may well be available

to the public in any event. Do nothing yourself to "induce' building

vibration, Let the resident see what happens as a result of his normal
dally activities. 1In particular, it may be nacessary to ask a resident

to turn off major appliances such as washers and dryers and airconditioners

so that good traffic-induced vibration data may be obtained. Measure-
ment and analysls of traffic-induced vibration is discussed in Section 4.
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4,0 MEASUREMENT AND ANALYS1S OF TRAFFIC-INDUCED VIBRAT|ON

The measurcment and analysis of trafflc-induced vibration is
identlcal in concept to acoustic {airborne) traffic nolse measurements.
Trafflc-generated nolse and traffic-induced ground vibration bath com-
prise a source-path-recelver scenario, The main differences belween

noise measurements and vibration measurements arc related: to test docu-

mentation and to detail instrumentation requirements. Test methodologies

for traffic nolse measurement are rather standardized (24}, For
traffic=Induced vibration, however, standardization of detail test

methadologies is non-existent,

The measurement and analysis of traffic-induced vibration
must also recognize the purposes of the tests. Basically, the various
types of tests that may be performed are categorized as:

® Source Emission tests: Verify the nature of the highway
as a source of environmental vibration, The results are
comparable to Equation (3-2) for traffic-Tnduced vibra-
tion and to the results of References 24 and 25 for
trafflc noise.

‘& Propagation Tests: Verlfy the nature of the vibration
propagatlon away from the highway. The results are
comparable to Equations (3-3) and {3-4) for traffic-
induced vibration and te the results of References 24
and 25 far traffic noise.

® Building Response: To verify the relative amplificatlion
of traffic~induced vibration by the building structure.
The results are comparable to Figure 3-8 for traffic-
Induced vibration and of Reference 26 for traffic nolse,

e Criteria Evaluation: To establish the validity of com-
plaints and/or potential litigation related to traffic-
Induced vibratlon., The results would rely upon criteria
such as presented in Figures 2-3 and 2-4, The comparable
criteria for traffic noise are generally accepted.

Tests related to source emission, propagation, and bullding
response are basically research-oriented in thai the results would
apply to refinement of prediction models. Tests for criterfa evaltuatlon
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are, however, the key Issue and depend upen the engineer recognizing

S

" and quantifylng the many aspects of traffic-induced vibration. The
present lack of a documented and standardized data base fer traffic-
induced vibration ls, perhaps, the most salient aspect of this problem,

Accurate measurement and reporting of test data for complalnt assess-
ment and/ar eriteria evaluation ts the Issue. However, data collected
and reported as a result of complaint assessment could form a basis
- for future refinement of prediction methods and criteria evaluation,

- Traffic-induced vibration appears, at the present, to be a
ot s{te speclfic problem. That is, the various parameters relatlng the
source emissions, vibration propagation, building response and criteria
evaluation are localized data., These baslc parameters appear to be:

£}

® SOURCE
{2) vehicle Data ~ Gross Welght and Speed®
{b) Pavement Data - Surface Roughness and Structural Detaf]s¥

(¢} Subgrade Data - Dinsity and Stlffness
(See Tables 3-3 and 3-4)

o PROPAGATION
{a) Scil Data and/or "Loss Factors'' (See Table 3-2)

ik iIZ1

P

?

f G {b) Site Topography (See Section 3.6.1)

i_ ® BUILDING RESPONSE

P M (a) Classification of Structure {Frame, Masonry, etc.)

g = {b) Age of Structure

' " (c) Measurement Lacation (Storey, floor, etc.)

| i

: - The above s not necessarily a Yshopping list" of everything that may
__' or may not be very Important at a site, However, Lhe conduct of fleld

tests of traffic-induced vibration may require a rather extensive and

.

thorough slte documentation. Available data, however, seem to indicate

[

H

[

% The theory of Reference 1 indlcates detail vehicle dynamic parameters
required to evaluate vibration source emissions,

e £ 11 L g 2 W PRy o YT
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that large site-to-site variations in levels of traffic~induced are not
readily apparent, Hence, the quantitative effect of varying a single
parameter s not immediately evident in the form of potential abatement
and/or retiel from traffic-induced vibration {(See Section 3.6)., The
copbination of heavy vehicles, rough pavement, and residentlal struc-
tures close {100 feet or 30.5 m) to the pavement are the basic

ingredient for a complaint.

These guidelines are prepared to provide genaral direction
to the measurement and analysis of trafflc-induced vibration data,
The specific nature of traffic-induced vibration is addressed in des-

cribing instrumentation and appropriate methodeology for data reduction.

LT | Instrumentatlion Operating Envelope and Characteristics

The general characteristics of traffic-induced vibration are
the form of a transient forced vibration. The duration of the signal
Is typleally 5 seconds or less, The frequency content of the data is
generally discrete — almest pure tone — in nature, For ground vibra-
tion induced by highway traffic, the frequency range containing
signiflcant data Is 2 Hz to 50 Hz. The generation of traffic-Induced
vibratlon above 50 Hz appears to be related to acoustic (airborne

path) neise from the traffic.

Typlcally, the amplitude range required for monitoring traffic-
Induced vibration will be from 1074 9rms to 1071 9rps (-80 to -20 dB
(re. 1 grms)). Since vibration instrumentatlion may be elther displace-
ment-sens{tive, veloclty-sensitive, or acceleration-sensitive, the
tnstrumentation operating envelope for traffic-induced vibration
measurements s presented in the format of Figure 4=1. In Figure k-1,
the horizontal axis is frequency and the vertical axis 15 veloclity In
meters/s. Axes for displacement in meters and acceleration in
meters/s? are Indicated, The shaded area ls a recommended operating
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envelope required for instrumentation used to monitor traffic-induced
vibration. All elements of an Instrumentation system (transducers,
amplifiers, meters and/or recorders) should exhibit linear frequency
response® within this envelope. A 40 dB dypamic range on instrumenta-
tion is qulte adequate to characterize the data. A geood basic technical
discussion of seismic Instrumentation s presented in Chapter 9 of

Reference 4.

The interpretation of Figure 41 Is really quite simple.
For a pure sine wave of frequency f=w/2r Hz, the magnitudes of the
vibration displacement, velocity, and acceleraltion are related as

follows:

o Veloclty (X) and Acceleration {X) in terms of Displacement (X);

X =wX = 2ufX X =X = (2rf)2x (4-1a)

® Displacement (X) and Acceleration (k) in terms of velocity (i):
X = XA = X/(2rf) X =X = 2qfX (4-2a)
o Displacement (X) and Velocity (X) In terms of Acceleration (Y):

X = Xfw? = X/ (20F)2 X = Xho = X/ (20F) (h-3a)

The underlined expraessions In Equations (4-1)} and (4-3) are the relation-
ships used to relate the displacement and acceleration magnitudes to
velocity in Figure h-1. Hence, depending upon the type of transducer
employed, equipment may be selected to measure traffic-induced vibration
data [f the operating characteristics comply to the envelope presented

In Figure 4~1. The user must remember that the criterla presented in
Figures 2-3 and 2-4 arc based upon acceleration. By measuring either
displacement or veloclty Instead of acceleration, the frequency centent of
the vibration data must be determined to use the acceleration criteria

dlrectly,

% An cxceptlon is taken In the case of the frequency weighting charac-
teristic for acceleration described in Reference 2,

N
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Concerning the requirement for frequency analysis of traffic-

induced vibration, the discrete frequency nature of the data simplifies

the analysls reguirements considerably, Figure 4-2 presents a typlcal

acceleration time-history for the vertical component ground motion at

a distance of 25 Feet (7.62m) from the cdge of the pavement. The

record is for a heavy Lruck passing by at 35 miles per hour. The ver-

tical axis is acceleration Tn "gravity units' or "g's", The horizontal

axls Is time in seconds. By counting positive or negative peaks per

second {one positive and one negative peak per cyele) one obtalns an
estimate of 8 or 9 cycles (peaks) per second. Hence, an oscillegraph
record Is quite adequate to estimate the general Frequency characteris-
tics of traffic-induced vibration provided that the 50 Hz upper Frequency

limit in Flgure 4-1 is recognized. This limit {s recommended so that

high~frequency noise-induced vibration does not contaminate the data
(See Figures 2-7 an 2-8) and preclude a simple form of frequency
analysls such as described above. The 50 Hz upper frequency limit can

be achieved by Tnserting a low-pass filter in the Instrumentation,

Figure 4-2 introduces some terminology common to vibratlon

engineers, The terminology Is as follows:

o Peak Amplitude, X jzak: Elther the maximum value or the
minimam value of tﬁe oscillation in one cycle. For
transient data, such as Figure k-2, the peak amplitude
will denote the maximum value during the entlire time
record,

o RHWS Amplitude, Xpms: The root-mean-square value of the
vibration amplitude. For discrete frequency data the
rms amplitude 1s, ideally, Xpps = xpeak//f.

\ . 4
The parameter, X, ds used above way denote either a displacement, velocity,

or an acceleration amplitude,

Vibration data may be expressed in decibel unlts just as the

common practice for noise analysis, The vibration data is then called

a vibration level in dB, The vibration teve! |5 deflned as:
L = 1010g(X/X)%  dB (re. X) (4-2)
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- where X denotes elther a displacement, velocity, or acceleration
- ¥g denctes a reference value of displacement, velocity or
acceleration,

;|
= The usage of the dB secale for vibration data Is quite prace
fﬁ tical. Howevar, the reference value must always be quoted — especially
- as to whether the value ls a peak amplitude or an rms amplltude, The
! above should not appear confusing; especially if ane considers that

: traffic noise monitoring is really the analysis of transient vibration
- of the alr with noise levels referenced to an rms pressure of 2 x 1075
_: N/me.
™ '
tj For vibration data characterized by a discrete frequency

signal, the vibration Jevel is called a spectrum level. The spectrum

H? level is the Tevel in a frequency bandwidth T Hz wide. The vertlcal
- scale in Figures 2-6 through 2-8 is in units of “glez“ or power per unit

bandwidth, The spectrum level is slmply ten times the logarithm of

The total power of the signal between any two frequency
The

13

this number.
Jimits is the area under the spectra between the frequency limits.

low frequency content of traffic-induced vibration data is the important
1f Instrumen-

IR O 1, P O

[

characteristic (See the Criteria of Flgure 2-3). Hence,
tatlon Js sensitive to high frequency components, the high frequency

1

L

data will dominate the total power and obscure the low frequency data.

£

For the measurement of traffic-induced vibration, a low-pass filter

with an upper frequency Ilmit of 50 Hz allows the use aof the overall

vibratien level as a single number metrie for criteria evaluation,

£213

This conclusion Is based upon the general observation that traffic-
t
induced vibration, as measured on the ground or iIn buildings, Is almost

a discrete frequency or 'pure tone'' signal,
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For example, the inset in Figure h-2 indicates a level

recording of the data fo the time-hlstory. The vibration level 1s

expressed In dB (re, 1 grpg) and represents the averall vibratlon lavel

from 2 Hz to 1000 Hz. The maximum vibration level is -50,5 dB {re,

V gpps) or:

L /20
max _ -50,5/20 _ -3
a = a 10 = {1)10 = 2,985x10 9rms

max

The maximum rms acceleration is converted to the maximum peak accelera-

tion by mitiplying by v2 te obtain:

= -3
] = | +
3reak 72 Bpax = 1222110 9neak

-3,2
and L peak = 10109(4.222:107) = 47.5. B (re. 1 g, ).

From the time-history of Figure 4-2, the maximum peak acceleratian Is

+0.005 and -0.0045 g. Hence, the assumption of a pure tone signal

appears appropriate for the conversion of rms values to peak values,

If 1t is required to conduct frequency analyses of traffic-
induced vibration data, the transient characteristics of the data must

be recognized. The inset in Flgure 4-2 Indicates that the acceleration

data within 20 dB of the peak persists for approximately 5 seconds.
For trafflic nolse data (258}, the duration of traffic noise level during
noise emlssion testing 1s typically on the order of 2.5 seconds to
Hence, averaging time of the frequency analyzer

the 6 dB down polints,
It is recommended that, if a frequency analysls

must be considered.
of the data is required, the maximum band levels during the transient

be reported., Due to the low frequency content of the data, 1/3 Octave

Band analysls [s the widest recommended [1Tter bandwldth approprliate

for the trafflc-induced vibration problem, Such analysis techniques

imply tape recorded field test data similar to that used for trafflc
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noise testing, The low frequency content of the vibration data requires
FM recording rather than direct recording commen to noise analyses (27).
Figure -3 illustrates a typical data recording system for monitoring
traffic neoise {direct record channel) and traffic vibration [FM

record channel},

.2 Hulti-Channe!l Instrumentation Requirements

The requirement for multi-channel instrumentation to monitor
traffic-induced vibrotion depends upon the purpose of the tests and the
available Instrumentation budget, To conduct propagation tesls and
bullding response tests, simultaneous measurement of vibration data at
separated locations is required. Whether or not this Is best achieved
using several single-channel systems or a single multi-channe! system

Is probably personal preference,

The total description of seismic vibration requires the
measurement of three components of the ground motion: longitudinal,
transverse, and vertical (4). For surface (Rayleigh) wave propagation
the vertical component is the greatest in magnitude and attenuates most
slowly with distance (4), (28). Additionally, the theory of wave pro-
pagation in simple elastlc systems is mathematically complex and
experimental veriflication Is difflcult. By comparing rclative magni-
tudes, it appears that bosing experimental results on only the vertical
component of the ground motion could, at most, result In an error of
approximately 3 to 4 dB for an ideallzed test, One must remember,
however, that the vehicle dynamic forcing of the pavement and the pave-
ment response is deminantly in the vertical directlon, Further, the
forclng and the response of the pavement is a random process and when
viewed by @ Fixed instrument iocation adjacent to the pavement is a
non-stationary randem process, Hence, the simultaneous measurcment
of three-component ground vibration at a single location should not be
a dominant consideration in determining multi-channel Instrumentation

requlrenents far traffic-induced vibratien. |t appears that the measure-

ment of traffic-induced vibration requires only the vertical component
of the ground motion.
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From a practical standpoint, each transducer should have an
- Independent amplifier and indicating meter. The amplifier Is required
to set appropriate levels for cach channel and the Indicating meter is
L to cnsure good signal quality during the test. The amplification should
i cover a 40dB range so that when coupled to the transducer sensitivity,

peak levels fall in the operating envelope of Figure %-1. A dypamic range

1
i

e
i of 40 dB for each channel appears to be very adequate for the traffic~
- induced vibration problem,
!
et 4,3 S{te Data to be Recorded
- The basic data to be measured to document vibration induced
— by hlghway traffic are:
& Maximum or peak vibration level
i a s Dominant Frequency of vibration
ot
. E e Duration of vibration above a level AdB below the
.- t rH peak {10 dB minimum).
% il '
; E - These data reflect that aven for dense hlgh=speed traffic
i ¥ i
: P flows, each vehicle appears as a distinct single event vibration
i . : source. Figure k-4 presents a typical road-side measurement for a
o P
g [ local street and Figure 4-5 presents a typlcal road-side measurement
Ry .
E for an interstate highway. The signlFficant aspects of Flgure 4-k and
Lo 4-5 are:
£ o re:
E - & Each vehicle appears as a distinct source or peak
? - & HMinlmum levels are below the perception threshold
b level (Sec Figure 2-3})
l - e Haximum levels are comparable between sites (in
i — the range of =55 to ~40 dB (re. 1 gpps)).
P
i - The remainder of the data to be recerded at the site com-
P prises docunentation of the measurement locations and the documentation
P

and/or measurement of vehlicle and site parameters. The experimental
program can be guided by the dlscussion of Section 2,3 and the theory
of Section 3.
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As a minimum, the pavement surface roughness and the site
soll classificotion should be cstimated. In a purely technical sense,
one would determine the surface roughness power spectra (See Figure 2-5
and References 6 and 14). The costs of such tests, however, would
probably exceed the costs of the vibration tests. From a practical
standpoint, photographs of the surface should be taken and a standard
description of the pavement condition (29) should be reported, |If
possible, estimate the PSR (Present Serviceability Rating) of the pave-
ment roughness. Document the location, depth or height, and width of
all potholes and/or bumps on the pavement within 100 feet {30.5 m) on
elther side of the closest measurement point to the roadway. The
number and widths of the traffic lanes should be reported as well as

the posted speed iimit,

It is desirable to also document pavement/subgrade data and

site sofl classifications if possible, The present '"state-of-the-art'

of traffic=induced vibration prediction does not warrant special soll
testing specifically for the purposes of measuring vibration levels,
However, 1f one can obtain such data from other sources, 1t should be

reported.

As a minimum, the pavement type (flexible or rigld) and soll
classiflcation (See Table 3-2) should be reported. Other data to be

reported, !f available, are:
& Pavement Thickness, Material, and Density

@ Subgrade Depth to Firm Base
& Denslity of Subgrade Material

N




AT RS Py et MR A T A e o AE AR L G e e -

T L e T AT T £V E

A L T

|

i

3

(|

1

£

I R N

i_1d

ey

J L3 13

L5

L Site Calibration Measurements

Site callbration measurements comprise the determination of
vehicle vibration reference emission levels such as presented in
Scction 3.2 (Seec Equations (3-1) and (3-2))., For randem surface
roughness the basic form of the site "calibration" equatlon 1s

Lo = A'log {Surface Roughness Parametcr)
+ B+log {Speed)

-

+ C'log (Gross Vehicle Weight) (4-3)

+ "site constant',

The above Functional relationship Is for a reference location, Dy,
along the side of the roadway off the pavement. For traffic noise
emission testing, the standardized reference distance [s 50 feet

(15.2 m), The reference distance For traffic-induced vibration Is not
standardized. A3 indicated in Section 3, the prediction results quoted
are for & reference distance of 6.5 feet (2 méters) from the pavement
edge (approximately half a lane width). For ail of the prediction
equations in Section 3, the parameter Dy has been explicitly stated

since the distance is not standardized.

Two hasle consideratlons must be made to establish a refer-
ence distance for site calibration measurements. First, the reference
distance should be far enough away from tha edge of the pavement/sub-
grade structure so that the measurement location is in the "far
field" of the vibration source (vehicle/pavement system), Little
guldance can be glven for the exact coupling characteristics of the
pavement to the subgrade and the transmission of vibratioen to the soll
system immediately adjacent to the pavewment. It Is evident, however,
that sfgnificant vibration attenuation does occur immediately in the
area adjacent to the pavement. Reference 30 indicates a consistent
20 dB attenuatlon of piling vibration from the plling to the adjacent
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soll. This attenuation may also be frequency dependent. |t appears,

however, that for the traffic-induced vibratlon problem, the selectlon
of a reference distance on the order of one to one-half lane widths
is sufficient if the site characteristics meet the next consideration.

The second consideration in selecting a reference distance

for site calibration of vibration levels is Chat the transducer should

not be attached to pavement, slabs, or other structures that may be
The transducer should be 1n contact with the

adjacent to the roadway.
Flgure h-6 presents

parent soil below the surface root or top soil,

a sketeh of a support plate for attaching a seismic accelerometer to
the ground for measuring vertical component motion (1). The support

plate [s "attached' to the soil using four common "gutter" spikes.

As indicated In Equation (4-3), four parameters are required
to establish the specific form of the site callibration equation.
These four parameters are the coefficlents A, B, €, and the "site
constant”, In the form of Equatien {4-3), the surface roughness and
the vehicle speed are presented as Independent parameters. The
available theory, however, indicates that the contribution af vehicle
speed to the vibration level depends upon the pavement surface rough-
Also, the available theory indicates that gross vehicle

ness (1).
weight is appropriate to distinguish between vehicle classes such as

light vehicles and heavy vehicles but, for a specific vehicle, depends

upon detalls of the vehlcle weight and the dynamics of the suspension

system. The '"'site constant'’ appears to be related to detalls of the

pavement/subgrade structure and would include coupiing lesses between
the pavement/subgrade system and the adjacent parent soil system. A
refinement of the site calibration equation could be formulated.
However, such a formulatlon would expand ''site calibration” from a

rather simple task to an extensive research prolect.
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To copduct a site calibration, the basic paramcters are:

& surface roughness
¢ vehicle speed
® gross vehicle welght,

The most difficult parameter to estimate quantikatively is
the "surface roughness', Flgure 2-5 presents an approximate relation-
ship between the surface roughness pawer spectral density and the
Present Serviceability Rating. By estimating the rms surface roughness
amplitude using the result of Figure 2-5, one obtains amplitudes on
the order of 0.125 Inch (3.2 mm_ ) for PSR=1.0 to 0.020 inch
{0.5 mmrms) for PSR=5.0, This {s done by Integrating the surface
roughnass spectral density formallon over wavelengths from 1 foot
(D.3 m) to 50 feet (15.2 m). These estimates are consistent with

Toklita (2) who quotes rms surface roughness amplltudes on the order of

1 mm ta 4 mm. Craigs (31) reports values of rms roughness as 0.168
fnch (4.3 mm) For a "fair highway' and 0,098 inch (2.5 nm) for a
"'smooth highway'", The accurate measurement of the rms surface rough-
ness amplltude is perhaps as difficult as the measrument of the
roughness spectral density, The quantitative description of surface
roughness in a form other than a power spectrum on a measurement of
the rms amplitude will be as difficult to obtain and perhaps not as
accurate. The PSR relatlenship indicated by Equation {3-2) is such

an attempt.

As an alternate, roadways may be classiflied as "smooth' and
Hrought! and the resulting experimental data grouped and analyzed
accordingly. In this instance, the surface roughness parameter would
be grouped with the '"site constant". The result may be a greater
“data scatter", but the present data base does not allow the estima=-

tien of the data scatter.
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A§ indicated by Equation (#-3), the "speed" term applies to

the vehicle passing along the roadway adjacent to the site. The dynamlic

pavement loading preduced by a cruising vehlcle is proportional Lo the
vehicle speed raised to a power (i.e., V™). The value of the exponent,

n, depends upon the surface roughness.

The "Gross Vehicle Welght'! term in Equation (4-3) Is an
approximation to theoretical estimates of the pavement loading. It
appears, however; to be appropriate to consider only gross vehicle
weight instead of a more complicated equation. The basic parameters
which might be jncluded in lieu of gross vehicle weight are: axle
welght and total tire stiffness for the mast heavily loaded axle.
Graund vibratian data do not exhlbit any characteristics that indicate
specific axles on a vehicle as a source. That Is, the entire vehicle
"appears' as a single source, However, the dynamic pavement loading
s proportional to the total tire stiffness supporting an axle. |In
terms of the stiffness of a single tire (See Section 3.4.1), dual tire
systems have twice the stiffness and dual-tandem tlre systems hawve

four times the stlIffness G©f a single tire.

The "site constant' term in Equatlon (4-3} combines several
effects that are difficult to estimate theoretically. The most
important aspect of the "site constant" is the "coupling loss" between
the pavement/subgrade system and the parent soll adjacent to the
pavement. Other parameters that might be grouped with the "site con-
stant” are the mass of the pavement/subgrade system and the pavement
stiffness (See Section 3,4.1, pp. 50 te 55). Such detail, however,
does not appear warranted at the present time since it is not possible
to estimate '"‘coupling losses' accurately. It will be good experimental
practice, however, to document the pavement type as "flexible'" or
"riglid" during a site calibration test. The data weuld then be grouped
to yield prediction equations for vibration emissions applicable to
either flexible pavements or rigld pavements,
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The above discussion Is.not intended to ¢loud the issue of
slte calibration Lesting but to present a discussion of the signifi-
cance of each term in Equation (§-3). By documenting the site, the
vehicie(s), and the specd{s) corresponding to the measured vibratlon
data, a conslstent data set will result., To obtain the specific
values for the site calibration equation, a multi-variable regression
analysis is required. Such procedures are identical to that used for
developing noise crission prediction equations for traffic noise pre-
diction models (25).

Site calibratlon tests should be conducted to achieve as
wlide a range of parameter variations of vehicle speed and weight as
possible, To achieve this varfation one should use light weight
vehicles such as automobiles or station wagons, medium weight vehicles
{medium Lrucks and transit buses), and heavy vehicles {heavy trucks
with more than 3 axles). The speed range should correspond to limits
appropriate for the vehicle cruise condition. Thils requirement is

comparable to that used for standard vehlcle nofse emission testing (25}).

It is not recommended that '"bump" tests be utllized for the
purpose of site calibration (See Section 3.4}. Any surface roughness
condition or vehicle operating mode that allows the tires to suddenly
"Maunch" and impact the pavement will result Tn erratic data scacter.
The data scatter may be reduced using the concept of an Impact factor
and the results of Section 3.4 of these Guidelines, However, very
specific data concerning the vehicle suspension system, vehicle speed
and "bump geometry" are required. If the site surface roughness is-

such that vehicles impact a natural bump, the bump geometry and loca-

tion relative to the transducer should be noted in the site documentation,
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4.5 Lriteria Evaluatlion

Criterla Evaluatlion Heasurcments cbmprlsc tests to determine
the severlty of traffic~induced vibrations resulting from a complaint,
Such tests should he conducted using the traffic source present at the
site in order Lo quantify the nature and the severity of a complaint.
Measurements should, preferably, be taken Ip the bullding at locations
identified by the occupant., Guidance as to exact instrument lecation
and directlon of the measurements can only be stated [n general terns.
Basically, the direction for measurements should be vertical for
footings and floors and horizontal for walls, 1t will be difficult
to attach instrumentation rigidly to building interlors without damag-
ing finished surfaces. This is perhaps the most difficult aspect of

conducting measurements to evaluate a complaint.

If Tt 1s not pessible to locate Instrumentation in the bufld-
ing tnterior, measurement locations around the building must be selected.
As a rule, however, locate the transducer as close as possible to the
foundatlon., Coupling losses will occur between the foundation and the
parent soll as described in Section 4.4, |In this situation, the ground
vibration measurements must be adjusted for "building amplification''.
The vibratlon magnificatlon of a building can only be roughly estimated
using either the results of Flgure 3-8 or similar data that may be
available. The degree of accuracy of this procedure 1s open to doubt
unless the maximum levels of traffic-induced vibration are at least

20 dB below the criteria levels of Figure 2-3.

As an example of the procedures to be used to evaluate a
complaint, reference is made to Figure 2-6 and the discussion on page 24.
For a sample of six buses passing along the two lane street the follow-

Tng maxlmum rms acceleration levels (dB, re. lgrms) were measured.
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Standard
Bus F3 #2 13 i s #6 Mean Deviatlien

bemsdfloor =51 =51 <57 <51 =57  -57  -5h.0 5.3

f.;\,,.("f"‘s)rcotlng =51 -51 -63 =47 ~57 -57 -54,3 5.8
Ampl Ification 0 0 +6 =4 0 0 + 0.3 3.2

The frequency of the floor vibration was in the range of 10 Hz to 16
tiz. (See Figure 2-6.) The frequency of the Footing vibration was in
the range of 12 Hz. Figure 4-7 presents the data plotted on the cri-
teria curves of Figure 2-3., Even conslidering the data scatter (mcan
level plus three standard devliations), the maximum vibratien levels are
approximately 12 d8 below the indicated "structural damage threshold"
and 20 dB below the "minor damage possible' c¢urve., Based upon the
criteria, however, it is Indicated that the occupants would be highly
annoyed, They were, Figure 4-8 ipdicates this data relative to the

number of occurrences per day.

This example also indicates the extent to which the use of

the “building amplification" data of Figure 3-8 is sufficient. For a
one storey house, the estimated amplification for a prabability of not
exceading of 0.9 is about 10 to 15 dB. For the mean value of -54.3 dB
{re. 1| grms) for the footing in the above cxample, one would estimate
resulting interior levels of ~44,3 dB to ~39.3 dB. The measured floor
acceleration level was =54 dB and the standard deviation Is 3.3 dB.
For a peak level 3 standard deviatlons above the mean, one would
estimate a "probable worst case' of -hi.1 dB. Hence, the experimental

values seem to be consistent with the approximation procedure,

In any event, to evaluate criteria it Is required to ohtain
the building response spectra to the transient input. Figure 4-9
Is an example of a 1/3 Octave Band spectrum for one of the bus pass=-by
measurements reported above. The spectra are cach related to a pro-
bability of exceeding a level for the transfent data, It (s evident
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that to properly describe the vibration, pcak levels in cach 1/3
Octave Band are required. Hence, the resulting spectra are, properly
speaklng, "energy" spectra rather than “power' spectra (32, p. 106},
To use the “'peak! or 0.1 percentile level specira of Figure #-9
relatlve to the criteria of Flgure 2-3, it is required to convert

the band lavels to spectrum levels (32). The conversion is:

N - : -l
Lspcctrum L band 1010g{Af} dB (h-4)

where Af Is the filter bandwidth.

For example, the conversion of the data of Figure 4~9 for the 1/3
Octave Band center frequencies at 10, 12.5, and 16 Hz 1s:

fe, Nz 10 12.5 16

Lyand -52. -52.5 -52 de (re. lgrms)

af 2.30  2.90  3.70 (See Flgure 410}
Lspectrum -55.6  =57.1 -57.7 d8 (re. 1grms)

The spectrum level of -57 dB (re. 1g
evant presented above.

a . il 11 ]
rms) corfcsponds to the "bus #3

4,6 Site Amblent Measurements

The documentation of site "amblent!' vibration levels is an
important aspact of the traffic-induced vibration prablem, The reason
for this is that maximum levels of traffic-induced vibration are
generally about 20 to 40 dB above the ambient levels of ground vibra-
tion, For data measured [n buildings, vibration generated by normal
activities such as footsteps, closing doors, alr-conditioning system
vibratlon, etc., can easily exceed levels generated by highway
traffic. This aspect of the problem does not alter the "intruding"
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Centre Centre
Frequengy Bandwidth Frequency Bandwidth
Hz He Hz Hz
2 045
25 058
3,15 073 aoo 183
4 0.92 1000 230
5 116 1260 260
6.3 1.45 1600 370
& 1.82 2000 4160
10 2,30 2500 580
12.5 2.80 3150 730
16 3,20 4000 520
20 4.60 5000 1160
25 5.8 6300 1450
315 13 BOOO 1830
40 9.2 10,000 2300
5D 11.6 12.500 2900
63 145 16.000 3700
80 18.3 20,000 4600
100 23 25.000 5800
135 29 31,500 7300
160 37 40.000 8200
200 46 5o.co0 11,600
250 58 03,000 14,500
N5 3 80,000 18,300
400 92 1on.cog 23.000
500 16 125,000 29,000
630 145 160,000 32,000

FIGURE 4~10 - STANDARD THIRD OCTAVE CENTRE FREQUENC I ES
AND BANDWIDTHS
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nature of traffic-Induced vibration and the resulting "“annoyance',
People are generally sincere in thelr complaints. However, the
documentation of ambient vibratlon levels ls extremely jmportant
retatlve to assessment of building damage, Intruding levels of traffie-
Induced vibration may occur enly a few times per day, The nuaber of
occurrences of footsteps, closing doors, or eycles of vibration from
mechanical equlpment that may occur per day Is very large compéred

to the number of trafflec intrusjons. Building damoage, if it Is alleged,
is the result of a long~term fatigue cffect. That is, both level and
Ynumber of cycles' must be considered., Although it s probahbly
impossible in the case of bullding construction to relate vibration
tevel, from any source, to structural damage as a function of "number

of cycles", 1t Is highly probable that the more frequent high level

Nspurces' are the cause.

Finally, during the measurement of traffic~induced vibration,
the engineer or technician should ajways stop all pedestrian traffic
and remain away from the transducers. Ground motion and building
vibratlon resulting from footsteps can totally obscure the traffic-
induced vibration data,
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5.0 EXAMPLES OF TRAFFIC~INPUCED VIBRATION ANALYSES

This section illustrates the use of the procedures and
methodology described in Sections 3.0 and 4.0. The purpose is to
present examples typical of problems encountered In practice. Section
5.1 presents examples illustrating the prediction of the vibration
reference emission level and a sample data reduction problem. Section
5.2 presents examples of estimating the propagation of vibration away
from the highway source. Section 5.3 presents an example of vibration
emissions from mixed traffic flows, Section 5.4 describes the 'pro-
bability! of exceeding a vibration level and emphasizes the "single
event'! pature of traffic~induced vibration. Finally, Section 5.5
presents an example of the estimatlion procedures for vehicles striking

a '‘pothole'’ or bump.

.5 Estimation of Vibration Reference Emission Level

This example illustrates how to calculate the vibration
reference emisston level for vehicles on pavements with random surface

roughness.

For a vehlcle with a gross welght of 30,000 1b, (13,608 kg)
travellfng 35 mph (56.3 km/h} on a ruvadway with an estimated PSR index
of 2.5, calculate the vibration (acceleration) refarence emlssion level
(referenced to 2m. from the edge of the pavement).

From Eqn{3-2a) page 32, one obtains the acceleration refer=

ence emission level using English units:

Lo = =4.,155(2.5) + 17.210g(35) + t0log(30.0) -87.7, dB
Lo = ~30.4 4+ 26,6 + 14.8 - 87.7, dB
Lo = =56.7 dB (re. lgems).
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From Eqn{3-2b} page 32, one obtains the acceleration refer-

ence emission level using metric units:

Lo = =4.155(2.5) + 17.2100(56.3) + 10log{13.608) -87.8, dB
Lo = =10.4 + 30.1 + 11.3 - 87.8
Lo = =56.8 dB (re. 1{],-;115)-

The difference is insignificant. This example problem is illustrated
in Flgure 5-1, indicating the use of the nomograph presented In Figure

3~1, page 34.

As an example of the evaluation of vehicle vibration emisslion
levels during site calibration, the following test data Ts measured
at 6.5 feet (2m) from the edge of the pavement (parking lane):

-40.5, -43.0, -44.5, -50.0, -56,0, -57.5, -58.0
~58.5, «58.5, -60.0, -61,0, -62,0, -62.0, -~64.5

This data s the maximum vertical component ground motion rms accelera-
tion level in dB (re. 1grms). The approximate vehlcle gross welghts
are estimated to be 100 thousand pounds (45.36 thousand kg). The pave-
ment {s smooth in froht of the site with an estimated PSR=3.0. The
average vehicle cruise speed Is 33 mlles per hour (53.1 km/h)}.

Using standard statistical techniques: The mean value of -
the data is =55.% dB {re. 1g.ms) and the standard deviation is 7.2 dB.

From either Equation {3-2a) or (3-2b), one estimates (using
appropriate unlts) that the mean or expected reference emission level,
[;. s »64.1 dB (re. 1g___J). |In terms of an energy average of the

rms
population of test vehicles, the reference emission level s estimated

using Equation {3-15) as:
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FIGURE 5-1 -~ EXAMPLE OF USE OF VIBRATION REFERENCE EMISSION LEVEL NOMOGRAPH
(Figure 3-1, page 34)
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Lo = T, + 0.1150% = 055.4 + 0.115(7.2)?

Ly = =h9.4 dB (re ),

' ]gr‘rns
The data analysis may be continued {33), to estimate the
probablilty density function for the datar using Pearson's curve fittfing
technique (22, 33). The resulting Pearson's Type 11l curve for the
probability of observing a vibration level (for the test condlttons) is:

p(L) = 6,0716[1+(L#58.604)/12,965] 10464 ;=0.3121(L+58.604)

L> ~71.5 dB (re. 1g, )
Mean = -55.4 dB Standard Deviation = 7.2 dB
Mode = -58.6 dB Skewness = 0,444k

. For example, the probability of observing a maximum level
of =49 dB is p(~49) = 2,86 percent. The most frequently observed level
(the mode) is ~58.6 dB.

To completely estabilsh the validity of a "slte emission”
equation as described in Section 4.4, It is required to obtain data
for other vehlcle weight classes and operating speeds, Once these
data are obtalned, regression analysis is used to establish the
constants' for the site, Refarence (25) presents a discussion of
statistical analysis of traffic noise emission data. Identical
techniques would be used for traffic vibration data,

5.2 Propagation of Trafflc-lnduced Vibration

This example problem {1lustrates the calculation of propa-
gation of vibration away from the pavement. The basic assumption
concerning the site s that the terraln between the source and the
recelver 1s "essentially flat''. The term "essentially flat'' means
that the local terrain does not rise and fall signiflcantly between
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the highway source and the recefver, A significant variation In ter-
— rain Is an elevation change on the order of 10 ft. (3m) between the

L edge of the pavement and the receiver. Such changes may result in
~attenuatian losses in excess of those predicted using the basic propa-
L gation model. To exceed | dB, these elevation changes must be on the

E
;
E
-
( -
i order of 20 ft. {6.1m) or more. Source-recceiver distances of concern
-
f . to the trafflc~Induced vibration problem are on the order of 100 ft.
i ’ (30.5m). Hence, sites with slope variations of less than 2.5:1 are
P Hassentially flat''.
; ‘_.-
"E - Basically two distance-attenuation ''Taws'' are applicable to
SR the trafflc~induced vibration problem, First, there 1s "polnt!
: R source attenuation {See Section 3.3.1)}. Point source attenuation
. P
. % i applles to a vibration scurce located at a specific distance away from
[ 3 . the receiver. Both geometric spreading and soil absorption are model-
. R e ]
4 vl ted In the results presented in Section 3.
v R o
§ ?? Point source vibration attenuation (See Equation (3-3}, page
.'% bt " 37) is expressed as:
s
£ a.(D) = -1010g(Dy/D) -20log{e)en+(D-D,) dB (5-1)
o - point
] !
5 LJ where D Is the source-recelver distance
i D, is a reference distance.
-
i
i et
The parameter, a, Is the soil absorption constant and is given in
l j’? Table 3-2, page 40, for typical soils.
I L)
}
'? m~ For traffic flow vibration analyses, the equivalent (energy-
E . mean) vibration level is used. The distance propagation depends upon
: - the roadway length just as s the case for traffic-noise analyses (10).
P As discussed 1n Section 3.3.1, page 37, all roadways are essentially
E - Yinfinite" for the traffic-induced vibration problem contrary to the
; k
P situation for traffic noise.
5
Lo
Pl
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The equivalent {energy-mean) vibration level attenuates

according to the "line source’ rate (See Equation (3-4), page 41) as:
A]!Eg = -5log{ad) -20log(e)a(D-D,) {5-2)
i

where D is the source-recelver distance
Dg is the reference distance
e s given 'in Table 3-2, page 40.

Finally, for the analysis of vibration propagation away from
a bump or pothole, a modified form of point source attenuation |s
presented in Section 3.4.3 (See Equation (3-24}, page 60). The anly
difference between point source attenuatlion and attenuation of vibra-
tion from a bump in the pavement s that the reference distance is
placed at the bump and that the absorption constant of Table 3-2 must

‘be decreased to approximately one-third the value indicated in Table 3-2.

The propagatlon of the maximum pavement acceleration level
away from the bump or pothole attrnuates as:

Abégg = =101og{D) ~20log{e)ad/3 (5-3)

where D is the distance between the bump and the recelver

a |s given by Table 3-2, page 40,

For example, the attenuation at a distance 100 feet (30.5 m) from a
point source with an assumed absorption constant of 0.10 per foot
(0.328 per meter) and a reference distance of 6.5 feet (2m) Is:

-101o0g(6.5/100) -20log(e}+(0.1)+(100-6,5)

-11.87 -8.686(0,1)+(93.5)
~-11.87 -81.21
= -93,1 dB

-0
=
——
i ]

1

m




ﬁ o Figure 5-2 presents a plot of the point source attenuation
E o with distance for various values of a typical of sails. The values of
- a are selected from Table 3-20 on page ho.
-
i gj For the above example problem the 1ine source distance
— attenuation Is:
L
AriééOO} = Blag{0.1(100)) -201og{e)« (0.1)+(100-6.5)
. = ~5.00 -8.686°(0.1)+ (93.5)
) = ~5.00 -81.21
b = -86.2 dB
L Figure 5-3 presents a plot of the line source attenuation
i ]
i - with distance for various values of a typical of soils.
o ‘
G e For the above example problem, the "bump!" source distance
. § - attenaution at 100 feet (30.5m) from the source Is:
Eol
'k A {100) = -1010g(100) -201og(e)« (0.1)+(100)/3
P bump
o = =20.00 -8.6B6+(10/3)
§ ~ = -20.00 -28,95 = -48.95
Tl 1 = -
i o 49.0 dB
[
? P The above results are rounded to the nearest tenth of a
i decibel. Generally, one may round to the nearest decjbel unit after
i ~ all ealculations have been completed,
b
{
T ‘ 5.3 Evaluation of Vibratlon Emissiens from Mixed Trafflec Flows
{ -
E 1 This example presents an fliustration of the prediction of
} . traffic-induced vibration for mixed traffic flows. For highway noise
- prediction, generally the heavier vehicles produce the dominant nolse
_ exposure at the site although the heavy vehicles comprise a smal]
T
¢ o
ool
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3
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FIGURE 5-2 = POINT SOURCE DISTANCE ATTENUATION
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percentage of the traffic flow. For traffic-Induced vibratlon, the
analogous situation occurs to an even greater extent than for trafflc
noise. A few intrusions per day may be sufficient to result In com=
plaints (See Section %.5) for the traffic-Induced vibration problem.
For traffic-induced vibration, the changes in "vibration ambient" far
heavy traffic flows is at least 40 dB below the peak levels [nduced

by heavy vehicles. Hence, grodnd vibration Induced by highway traffic
does not result in an annoylng level of vibratlon for urban areas where
as traffle noise may be the dominant factor in the ambient urban sound

level.

For mixed traffic-flow, the estimation of adverse impact due

" to highway traffic-Induced vibrations is rather simple. One may make

simple estimates based upon an approximation or one may make a complete
analysis considering the total traffic flow., This example problem
considers the latter approach to illustrate the use of the theory in
Section 3. The simple approach is described in Section 5.4, The
cbjective of the analysis Is to estimate the probability of an intruding
vibration level generated by mixed traffic flow.

Figure 5-4 presents a site comprising four traffic lanes and
a narrow medlan. The roadway is structurally divided by the median so
that the pavement/subgrade system for each direction of travel! is con-
sidered as a source location. Table 5-1 presents a detalled estimate

of the traffic count by vehlele aross weight categories. It is

recognized that such detail may not be generally available, but the
structural désign requirements for the highway will provide an estimate
of heavy vehicle traffic. Heavy vehicles are an Important parameter.
In Figure 5-4, the PSR values for each lane are indicated and the
average cruise speed [s assumed to be 35 mph (56.3 km/h).
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TABLE 5-1
TRAFFIC COUNT FOR EXAMPLE PROBLEM

Gross Véhicle| Lanes #1 & 2 Lanes #3 & 4

Vehiclé Type Welght, Wg N; Pi N, Py

1b§/1000

5 Axle Semi, Loaded 62.0° 45 | 0.036 32 { 0.024
5 Axle Semi, Unloaded 30.7 18 | 0.014 13 | 0.010
3 Axle Single, Loaded 38,2 11 0.009 B | 0.006
3 Axle Single, Unloaded 20.1 i0 | 0.008 7| 0.005
S Buses - 28.5 5 | 0.004 5 | 0.00
Automobiles 3.5 1162 | 0.929 1264 | 0.951
Totals : l 1251 1.000 1329 F 1.000

N] denotes the hourly traffic count by gross welght category.
p; denotes the fraction of lane traffic by gross weight category.

Vehicle MIx by Weight Estimated From Reference (8) Data,
Vehicle Weight for Loaded and Unloaded Conditions Estimated from Reference (7) Data.
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The flrst step Is to estimate the reference vibration emls«
sion levels for cach vehicle type {gross weight category) for cach
value of pavement roughness. To do this, one uses Equation (3-2) to
estimate the mean or expected levels, I;. and corrects these for
varlation due to the vehicle type using Equation (3-15). For the
example problem, the results are presented in Table 5-2,

The reference levels given in Table 5-2 are for a location
at a reference distance of 6.5 feet (2m) from the near edge of each
pavement/subgrade systém to the receiver. For the example problem,
the receivers are the foundation of the barrier and the occupants of
the building.

Since the problem comprises two pavement/subgrade systems,

each will be considered as a single source. That is, traffic on lanes

#1 and #2 represent a source and Tanes #3 and #4 represent a source.
Using the data from Tables 5~1 and 5~2, the rms acceleration level at
the reference locatlon for lane f1 Is:

) pIIO(LO)EI/IO= 0.036.105-668 4 o 01101075974

i + 0.009-10"6:08T | ¢ gog. 1076340
+ 0.004+107 5188 0.929.10"7+ 322
= 1.4962+ 1077

Hence, the reference levé]l for the traffic flow on lane #1 is
1010g(1,4962¢10°7) = ~68.25 dB.

Continuing the caleculations for each lane, the reference

levels are:

Lane #1 = -68,25 dB
Lane #2 = =74,48 dB
Lane #3 = -75.55 dB
Lane f4 = -69,32 dB

18
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TABLE 5-2
REFERENCE VIBRATION EMISSION LEVELS FOR EXAMPLE PROBLEM

Lanes #1 & #4 Lanes #2 & #3
. PSR = 2.0 PSR = 3,5
Vehicle Type W oo dbwr | (T ). (L) (L) ¢ ()¢
5 Axle Semi, Loaded 62.0 7.2 -56,68 ~-50,72 ~62.92 -56.96
- 5 Axle Sem!, Unloaded 30.7 7.2 =59.74 | -53.78 | -65.97 | =60.01
© 3 Axle Single Untt, Loaded | 38.2 6.0 ~60.61 -56.47 ~66. 84 -62.70
3 Axle Single Unlt,
Unloaded 20.1 6.0 ~63.40 -59,26 ~69.63 ~65.49
Buses 28,5 6.0 -51.88 -57.74 -68.11 -63.97
Automobile 3.5 4.0 ~73.29 | -71.45 | -79.52 | -77.68

* Gross Welght, Thousands of Pounds
“% Estlimated. These values are representative of fleld test data.

(I;)E = E; + 0.115U§ (to)E = E; + 0.23002 L_is From Equation {3-2), page 32
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It should be noted that the differences In reference levels
for each lane are a result of the differences In traffic flow mix
(Tanes f1 and f2 compared to #3 and #4) and to the differences in
surface roughness (lanes #1 and #4 compared to lanes #2 and /3), For
example, the difference In tevel between lanes #1 and #2 is 6.23 dB
with the rougher lane (lane #1) being the highar level source. This
level difference is simply the difference In surface roughness:
-4.155(2.0-3.5) = 6,23 dB (See Equation (3-2a)).

For mixed traffic flow, the combination of vibration level
from each lane is accomplished using Equation (3-Ba}. Since lanes
#1 and #2 and lanes #3 and #4 are to be considered as two separate
sources, Equation (3-8a) Is appiied to each source to estimate the

resulting levels at each receiver.

Substituting the data for the problem into Equation (3-8a)

one obtalns the results:

& Lane #1 and #2

- 1251 -6.827 1251 ~7.448
L, = 10log {———2502 10 * J50z 10 }

* 101ug{'—(~2—%%%—&6'%) }=510g{aD)~8.686¢(D-6.5)
Le = ~59,76-510g{aD)-8.686a{D-6,5)

e Lane #3 and #h
Ly = -60.58~510g{aD) 8,686 (D-6.5)

As indlcated in Figure 5-4, the soi! classification fs typl~
cally "silty clay', From Table 3-2, the absorption coefficlent, a,
is estimated to vary from 0.05 to 0,13 per foot., To obtain conserva-
tive results {i.e., higher vibratien level predictions) it is assumed
that e=0.05/ft.
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Substituting a=0.05 into the previous result, one obtalns:

-50.43-51og{B)-0.4334D

n

e Lanes #1 and f2: Le

~51.25-5lag{D)~0.4334D

i

e Lanes /3 and #4: Le

The distances, D, to be used in these results are the distances from
the near edge of each set of lanes. The distances are indicated In

Figure 5-%., Substituting for D into the above results, one obtains:

Barrier Building
D Le D Le
Lanes #1 and #2 22 ft. ~66.68 62 fe. -86.26
Lanes #3 and #4 57 ft. -84.73 97 fr, -103.22

The total receiver equivalent acceleration levels in dB (re. Igrms) are:

) - -6.668 ~8.473) _ _
Barrier: (Le)total 1010g{10 + 10 = =-66,61

. _ -8.626 -10.322, _ _
Bullding: (LE)total = {0log(10 + 10 ) = =86.17

The example is still incomplete; the criteria of Section 2 requires an
estimation of the maximum vibration levels resulting from the traffic
flow. Hence, it is required to calculate Lhe extreme percentile levels.
Using the data in Tables 5-1 and 5-2, the percentile levels are estl-

mated as follows:

First, the cumulants, k,, are estimated using Equation {3-14),

For the data of the example problem, one obtains:

e Lanes #1 and #2: &, =.0.320?/J5
e Lanes #3 and #4: Ky = 0.3383//D
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The combination of these results is obtained by simply summing the
cunulants after substituting for the source receiver distance. The

results are:

Barrier Building
D Ky D Ky
Lanes #1 and #2 22 ft. 0.06972 62 ft. 0.04153
Lanes #3 and #h 57 ft. 6.1145 97 ft. 0.07588
Iry 0.1145 Ik, 0.07588

To estimate the percentile levels, one uses Equation {3-12) to obtain:

[

4.343/An(1.1145) = 1.430
4,343/Tn{1.07588) = 1.175

Barrier: o

I

Building: o

From Equation (3-13}, the percentlle acceleration levels are estimated

“in dB (re. 1grm5) as:

Barrier Building

L ~66.61 -86.

e 2
L50 = Le-o.HScL -66.85 ~-86.33
L10 = L50+1.280L ~65.01 -84, 82
LOS = L50+1.6h80L =64 .49 -B4.,39
Loy = Lgg*2.330) ~63,51% -83.59
L0.1 = L50+3.09cL -62.19 -82.,70

To compute the problem, a brief discussion Is required., First,
assuming that the building amplification of the ground vibration was
an extreme' (See Figure 3-8, page 63), the estimate of Lo 1™ ~82.70+15
~37.7 dB Is below the criteria of Figures 2-3 and 2-4. As 1llustrated
In other examples in these guidelines, a 15 dB building amplification
is apparently a rare occurrence. Next, it Is apparcnt that the far
lanes (#3 anH #4) contribute little to the receiver vibration level.
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To.complete the discussion, the vibration prediction at the barrler
footing was not Included as a meaningless exerclse. Although the
01" -62.43 dB at the barrier ls approximately 30 dB

below the "minor damage possible" curve, the prediction may be useful

estimated level of L
in the design of traffic noise barrliers. For example, long-term low
leve] traffic~induced vibration may result in [rregular scttling of

foundatiens (4} or cracks [n masonry Jolnts and grout,

5.4 Probability of Exceceding a Peak Vibration Level

The example préblcm of Section 5.3 estlimated the percentile
acceleration levels at recelver locations, These level estimates are
based upon an assumed Gausslan er Hormal distributlon of amplltude
peaks from the individual vehicle types comprising the traffic flow
(12). The procedure is known to yield high leve! estimates for traffic

.flaws comprising a few occurrences of high levels and a mixture of

occurrences of low levels (12). Whether or not it Is totally accurate
to estlmate peak levels of trafflc-induced vibratlon {the LO.] metric)
using the theory of Section 3.3,5 of these guidelines wlll only be
answered when tested in field use. It Is beileved, however, that the
theory is adequate al though cumbersome for hand calculatlions.

A slmpler, and perhaps more accurate, method than that pre-
sented In Sectlon 5.3 Is to conslder only the heaviest vehicles
comprising the traffle flow and the roughest lane that is clesest to
the recelver. For the example problem of Section 5.3, this would
cortespond to the *loaded 5 Axle Semi' on Lane #1 (PSR = 2.0}.
Considering only the peak [nstantaneous level during a single vehicle
pass=-by, one obtalns from Equation (3-9):

L + 1010g(6.5/D)~8,686(0.05) (D-6.5) dB

peak bo
or

Lpeak = Lol - 101og(D)-0.4343D + 10.95 db.
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The 'peak!" level Is, of course, the maximum level at the
closest pass-by location between the source and the receiver, The dis-
tribution of the peak level would be expected to fallow the distributlon
of Ly« Such adistribution is presented In Section 5.1 as the result
of a "site calfbration test". Hence, one should use actual fleld test
data, If available, to establish the estimates of peak vibration levels,
The assumption of a Gausstan distribution may be too restrictive,

For example, the mean or expected emission level for the
"loaded 5 Axle Semi'' considered above Is 'I:'n = -62,65 dB. Consldering
the estimated standard deviation of 7.2 dB, one would obtain, assuming

a Gausslan level distribution for all "loaded 5 Axle Semi" vehicles,

“an extreme peak level estimate of:

LQ| = ~62,6543{7,2) = ~b1,05 dB,

For the building location of Sectlon 5-3, the source-recelver distance

Is D=62 feet and from the above results:

Lpeak = -41,05-1010g{62)-0.4343(62)+10,95, dB

L = -4§1,06-17,92-26.93+10,95 = -74.95, dB

peak
This level is +7.12 dB above the -82.70 dB acceleration level estimated
in Sectlon. 5.3. The estlmated extreme peak level [s, for the data of
the exanple, below the perception threshold at the building footing and
allows one to consider a bullding amplification of -64-(~74,95}=10,95 dB.
(The -64 dB leve] Is the perccptlon threshold criterla curve of Figure
2-3 at 10 Hz.)} From Figure 3-8, a nominal 10 to 11 d8 huilding ampli-
flcatlon would result in probabilities of not exceeding the perception

threshold on the order of 0.70 te 0,90,

124




i ot e EU b TR MR ey

TR T A

R o e

BT R LY ey

T

1

0 H S A R R S I O

i

P

1

i

I R

3

1

Whether or not the above tolerances are adequate may only
be established based upon experience and cngineering judgement., The
purpose of the example is complete, howeverL That is, a simple esti~
mate such as presented above may be sufficient Lo indicate the probaﬁility
that traffic-induced vibration is not a problem,

5.5 Potheles

Thls example problem {1lustrates the use of the methodology
presented in Section 3.4 for estimating fmpact leading and response of
the pavement to the impact leadlng. The example, hopefully, fllustcrates
the level of detail required for this type of analysis. (As an abate-
ment procedure for trafflc-induced vibration, It is good practice to
fill any potholes or smooth abrupt surface discontinultlies in the
pavement.) Vehicle parameters will be assumed and pavement response

will be estimated,

For the example problem, the following vehicle parameters

are assumed:

& Suspension System Natural Frequency, fn = 12 Hz
{See Equation (3-17))

® Tire Stiffness, ky = 4700 1bf/In (839.3 kgf/cm)
{See Equation (3-18) and Figure 3-4)

Static Tire Loading = 5200 1bF {2359 kgf)
Vehicle Speed, V = 30 mph = &4 ft/s (13.51 m/s)

The vehicle parameters fn and kt would usually be measured for the

specific vehicle. Reference 14 describes such tests,
The pothole geometry is taken as!

® Height or Depth, i = 1.0 inch {2.54 cm)
e Length {in direction of travel), & = 3 feet {0.91 m)
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With this data, the peak pavement loadlng is estimated using Equation
{3-22) as follows:

Characteristic Speed = V = 2(3)(12) = 72 Fu/s (21.95 m/s)
Speed Ratlo, v = V/V = 44/72 = 13.41/(21.95) = 0.611

Selecting the appropriate form of Equation {3-22) bhased upon v = 0,611,

one estimates the peak pavement .Joadlng as:

(h700) (1,0)sIN(2%(0.611)/1.611)/(1-0.611) 1bf
700-SIN(2,383)/(0.3890) 1bf
4700(0.6879) /{0, 3890) 1bf

8311.3 1bf (3770 kgf)

- s n -
il n i}

The “impact factor' is the ratio of the peak load to the statlc |oad

and ts {for reference} estimated as:

Impact Factor = 8311.3/5200 = 3770/2359 = 1,598
or Impact Factor = 1.6

To estlmate the pavement response to the impulse loading It
Is required to estimate the 'speed ratlo' for the pavement/subgrade
system, The ''specd ratio" 1s a measure of how well Ytuned" the lmpulse
loading is relative to the pavement/subgrade system. The peak pavement
acceleration level, at the pothale, is estimated using Equation (3-23).
For this estimate, it {s required to determine the fundamental pavement/
subgrade natural frequency, fp' This would also normally be done by
fleld testing at the site {See Reference 17). However, the theory of
Section 3.4,1 will be used as an [1lustratfon.
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For the pavement/subgrade system the following data are

assumed ;

e Pavement Slab Data Width, b=24 ft. {7.32 m)
(Rigid Concrete Stab) Thickness, hp=h.0 inches (10,16 cm)
Welght Density, Yp=150]hf/Ft3 {2403 kgf/m3)
Youngs Modulus, Ep=3-108psi (2,11¢105kgf/cn2)
Poisson's Ratio, wp=0.2

s Subgrade Data% Depth, H=10 feet {3.05 m)
{AMSHO A-1) Weight Density, Yf=]20|bf/rt3 {1922 kgf/m3)
Young's Modulus, Eg=3+10"psi (2.11+10%kgf/cm?)
Poisson's Ratlo, vf=0.31

From Equation {3-20), the moduius of subgrade reactien, kf, Is estimated
(See Figure 3-5) as:

ke = (3-10%)/7(12001-0.312)) = 276.616F/1n3 (7.66kgF/cn?)
The stab bending rigidity, Dp' s estimated as (See page 55):
D, = (3.10%) (1)3/(12(1-.2%)) = 1.667+107Ibf-in. (1.920-107kgf-cm)
and the radius of relative stiffness, 1, is estimated‘as: (See Figure 3-6)
1= (up/kr)* = (1.667-107/276.6)* = 15,67 inch (0.398 m}.

The subgrade wmass and stiffpess parameters are calculated
from Equation (3-20) as:

150(4/12)/(32.2) = 1.553 1bF-s?/f3
120010}/ (3{32.2)} = 12,422 1bf-s2/ft3 = 0.00719 1bf-s2/in’

3
n

It

Mg
o= mp/mf = 0,125

e = V2(1-,3H)73(10/24) = 0.276

% See Table 3-3,
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: - and the estimated fundamental frequancy of the pavement/subgrade system
!f Is from Equation (3-19):
f r] - fo = [((276.6)/0.00719)) ({1.276) /(1. 125))] */2x Ha.
Tt

fp = 33,2 }iz,

’ From Equation (3-21) the effective weight of the pavement/
i n _ subgrade system js:

EA -

- W = 5.5(120) (24) (15.67/12) (10) {1.125) /3 1bF.

~ l!ﬂ W= 77,566.5 1bFf (35184 kgf),

f
!
4
b
t
-k
1

-

e
-

From Equation {3-23), the characteristic "speed" of the
pavement/subgrade system is estimated, bascd upon the pothole Tength
of 3 feet (0.91 m), as:

V= 2(3)(33.2) = 199.20 ft/s (60.72 m/s)

IR

and the speed ratlo, v = W/¥, of the vehlcle speed of 44 ft/s (15,41 m/s)
to the characteristic speed, V, Is:

v = {hh)y/{199.2) = (13.41)/(60.72) = 0.221.

Returning to the problem of the vehicle impacting the pothole,
the parameters required to estimate the pavement response using

L) Equation (3-20) are:

Lo

5 im & Peak Impact Load, P_ = 8311,31bf (3770kgf)

! & S 7

o Effective Pavement/Subgrade Mass, W = 77,566.5tbf (35,184 kgf)

o USpeed Ratio", v = V/V = 0,221.
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From Equation (3-20), the peak Impulse acceleratlon level at

the pothole Is:

Lo = 201og({B311.3)-2010g{77,566.5)
+ 20log(|SIN{n/2(.221))]) + 6.0 dB (re. lgpeak)

Lo = 78.39-97.79-2.68 + 6.0 = ~16.08 dB (ro. | )

gpcak
From Equation (3-24) the approximate receiver peak Impulse

acceleration leve] 1s:

Lpr = =16,08-101og(D}~201og(e)aD dB (re. 1gpeak)
For the examplic problem of Sectlon 5.3, assume that the

pothole 1s in lane #1 approximately 80 feet from the bullding. For

the assumed value of a = 0.05/ft., the peak recelver acceleration level

is (dividing a by 3 to consider the low frequency characteristics of the

impulse)

Lo ® -16.08~1010g(80) -8.686(0,05/3) (80)

Loy = -16.63 ¢B (re. lgpeak).

It. 15 difficult to estimate what the building response may
be, However, the peak level is estlmated to be some 28,3 dB above the
Section 5.4 estimate and 3%.0 dB above the Sectlon 5.3 estimate for
the building foundatlon, One might expect the pothole vibratlon to be
perceptible and possibly damaging.
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6.0 SUMMARY AND RECOMMENDAT IONS

These engineering guldel Ines present a methodology for assess-
ment of highway traffic as a source of environmental vibration, The
guidelines describe the characterization of traffic-induced vibration,
an estimation procedure, measurement and analysis procedures, and

examples illustrating the use of the guidelines.

Relatlve to traffic nolse, the problem of quantifying
traffic-induced vibration is in its infancy, The prediction methodo-
logy In Section 3 appears to be adequate to address the problem.
However, the present data base is insufflcient to properly evaluate
the theory for all situations that can arfse, Only field measured

data can be used to evaluate the procedures completely.

The criterla described in Sectlon 2 and the measurement
requirements of Sectfon 4 illustrate the requirement for a "'single
number" frequency-weighted metric for environmental vibratlon. Such
a metric would be analogous to the A-welghted géund level used iIn
trafflc neise analyses. Research in Japan gzoj and recommendatlons
of technical committees (2) are resulting In the development of a
standardized metric., When standardization does oceur, instrumentation
wlll be available that wlll greatly simpllfy the analysis and iInter-
pretation of test data, Such standardizatien will not alter the
methodelogy and conclusions of this report. The only change will be
the use of "weighted" acceleration levels rather than spectrum levels.
Due to the discrete Frequency characteristics of traffle-induced
vibration, the proposed frequency weighting would result in a shift
in the vehicle emjssion levels presented In Sectlon 3.2 Thls constant
shift will be in the range of =3dB to ~6dB due to the relatlve -
welghting in the frequency range of 10 HZ to 15 Hz. Standardized
frequency weighting would result In constant values for both annoy-
ance criterla and building damage criterla., Without standardized fre-
quency welghtfng, criterfa can only be presented as curves in the form
of Figure 2-3. :
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The acceleration levels quated in these guldelines are

expressed in dBf relative to 1 "g" or 9.807 m/s2. This reference

value was selected so that traffic-induced vibration levels would be
negative numbers and, hence, distinctly dlfferent from traffic nolse
For example, Reference (20) expresses fre-

levels expressed 1n dB,
Using this

quency-welghted acceleration levels in dB (re. 1077n/s?},
convention, all acceleration levels expressed in these guidelines
would be Increased 120 dB. That is, a level of =50 dB {(rc, 1g) would
be 70 dB {re. 10"5m/52). Standardization of a frequency-weighted

vibration level may result in such a constant shift in "'dBY,

It is hoped that these guldelines assist the reader in

evaluating engineering problems that might arise related to traffic~

Induced vibration.
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