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ABSTRACT

The paper examines the methodologies and evaluetiienia advocated by the U.S. Federal Transit iistration
(FTA) and Federal Rail Administration (FRA) usedd&termine whether or not a proposed alignmena for
transportation project adversely impacts affected luses, such as research & development andédtbhdlogy
manufacturing. The criteria in question are appés limits on vibration and noise at sensitiveeneer locations. Both
short-term construction and long-term transportatiperations are typically considered, with théelabeing the focus of
this paper. A case study is presented of a prapwaasit system that passes through four diffeseitizones, the
operational characteristics that are required teegee a vibration level equal to the FTA/FRA adhted level of 65
VdB re: 1 micro-inch/sec, and the range of varigbdf the acceptability of the vibration condit®mwhen considered in
terms of third-octave bands compared to vibratidtegon (VC) curves that are used as the desigfopgance targets
of vibration-sensitive facilities.
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1 INTRODUCTION

The continued functionality of existing facilitiesilizing vibration and noise sensitive equipmenpiaced at risk when
changes to transportation infrastructure and ojmeratare proposed. A lack of appropriate detadrofesults when
environmental studies of vibration and noise impace prepared without regard to the needs of rgs@astrumentation
and processes. This paper illustrates the mamueextent of these technical issues.

When project sponsors seek funding from U.S. Feéderaces, environmental impacts are evaluatediauibsed
consistent with regulatory interpretations of thatiNnal Environmental Protection Act (NEPA). Boltie Federal Rail
Administration (FRA) and Federal Transit Adminisiva (FTA) have developed guidance manuals in whaculation
methods are promulgated for initial screening, garessessment and detailed analysis. Greateraagcis claimed as
operational alternatives, alignment, technologiesl site specific propagation information is esthald.

The impact criteria adopted by FRA and FTA are sty the same and have two notable shortcomiviyen applied
to sensitive facilities: they are based on summatisithout frequency-specific thresholds; and thels of impact are
too high relative to the sensitivity of criticalsearch instrumentation. For example: the potefaialibration damaging
structures is evaluated via comparisons to pedicfeavelocity (PPV); vibration impacts on people &valuated in
terms of various maximum root-mean-square (RMS)aig} levels; and noise impacts on people are etatlin terms
of various A-weighted sound pressure levels. [Rekke effort is required on the part of facilityreevs and technical
experts to ensure that the parameters of envirotahstudies address the needs of critical reséasttumentation and
processes so that adequate mitigation is designiediable projects.

2. ENVIRONMENTAL IMPACT CRITERIA

Ground-borne vibration from any type of transpaotatvehicle will rarely be high enough to cause aat of building
damage, even minor cosmetic damage, when evaliratedns of single events. A real concern is thatvibration will
be intrusive to building occupants and/or interferth vibration sensitive equipment at levels thet considered
imperceptible. Ground-borne noise (i.e. interioise arising due to vibrations traveling througteimening soil as
opposed to an airborne propagation path) couldg#ential impact for underground transit operatioihe



significance depends upon the noise level reldtwbat due to air-borne propagation to the buddarade, that
transmits through the window/wall construction dfwdlding typically exceed the ground-borne noisthin a building.

Table 1 shows FTA/FRX impact criteria as a function of maximum RMS lefegl ground-borne vibration as a function
of land use. Similar approaches have been addptegbplication to projects subject to FRA reviemdapproval. The
RMS value can be calculated from time series sasrpjeenergy averaging the data for a period 00-5-seconds about
each sample. In practice, measurements of existinditions or calculations of future vibration ditions are
sometimes restricted to the vertical axis, resglimlower values than would be the case for agtfards summation.
There is no explicit commentary within FTA guidarteuments on this aspect of the methodology. islcudsion is
given within the FTA/FRA documents regarding barmdspfiltering of data to eliminate low- or high<teency data,
although in practice a range of 1-100 Hz is a rasgkilized when band-pass filtering is employed.

A high sensitivity Category 1 land use is one fdiick low vibration levels are essential for operasi within, regardless
of human perception or annoyance, including lalooias, high-tech manufacturing, and some mediadliias. Some
buildings, such as concert halls, TV studios, awbrding studios can be very sensitive to vibrasiod are evaluated as
Category 1 properties with sensitivity to ground+mnoise. Other Category 1 properties, with &segent thresholds,
include auditoriums and theaters. For the purpof#ss paper the 65 VdB re: 1 micro-inch/sec FFRA criterion is

of interest and will be assumed applied as a otismni on vibration for a single axis. Moderatesgwity Category 2
land uses include anywhere that people sleep, asichsidences, hotels, hospitals, and apartm&faderate sensitivity
uses include conference/convention centers. Lowitgty Category 3 land uses include day-uselitées without
sensitive equipment, but housing activities thay ima vibration sensitive. Includes schools, oBicome laboratories,
and institutions. For this technical noise andatiion study, warehouse and heavy industrial usgsmight otherwise
be overlooked are considered to be Category 3uard.

3. THIRD-OCTAVE BAND VIBRATION CRITERION CURVES

Figure 1 and Table 2 illustrate the third-octavadariterion curves that are most commonly appted each
orthogonal axis when designing a vibration sersifacility. Each third-octave band is considemdependently of the
others, and no time-domain restriction is giverttantotal vibration velocity level. In principdlis means that a
vibration-inducing event that has all of its energgtricted to a single third-octave band is agptable as an event
having energy at or below the curves shown forettdrd-octave band where a given curve is applied.

4, REPRESENTATIVE VIBRATION VELOCITY LEVELS

On steel-wheel, steel-rail train systems, groundidwibration is produced by the dynamic loadinghef passing train
and also due to the interaction of the steel whedlisg on the steel rails. Factors that influerthe potential impacts of
ground-borne vibration include vehicle speed, Mehscispension characteristics, wheel-rail mainte@atnack type,
track fixation, track support, soil and rock prapes, soil-foundation interaction, building massiamumber of floors. A
continuously welded rail minimizes wheel impactsaltjoints and results in significantly lower vétion levels than
with jointed rail, and isolated switches and cresss. The scale of roughness and state of weaheéls and rails
influence vibration impacts at the wheel-rail ifid@e. The mitigation of ground-borne vibration alburequires
modifications to the track support system to imgrtive vibration isolation characteristics of thstsyn.

Figure 2 shows the curves advocated by FTA (FidOrel of referenced document) for estimating theatibn level as a
function of distance from a particular class ohgportation vehicle that carries passengers apartransit network.

For purposes of this paper the level is assumée t@stricted to a single axis. From this infoiorgtthe distance to a
65 VdB total level is about 135 ft for a speed @frbph. Variations from the curves shown for rahicles often display
a dependency 20 lgg(actual speed / reference speed) given the ratevtiriations of kinetic energy play in determining
the vibration velocity level. From this, the dista to 65 VdB is estimated to be 80 ft at 29 mph.

The FTA curves are reportedly intended to repreaentpper range of measurement data for variousregsunder
apparently similar conditions (although the undedydata is not shown), with an excess of more th&hVdB claimed
within the FTA guidance document to be unlikelyasd there is a maintenance issue, such as raiilgations or wheel



flats that can increase vibration levels substéytian the order of 10 VdB above a well-maintairezthdition. The
rapid transit curve may be considered to represig#mér an embedded or direct fixation track systeithout the benefits
of resilient fasteners, ballast mats, or floatitadps Soil-structure coupling losses/gains are lzgrodrea of interest for
estimating vibration impacts.

A variant of a parametric modéhcorporating Rayleigh, body, and surface waves widized to generate the
approximations shown in Figure 2. This is, of resity, an approximation of an FTA advocated cuorenhich data are
not publicly available. A discussion of the acayraf the curves is outside of the scope of thiggpdut involves the
incoherent summation of these three componentsrantifications of the divergence to accommodate-dioerce versus
point-source propagation issues, with the soleativje of matching the FTA reference curves.

5. TRANSFER MOBILITY CONCEPTS

Whereas noise emissions from automobiles, mediuaks$r and heavy trucks are audibly different, gtbbaorne
vibration for these same vehicles is typically merstrgetic at frequencies below the 20 Hz frequéimatrepresents the
typical lower limit for human audibility of soundsStructural vibrations below this frequency maystie perceived as
vibration. Structural vibrations above this freqag may be perceived as both vibration and as sotihé frequency
content and amplitudes of vibration is characteriaethe source using force densityifLlogarithmic terms).

The propagation of vibration through the grounthi@e complicated than the propagation of sounditjtiair, and
subject to a greater range of variability due ®diversity of ground types. The propagation thssugh ground can be
determined using ambient sources such as vehigaffic and trains. It can also be measured uaiegntrolled source
of vibration energy, frequently consisting of eitla® impulsive sources or steady state oscillatonrces. An impulsive
source such as a seismic hammer of known weightiesyl height can produce impulses in the grounide ffequency
dependent propagation loss can be determined ading of vibration measuring transducers and aqaig to record
and analyze the measured response. Alternatelysatatory source of excitation like an electyndmic “shaker” can
be employed. The raw field data obtained areérfolhm of point-source transfer mobility measuretagas the
impacting force is applied over a limited areatwf ground. Post-processing software numericalggirates the data in
order to estimate the line-source transfer mobftilyapproximate the effect of a passing train rapimated as a line
source) for each frequency band as a functionstbdce for each site. The line-source transferiliokepresents the
response of the ground to a linear vibration soof@known length, such as a train with a lengtR&1 ft, as a function
of increasing perpendicular distance away frontitaeks.

To infer the force density of a train, measuremefitbe transfer mobility using the controlled soeiof vibration (for
instance, a seismic hammer) are performed aloimggeérpendicular to the track. The decay of tibrawith distance

is thus known, and when a train passes by the eamnbe used to estimate the force density inptitefrain having a
known speed and overall length. With this inforimaiat hand, it is possible to characterize theegarefficiency of
ground vibration propagation at representativessited to estimate future projected vibration lecalssed by trains on a
site-specific basis. The decrease of vibratiom witreasing distance over a wide frequency raageatsfer function)
can be determined from this transducer array measemt. The terminology employed within the FTA mnarto
describe this transfer function for a line souike & train, is transfer mobility (TM:). Adjustments to account for
building characteristics can be considereg;Lsuch as ground-foundation coupling.

The vibration velocity level, |, in VdB, as a function of frequency and distarroanfthe track is the sum of the force
density and transfer mobility. Ground-borne ndesels can also be calculated as an A-weightecerieigel, Lo, from
this information by applying a correction to estimthe sound radiated by walls and the effectdebeptive surfaces
within a room (K¢ and applying an A-weighting to the un-weightedration velocities (K .weigh). The logarithmically
based equations for these calculations are sholewbe

Ly = Lt + TMiine + Gouid 1)

Loa = Ly + Krag + Kaweight @)



The combination of the force density curves andgfer mobility, functions provides an estimate ifration at the
ground surface as a function of distance from theks, the horizontal distance for surface tracidsthe diagonal
distance in the case of subways. Adjustmentssed to account for train speed, mitigation measuaned building
foundation. The projections are based on charaatgrthe magnitude of the vibration forces caused bransit train in
terms of a force density and characterizing the@agation through the soil with a transfer mobifitpction. The force
density is assumed to represent the combined sftét¢he vehicle suspension, the wheel and raidlitiom, and the track
support system and is assumed to be independém &jcal geologic conditions.

Given the frequency-dependent characteristicswilfration source (i.e. force density) for the tragurce of arbitrary
length, the vibration level can be calculated distance. For this calculation, actual train vilma data are gathered at a
reference site where trains are already operatitigpaxcomparable number of cars, known speed, raictt tonditions

(for instance, continuous welded rail that is aithiegrade embedded or elevated slab track wittctiixation).

6. CASE STUDY

Vibration propagation from the source to nearbyiesrs depends on many geological factors suchibtyge and
bedrock depth below grade. Normal vibration praimeg is expected if the bedrock is more than & fielow the
surface. In areas of shallow rock, vibration pigatéon is more efficient due to the constraintsasgd by the transition
from soil to rock. In areas of saturated groundltuvial soil types, concentrations of vibratoryeegy near the ground
surface can result in vibration problems at gredisiances from the source of vibration. In gehevatland areas with
silty soils have a higher than typical respondaigtter frequency, but the resulting vibrations diisi rapidly with
distance. Areas with shallow rock or shallowfsdil have a high, narrow peak in the high frequies, which may
result in high vibration levels relatively closette track. Areas with sandy soil or deep rockehaw increased response
at lower frequencies and the vibrations tend tamsh more slowly with distance. Table 3 summagittee
characteristics of four soil zones where testsilmfation propagation to determine the transfer fitybivere performed
to facilitate an environmental study of a propobgilt-rail transit project.

Figure 3 shows the expected variability of vibrati@locity level, L, at a distance of 200 ft from the track centeréhe
an exterior location. The speed has been adjustiéarmly to 29 mph until the total vibration veloclevel of each of
the four soil zones is at or below 65 VdB at th@ &Qdistance, which contrasts with the FTA asserthat the
propagation curves in Figure 2 are conservatiiee Torce density is derived from measurenfeoits: system operating
Sumitomo Nippon Sharyo P865 technology with corectiets and exposed rock ballast. The assumediérgth with
three 87 ft cars is 261 ft. Each 94,000 Ib carfulated, double-ended, and has six axles. r€igicontains a fifth soil
zone as present at the site of the Blue Line fdesesity testing, although the characteristics isf $bil are not known in
detail. Table 4 summarizes the results includieg36 VdB to 65 VdB range of the total RMS leveéda soil
variations alone. The 10 Hz and 12.5 Hz third-eethand shows the highest vibration velocities witiange of
variability on the order of 11 VdB and 9 VdB, resfieely. For the 50 Hz third-octave band the ranfeariation is 28
VdB. The linear range is from 500 to 1400 microkfsec, assuming that the FTA criterion of 65 VdBtbtal vibration
velocity level is applied to a single axis, suchitesvertical. The VC compatibility therefore rasgrom VC-A down to
VC-C, without consideration of soil-structure irgetion.

7. CONCLUSION

The results shown above illustrate that soil typa significant factor when evaluating vibratioogegation. In terms of
the application of the VC to the evaluation of Eagidesign, the results ranged from VC-A down t6-Z for operations
of a representative light-rail transit system an®gh and 200 ft offset distance. To arrive at V@Dower conditions
would require increased distance due to a changamdit alignment, reduced speed operation, rediarpon losses due
to soil-structure interaction, or inclusion of \alhion reducing features into the track such adieeske fasteners, ballast
mats, or floating slab. Poor track maintenanceamk features such as switches would generalhgage vibration
levels, perhaps interfering with the continued ilipbof the nearby facility of concern.
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Table 1: FTA/FRA Ground-borne Vibration and Noisghct Criteria

Ground-Borne Vibration Impact Ground-Borne Noise Impact Levels
Land Use Category Levels (VdB re: 1 micro inch/sec) (dB re: 20 micro Pascals)
Frequent (1) Infrequent (2) Frequent (1) Infrequent (2)
Events Events Events Events
Category 1: Buildings where low
ambient vibration is essential for 65 VdB (3) 65 VdB (3) (4) 4)
interior operations.
Category 1: Concert Halls, TV
Studios, Recording Studios 65 VdB (5) 65 VdB (5) 25 dBA 25 dBA
Category 1: Auditoriums 72 VdB 80 VdB 30 dBA 38 dBA
Category 1: Theaters 72 VdB 80 VdB 35 dBA 43 dBA
Category 2: Residences and buildings 72 VdB 80 VdB 35 dBA 43 dBA
where people normally sleep.
C_ategqry 3_. Inst|tu_t|0nal land uses 75 VdB 83 VdB 40 dBA 48 dBA
with primarily daytime use.

1. “Frequent Events” is defined as more than 70 vibra¢vents per day.

2. ‘“Infrequent Events” is defined as fewer than 7C0ratlon events per day. This category includes most

commuter rail systems.

3. This criterion limit is based on levels that areegtable for most moderately sensitive equipmect sis
optical microscopes. Vibration sensitive manufentwor research will require detailed evaluatiordefine
the acceptable vibration levels.

4. Vibration-sensitive equipment is not influenceddsgund-borne noise.

5. If the buildings will rarely be occupied when thaihs are operating, there is no need to considpadt. As
an example consider locating a commuter rail lieetho a concert hall. If no commuter trains wilerate
after 7 pm, it should be rare that the trains fieterwith the use of the hall.




Figure 1: Generic Vibration Criterion (VC) Curves Vibration-Sensitive Equipment (showing also I8© guidelines for people in

buildings)
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Table 2: Numerical Definition of VC Curves shownHigure 1

Criterion Definition
260pug between 4 Hz and 8 Hz; p@n/s (2000uin/s) between 8 Hz
VC-A
and 80 Hz
130ug between 4 Hz and 8 Hz; §bn/s (100Quin/s) between 8 and
Ve-B 80 Hz

VC-C 12.5pm/s (500uin/s) between 1 and 80 Hz
VC-D 6.25um/s (250uin/s) between 1 and 80 Hz
VC-E 3.1um/s (125uin/s) between 1 and 80 Hz
VC-F 1.6 um/s (62.5uin/s) between 1 and 80 Hz
VC-G 0.78um/s (31.3uin/s) between 1 and 80 Hz




Figure 2: Comparison of FTA Generalized Ground &efVibration Curves versus Calculations from PatamModel
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Table 3: Vibration Propagation Test Site Locations
. ! I : Water Table (below
ID City Site Description Soil Type grade)
T™M1 Santa Ana Near Santa Ana Transportatid “Holocene Alluvium (silt) 50+ ft.
Center
T™M2 Santa Ana Near |ntersect|pn c_)f Bristol St Holocene Alluvium (silt) 20 ft.
and Wilshire
TM3 Costa Mesa Anton Farm Holocene Alluvium (silt) <5 ft.
™4 Irvine Mason Park, Near UC Irvine Ple|stoc(esz:te) Alluvium 10 ft.




Figure 3: Predicted Light Rail Transit Vibration Ideity Level using Force Density of Los Angeles @GouMetropolitan

Transportation Authority Blue Line Light Rail Velés
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Table 4: Summary of Results shown in Figure 3
ID Site Description Total V!brat_lon \(elocny Vibration Criterion (VC) Comparison
Level re: 1 micro-inch/sec
Near Santa Ana Transportatign 700 micro-inch/sec @12.5 Hz
™1 62
Center VC-B
™2 Near intersection of Bristol St 65 1400 micro-inch/sec @ 12.5 Hz
and Wilshire VC-A
™3 Anton Farm 63 900 micro-inch/sec @ 10 Hz
VC-B
T™M4 Mason Park, Near UC Irvine 58 500 mlcro-l?/(z:h_lcs:ec @ 125 Hz
™S Blue Line between Wardlow 56 500 micro-inch/sec @ 12.5 Hz
and Del Amo stations VC-C




