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PREFACE
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written by Amanda S. Rapoza and Edward J. Rickley. The sections which focus on signal detection

theory and horn effectiveness were written by Thomas G. Raslear.
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and Hank Dickinson and Jerry Hall, Florida East Coast Railway. The authors would also like to
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EXECUTIVE SUMMARY

The U.S. Department of Transportation, Research and Special Programs Administration, Voipe

National Transportation Systems Center(VoipeCenter), Acoustics Facility, in support of the Federal

Railroad Administration (FRA),is conductingsafetyresearch to evaluatetheeffectiveness of various

methods for reducing the number of accidents and resulting casualties at highway-railroad grade

crossings. The overall research effort is investigating the use of rail equipment warning devices

(e.g., horns, alerting lights, and reflectorization) and the use of track system devices (e.g., signs,

signals andlighting systems). As partof this research, thecurrent effortreported hereevaluates the

detectability of hom systems usedas audible warning for motorists at highway-railroad gradecross

ings,and their resulting impacton the communitynoise environment.

Thisstudyspeaksdirectlyto the findings in a July 1990reportby the FRA which summarized the

effectsof a nighttime (10 pm to 6 am) railroad horn ban enacted by a numberof communities at

grade crossings, equipped with active signaling systems, along the Florida East Coast Railway

Corridor [3]. This reportfound that homs reduced accidentsby 69 percent. The model developed

in thisstudyshowsconsistencywith these findings. It predictsthat homs shouldreduce accidents

by 69 percentfor the conditionspresent in FloridaEast Coast Railway Corridor. A National study

of hom bans found that, at grade crossings with hom bans, there were an average of 38 percent

fewer accidents after the hom bans had been canceled [4]. In individual case studies, accident

reduction rates as high as 53 percentand 59 percentwere observed. For the mix of passive and

active devices and horn types represented in the National study, the model predicted that horns

should reduce accidentsby 51 percent. The observeddecrease is withinone standard deviation of

the predicteddecrease based on the range of variabilityof conditions in the National study.

Since the majority of highway-railroad grade crossing accidents involve moving locomotives,

acoustic data are presented for a conventional three-chimehom system on a moving locomotive.

These data were obtained through wayside measurements of locomotives as they moved through the

crossing at six differentgrade crossings. Sound levels were measured perpendicularto the track at

two locations at each crossingto determinethe soundattenuation effectsofbuildings and vegetation

alongthe right-of-way on the warningsignal strength. This information, coupled with the number

xiii



of trains traversing the crossing during the daytime and mghttime hours, was used to compute the

community noise exposure, measured in terms of an average day-night sound level, in the vicinity

ofthe grade crossing. It was found mat at locations less than 200 ft (61 m) from the crossings, which

have trains traversing the crossing at a rate ofone per hour, the estimated day-night sound levels are

greater than 65 dB(A). This sound level is characterized as "normally unacceptable" by the

Department ofHousing and Urban Development [9].

The sound insulation characteristics (insertion loss) of motor vehicles were obtained by measuring

the sound level at a reference position inside the vehicle and at the same position with the vehicle

removed. The insertion loss of the motor vehicles tested was found to be approximately 25-35

dB(A). Baseline interior noise levels were measured while the motor vehicles traveled at a constant

speed of 30 mph (48 km/h), with windows closed, ventilation systems off, and radios off. Interior

noise levelswere found to be approximately 55-65 dB(A). The interior noise levels, coupled with

the vehicle insertion loss values, were used to determine the sound level of the warning signal that

is necessary to effectively alert the motorist under baseline conditions.

The probability of detection of warning signal sound levels was determined for three highway-

railroad grade crossing scenarios: (1) the passive crossing; (2) the active crossing; and (3) the active

crossing equipped with a wayside horn system (i.e., a hom system located directly at the crossing

instead of on the locomotive). For each crossing scenario, a different detection criterion was used

based upon the motorist's expectation of encountering a train at that type of crossing. Tables E-1,

E-2, and E-3 (following) summarize the results of the study in terms of the probability that a motorist

will detect a warning signal for each scenario.

Table E-l. Passive Crossings

Locomotive Speed (mph)

20 30 40 50 60 70 80 90 100 110

Nathan

K-5-LA

>99% >99% >99% >99% >99% >99% >99% >99% >99% 99%

Leslie

RSL-3L-RF

75% 55% 2S% -0% =0% »0% »0% =0% »0% »0%

Leslie

RS-3L

10% "0% =0% =0% "0% =0% "0% »0% «0% "0%

Note: motor vehicle speed - 30 mph

XIV



Table E-2. Active Crossings

>-
" - « I * "f

Locomotive Speed(mph)
"i

-

-

20 30 40 '"- -' 50 60 70 80 90 100 110

Nathan

K-5-LA

>99% >99% >99% >99% >99% >99% >99% >99% >99% 98%

Leslie

HSL-3L-RF

98% 96% 93% 81% 60% 30% 5% «0% =0% =0%

ff«ilift

RS-3L

96% 87% 60% 20% »0% =0% =0% =0% =0% =0%

Note: motor vehicle speed - 0 mph

Table E-3. Active Crossings Equipped with Wayside Horn Systems

-' .-, 5^ \ ''Motor VefaicIfrSpeed(mph)
"

10 20 30 40 SO 60 70

AHS 95% 71% a0% =0% =0% =0% =0%

Note: locomotive speed is not applicable

The warning signal duration is also addressed to determine if it can be changed to reduce the

community noise impact Historically, the signaling cycle is actuated 20 seconds before the

locomotive reaches the crossing. It may be possible to actuate the signaling cycle 15 seconds before

the crossing, reducing by 25 percent the community area along the rail corridor exposed to a

normally unacceptable noise environment Reducing the signal duration would require a change in

the characteristicsof the signal. The signal could be changed from the current long-long-short-long

to either long-short-long-short or short-long-short-long, neither of which are currently in use as

warning signals.
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1. INTRODUCTION/BACKGROUND

The Federal Railroad Administration (FRA) is conducting a comprehensive research program to

develop means of reducing the number of accidents and resultingcasualties at highway-railroad

gradecrossings. In supportof thiseffort, the Voipe Center's Acoustics Facility is conducting a study

with the goal ofoptimizing the performance of railroad hom systems.

The primary objective of this report, the second in a series, was to determine the probability of

detection of railroad hom systems for warning motorists of the impending arrival of a train at

highway-railroad grade crossings. Additionally, the community noise impact of train homs was

quantified.

One of the functions of a railroad hom system is to warn the motorist who may be approaching a

grade crossing, of the impending arrival of a train. However, previous studieshaveconcluded that

the motorist is unable to hear the horn's warning signal in a majority of situations. Aurelius and

Korobow reported in 1971 that"homs are not a suitable primary warning in high-speed encounters"

[1]. Eldred and Sharp reported in 1972 that "Recent attempts by the motor vehicle manufacturers

to reduce the internal noise levels in their products have been very successful; too successful for

warning signal effectiveness according to some authorities" [2].

However, two recent report by the FRA contradict these conclusions. A 1990 report summarized

the effects of a nighttime railroad hom ban enacted at a number of grade crossings, equipped with

active signaling systems, along the Florida East Coast Railway corridor [3]. After six years of

enforcement, a 195 percent increase in accidents was experienced by the Florida East Coast Railway

during the hours that the ban was in effect, as compared to pre-ban accident levels during the same

hours. In 1991, when hom use was resumed, nighttime accidents at these crossings decreased by 69

percent. Then, in 1995, the FRA conducted a second study on railroad hom bans, this time

summarizing experiences nationwide [4]. This study concluded that the experiences in Florida were

not unique. In 12case studies covering 8 states other than Florida, the accident rate declined by an

average of 38 percent when the hom bans were canceled. Two of these case studies showed

individual declines of 53 percent and 59 percent These statistics indicate that, under certain
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conditions, motoristsrelyon the railroad hom as a warning. The findings described aboveregarding

the effectiveness and detectability of train homs highlight the need for the current study.

The detectability of a railroad hom system depends upon: (1) its ability to direct its sound toward

the approaching motorist; (2) the ability of the sound to penetrate the motor vehicle at a level that

can be detected by the motorist in time to avoid a collision; and (3) the attentiveness of the motorist

Pertinent data were obtained through measurements of the acoustic characteristics (i.e., the interior

noise levels and sound insulation of the passenger compartment) of motor vehicles, as discussed

herein, and the acoustic characteristicsof both conventional and alternativerailroad hom systems

(i.e., the level, frequency content, and directional characteristics). The latter are discussed in an

earlier Voipe Center report, Safety ofHighway-Railroad Grade Crossings: Study ofthe Acoustic

Characteristics ofRailroadHornSystems, which details the acoustic characteristics of four selected

types of railroad hom systems [5]. These hom systems are as follows: (1) the Nathan K-5-LA, a

five-chime system with all homs facing forward; (2) the Leslie RSL-3L-RF, a three-chime system

with two homs facingforward and one facing to the rear, (3) the LeslieRS-3L,a three-chime system

withall homs facing forward; (4) the Automated HornSystem (AHS),a prototype of an alternative

warningsystemconsistingof one hom (i.e., a one-chime system) placedat the crossing and aimed

down the approaching roadway.

In general, there are two methods to increase the ability of a sound to penetrate the motor vehicle.

The first, and most common, is to increase the loudness of the sound it produces. The second is to

change or modify the frequency content (i.e., pitch) of the sound. A point has been reached where

the sound level cannot be increased further without causing an unacceptable impact on the

surrounding communities, and potentially the locomotive occupants as well. In fact, many

communities (such as those along Florida's east coast) have recently indicated that current hom

systems create an unacceptable noise environment It has been suggested that for any major

improvement, alternative warning methods must be developed which only affect the approaching

motorist and not the surroundingcommunity. One such method may be to locate the railroad hom

systemdirectly at the crossing, aimed down the approaching roadway. A protot; rpe of this type of

system is evaluated in this report.



2. ACOUSTIC CHARACTERISTICS OF RAILROAD HORN SYSTEMS ON
IN-SERVICE LOCOMOTIVES

The analysis presented inthis section focuses onthe acoustic characteristics ofrailroad hom systems

mounted on locomotives in revenue service. The effects on the warning signal due to acoustic

obstructions (i.e., buildings, vegetation, etc.) along the propagation path are specifically examined.

2.1 EXPERIMENTAL METHOD

Acoustic data were collected from hom systems on locomotives in revenue service at highway-

railroad grade crossings along the Florida East Coast Railway's main line. Data were collected on

July 8and 9,1992, in Jacksonville. Specific grade crossings were selected to represent a variety of

building/vegetation scenarios.

All locomotives measured were equipped with Leslie Model RS-3L hom systems onboth the front

andrearof the locomotive. Thespecific homsystem activated (i.e., front orrear) was dependent

upon the direction of travel of the locomotive. The hom system mounted on the front of the

locomotive (i.e., short hood forward) was modified to include an air pressure regulator which fixed

the sound level output at approximately 104 dB(A), 100 ft (30.5 m)to the front of the locomotive.

The hom system mounted on the rear ofthe locomotive, rated bythe manufacturer tohave a sound

level output of 114 dB(A), 100 ft (30.5 m) from the hom system, was not equipped with a regulator.

Both types of hom systems (i.e.,withand without the regulator) were measured in this study.

2.1.1 Data Acquisition Equipment

At each highway-railroad grade crossing, a digital audio tape recording system(DAT type) and a

sound level meter were used to collect and store acoustic data. A detailed description of this

equipmentcan be found in Appendix A. The sound levelmeterwas usedto collectand storediscrete

samples of data every 0.5 seconds (with slow sound level meter response characteristics) over an

operator-defined time period. The digital recording system was used to record the acoustic signal

on magnetic tape for off-line listening and analysis.



Temperature and relative humidity were monitored with a sling psychrometer; wind speed was

monitored with a hand-heldanemometer. Train speed was measuredwith a portable Doppler radar

gun.

2.12 Test Sites/Microphone Locations

Measurements were made at the following six grade crossings located in Jacksonville, Florida:

Site # Crossroad Name AAR/DOT#*

1 Sunbeam Road 271824W

2 Shad Road 271825D

3 Mussells Acres Road 271827S (Private)

4 Cedar Street 271828Y

5 Greenland Road 271829F

6 Old St Augustine Road 271830A

♦TheUSDOT/AAR # is the designation assignedtoeach grade crossing by the AAR andtheUSDOT for inventory
purposes.

FiguresB-1 throughB-6 in Appendix B present a plan view of each test site, including placement

of the acoustic data acquisition systems. At each site, with the exception of Shad Road (see Figure

B-2), the digital recordingsystem was placed 50 ft (15 m) from the track and the sound level meter

was placed 200 ft (61 m) from the track. The digital recording system at the Shad Road site was

placed 75 ft (23 m) from the track and the sound level meter was placed 150 ft (46 m) from the track

due to space restrictions. All crossings were equipped with an active signaling system consisting of

flashing lights and gates.

2.13 Test Procedure

Acousticdata were collected simultaneously at the two microphone locations during the pass-by of

the test train, with the data acquisition systems time-synchronized using a master clock. The

operator-defined data acquisition period was chosen tocapture the acoustic signature of the test train



including the waming signal associated withits impending arrival. Two trains were recorded at each

crossing (12 total pass-by events). As the trains were operating on their normal timetable, the test

train personnel were unaware thatacoustic measurements were being conducted. System calibration

wasperformed at the beginning andendof thedataacquisition period at eachtest site.

2.1.4 Acoustic Data Reduction

The digital tape recordings were first monitored by ear to insure that no extraneous sounds

contaminated thedata. Fortunately, due to the lowambient noise levels in the test areas (less than

65dB(A), since highway traffic at thecrossings wasstopped by theactive signaling system before

the waming signal was initiated), none of the data were found tobecontaminated (i.e., less that 10

dB above the ambient).

The data were then filtered into one-third octave band levels using a BrQel & Kjaer Model 2131

Digital Frequency Analyzer and stored in a Voipe Center computer incontiguous one-eighth second

exponentially averaged (i.e., with slow sound level meter response characteristics) datarecords. The

warning signalassociated witheach locomotive approach was identified and treated as a separate

pass-by event. Each eventwasprocessed overthe 10-dB down duration (i.e.,a timeperioddefined

by the instant when the warning signalfirst reached a level 10 dB less than the maximum level to

the instant when the warningsignal last reached a level of 10dB below the maximum level). Each

event was also broken down into its signaling components (long or short), and each component was

treated as a separate sub-event and processedover its 10dB down duration. Processing yielded the

following set of data:

• Maximum A-weighted sound level (LASmM)
The maximum A-weighted sound level (measured in A-weighted decibels, dB(A))
observed during the period of the event (signaling cycle). The A-weighting response
closely simulates the response of the human ear.



• Frequency spectraat the time of LaaMlt
A plot of sound level vs. frequency at the time when the maximum A-weighted
sound level was observed.

• Spectral time history
The three-dimensional representation (level vs. frequency vs. time) of each event
(one-eighth second data records).

• A-weighted time history
Thecontiguous A-weighted one-eighth secondsoundlevel records over the duration
of the measured event

• Soundexposure level (L^
The energy summation of the A-weighted sound level over time with a reference
duration of onesecond. TheL^ is a computed sound level which characterizes the
total noise exposure of an event where the acoustic levels vary substantially over
time.

The A-weighted time history data stored in the sound level meter and downloaded to a portable

notebook computer on-site were transferred into a Voipe Center computer for processing. After

calibration adjustments were applied to these data, the precise 10-dB down duration of eachevent

was identified, as above. Processing yielded the maximum A-weighted sound level (L^,^, A-

weighted time histories, andthesound exposure level (L^ foreach event.

2.2 ACOUSTIC DATA ANALYSIS

2.2.1 Sound Propagation

As the waming signal propagates over the distance from source to receiver (i.e., from the railroad

hom to themotorist), it changes inbothleveland frequency content (i.e., loudness andpitch). These

changescan includethe effectsdue to sphericalspreading,absorption, and/or reflection of the sound

due to the ground, meteorologicalconditions, and shielding by buildings and vegetation along the

propagation path. The following are typical rules of thumb for quantifying these effects; where

simple rules of thumb do not exist, references are cited that describe detailed computational

methodologies to account for these effects:



• Spherical spreading is thenatural reduction insound level with increasing distance
from a sound source. It is due to the spreading of the sound wave over a progres
sively larger area. Fora pointsource such as a railroad hom system, thisspreading
results ina reduction of 6 dBperdoubling of thedistance (i.e., a 6 dBdrop-off rate).

• Soft ground (i.e., loose dirt, grass), can account for a reduction ofapproximately 1.5
dB in sound level per doubling of the distance.

• Sound energy isabsorbed when propagating through the atmosphere. The reduction
in sound level in each one-third octave-band due to atmospheric absorption is a
function of temperature, relative humidity and distance [6].

• Wave refraction caused bywind conditions can affect sound levels asa function of
wind direction. Wind blowing from source to receiver canrefract the sound waves
downward and cause an increase in levels at the receiver. Wind blowing from
receiver to source canrefract thewaves upward andcause a decrease in levels at the
receiver [7].

• Shielding from buildings has been shown toprovide a reduction of3 to 10 dB over
the propagation path [8]. Shielding from dense vegetation has been shown to provide
a reduction of5 to 10dBat low frequencies, and up to 20dBat 8,000 Hz(providing
thevegetation extends overa distance greater than 100 ft (30m)) [8].

2.2.2 Analysis of Measured Sound Levels

Tables B-1 through B-12in Appendix B present summary information for each trainpass-by event,

including date, time, operating conditions of the train, roadway conditions, and meteorological

conditions. TheL^,^, duration anddistance from the microphone foreach signal component, and

theoverall L^ for the entirewaming signal arepresented foreachof thetwo microphone positions.

Appendix B alsocontains thefrequency spectra at thetimeof LASmax (Figures B-1 through B-12), the

spectral time histories, and the A-weighted time histories for each pass-by event (Figures B-13

through B-24).

The variations in the signal duration (Tables B-1 through B-12) and A-weighted time histories

(Figures C-l3 through C-22 in Appendix C) can be attributed to the specific signaling techniques

of the individual locomotive personnel. Specifically, the long components range in duration from

1.88 seconds to as long as 9 seconds, while the short components range from 0.75 second to 3.75



seconds. The duration of the signaling components can have a significant effect on the sound

exposure level and therefore the community noise impact (see Section 2.2.3).

Figure 1 is a plan view of the Shad Road site where pass-by events 3 and 4 were measured. As

shown, the building close to the tracks blocks the direct path from the locomotiveto the receiver.

Thisbuilding actsas a sound barrier andattenuates the level of thefirst components of thesignaling

cycles. This is most evident when the LASmax for the first and second signaling components are

compared. The direct path distance from the train to the sound level meter at the time of emission

of thefirstand second signaling components of train number 4 are584and 345 ft (178 and 105 m),

respectively. Assuming fairly standard overground propagation characteristics, i.e., approximately

7.5dB(A) per doubling of distance, the240ft (73 m) difference accounts for only5.7 dB(A) of the

total measured sound level difference. The remaining 9.0 dB(A) can be attributed to building

attenuation. Shielding attenuation levels of thismagnitude dueto highway noise barriers are fairly

common [8].

Q
te

Q

Figure 1.

Sound
Lovol
Motor

92.8 dBA

•,\
.«*«?

BB.SdBA 87.6 dBA

Effect ofa Building on the Measured Sound Level
During a Locomotive Pass-by

8

m
72.9 dBA measurad

82 dBA estimated

without bunding



2.23 Analysis of Community Noise Impacts

Anoutdoor day-night average A-weighted sound level (defined as DNL andsymbolized by Ldn) is

a single number metric which is widely used to determine the impact of a noise source on a

community. L^ isdefined astheaverage A-weighted sound level overa 24-hour period, with a 10

dB penalty imposed upon sounds occurring between 10 pm and 6 am. The US Department of

Housing and Urban Development (HUD) has characterized Ldn in terms of degrees of acceptability

of an outdoor residential noise environment [9]. The upper limit for a "normally acceptable"

environment isL^ =65dB(A); anL* from 65 to75dB(A) isdefined as"normally unacceptable";

and anLa, above 75 dB(A) is"unacceptable." L^can becalculated bysumming the L^ from each

noise event (in this case, each train pass-by) over a 24-hour period, as follows:

^n =EV "49-365 (1)
i=i

Or, if theL^ is only known fora representative event, L^ canbecalculated by adding lOlog of the

number of events to the L^, as follows:

U - Lae + 101ogI0(#TrainsDay + 10#TrainsNight) - 49.365 (2)

The estimatedL^ at each measurement microphone locationwas computedusing the averageLAE

from Tables B-1 through B-12 and the estimated daily number of trains. The average number of

trains passing through each crossing was one train per hour during daytime hours (7 AM to 10 pm)

and one train per hour during nighttime hours (10 pm to 7 AM), as reported by the USDOT/AAR

grade crossing inventory, last updated in 1988. Table 1 shows the L^, computed, as above, for each

of the six test grade crossings, assuming the USDOT/AAR average number of daily operations at

each crossing. Residences located less than 200 ft (61.0 m) from the crossing would not meet the

HUD's "normally acceptable" criterion of Ldn = 65 dB(A).



Table 1. Estimated Day-Night Sound Level

L„„ (Estimated) (dB(A))

Distance from

Crossing, ft (m)
50

(15.2)
75

(22.9)
150

(45.7)
200

(61)

Sunbeam Rd. 78.22 69.75

Shad Rd. 68.93 68.95

Mussells Acres Rd. 78.43 69.25

Old St. Augustine Rd. 80.29 72.95

Cedar St. 79.61 69.85

Greenland Rd. 74.83 65.80

The Ldn at any other distance from the crossing can becomputed from Equation 1 or 2 using the

following to extrapolate the L^ to other distances:

L^distance x) = L^reference distance) +251ogl0(reference distance/x)

-101og(reference distance/x) (3)

The relationship between Ldn, number of trains, anddistancecan be expressed mostsimply in

terms of the number of equivalent daily operations (EDO) corresponding with the65 dB(A) L^

limit used by HUD. Equivalent Daily Operations = #TrainsDay + 10#TrainsNight(i.e., if the

train frequency is 1 train/hour, the number of equivalent daily operations is 105). By combining

the above equations, EDO can also be expressed as a function of L^ and distance corresponding

with the 65 dB(A) L^ limit. For example, Table 2 shows that for a resident positioned at a

distance of 500 ft, the 65 dB(A) L^ criterion would be exceeded if there were more than 139

equivalent daily operations.

10



Table 2. Equivalent Daily Operations at Sunbeam Road

Ldn = 65 dB(A). SEL = 98.9 dB(A) at 200 ft

Distance 100 250 500 750 1000

From

Crossing (ft)

Equivalent 12.5 49.2 139.3 255.9 394.0

Daily

Operations

11/12





3. ACOUSTIC CHARACTERISTICS OF MOTOR VEHICLES

A measure of the acoustic characteristics (i.e., interior noise levels and the ability of outside

noises to penetrate to the interior) of motor vehicles is needed in order to fully understand their

effects on the detectabilityof an audible warning signal. The motor vehicle structure limits the

propagation of sound to its interior by absorbing and/or reflecting the incident sound energy. The

amount of incident sound energy absorbed and/or reflected is referred to as insertion loss. The

interior noise levels resultingfrom normalvehicle operation can reduce the detectability of a

warning signal by acoustic masking.

Various studies on the subject of motor vehicle acoustic characteristics were conducted in the

1970s and 1980s [9][10][11]. Thesestudies reported insertion loss and/orinteriornoisedata for

a small number of motor vehicles; however, most of these data cannot be applied to late model

motor vehicles. Designchangeshave been made by automotive manufacturers in the areas of

sound insulation and vibration control to further limit the penetration of exterior sound. This is

evidenced by recent information from General Motors and automotive magazines which suggests

that interior noise levels alone have decreased by at least 10 dB since 1970 [9]. As a part of this

study, acoustic data were collected, through field measurements, to determine the interior noise

levels and insertion loss characteristics of late model motor vehicles.

3.1 INTERIOR NOISE

Interior noise is defined as the sound pressure level inside the vehicle resulting from normal

vehicle operations. A number of noise sources can contribute to the overall interior noise levels

dependent upon the operating conditions of the vehicle. These are: tire/roadway interaction, the

engine and drive train, exhaust system, air turbulence resulting from vehicle motion, ventilation

system (including fan and windows), and radio, as shown in Figure 2. These interior noise levels

may be as loud as or louder than the waming signal which penetrates the vehicle, and can reduce

its detectability.
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32 INSERTION LOSS

Insertion loss is defined as the difference in noise level at a receiver position before and after the

installation of a noise barrier, in this case, the barrier is the motor vehicle structure. The barrier

affects the warning signalbyabsorbing and/orreflecting a portion of the sound,as shownin

Figure 3. Insertion loss was calculated by subtracting the sound level measured at a position

inside the motor vehicle from the sound level measured at the same position (identical height and

offset distance from the source) with the motor vehicle removed. Because of the complex

structure and variety of materials used in the body construction of motor vehicles, the insertion

loss can vary with vehicle type and source-incidence angle.

14



o

Figure 3. The Effect of Insertion Loss on the Warning Signal

33 EXPERIMENTAL PROCEDURE

The following sectionsdescribe the equipmentand procedures used duringmeasurements of

interior noise levels and insertion loss. Measurements were conducted during the period June 23

to 25,1992. Detailed descriptions of the data acquisition systems,artificial source, and calibra

tion procedures are included in Appendix A.

33.1 Test Vehicles

A brief description of each of the motor vehicles tested follows. Seven late-model vehicles were

chosen to be representative of a variety of vehicle sizes, types, and manufacturers. The cars were

privately owned and provided by Voipe Center employees.

Honda Civic Ford Festiva

Yean 1990 1991

Class: Small Small

Engine: Four-cylinder Four-cylinder
Transmission: Manual Manual
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Honda Oldsmobile Chevrolet

Accord LX Cutlass Ciera Lumina

Year: 1991 1991 1991

Class: Mid Mid Mid

Engine: Four-cylinder Four-Cylinder Four-cylinder
Transmission: Automatic

Mercury

Automatic Automatic

Grand Marquis Dodge Grand Caravan
Year: 1991 1991

Class: Large Minivan

Engine: Six-cylinder Six-cylinder
Transmission: Automatic Automatic

33.2 Test Sites

Interior noise level data(dynamic measurements) were collected at speeds of up to30 mph (48.3

km/h)on Memorial Drive in Cambridge, Massachusetts, a four-lane east-west roadway. The

level roadway wasmade up of dense-graded asphaltic concrete pavement, bordered by the

Charles River to the south and buildings to the north.

Insertion loss data (static measurements) were collected on the Voipe Center grounds. The test

area was covered by short cropped grass, bordered by hedges to the east and south, a parking lot

to the north and a high-rise building approximately 492 ft (150 m) to the west. The microphone

was placed 25 ft (7.6 m) from the noise source in the center of the test area. The noise source

was directed to the east at a row of hedges.

333 Interior Noise Measurements

Dynamic interior noise measurements were conducted so that a baseline interior noise level could

be quantified. Baselineconditions were considered to be windows closed, ventilation systems

off, and radio off. With this baseline level, only a minimal number of additional measurements

would be required to accurately represent any adjustments for various ventilationoptions and

radio loudness levels. Due to measurement site constraints, the vehicle was operated at a

constantspeedof 30 mph. Acoustic data wererecordedon a digital recording system (PCM
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type, see Appendix A). Periods of minimum activity on the roadway werechosen for data

acquisition, thereby minimizing acoustic contamination from other sources.

The following measurement practicesfollowed the guidelines of the Societyof Automotive

Engineers Recommended Practice [12]. Sound level data were measured inside the motor

vehicle utilizing a microphone/preamplifier assembly (oriented for grazing incidence) mounted

on a tripod on the right front seatat a height corresponding to theheight of theear of a person

sitting in the vehicle(approximately 2.3 ft (0.7 m) above the seat). The tripodand micro

phone/preamplifier assembly were mounted in a manner thatminimized the effects of vehicle

vibrations.

3.3.4 Insertion Loss Measurements

A poweramplifier/speaker system was used as an artificial noise source, broadcasting octave

bandsof electrical noise withequal energy in each one-third octavebandto be measured at a

reference location both inside and outside the test vehicles. Artificial electrical noise was used so

that an accurate measure of insertion loss in each one-third octave-band could be obtained. The

level broadcast was monitored 4 ft (1.2 m) from the source to insure that the acoustic signal was

stable and identical for each measurement A reference position for all measurements was

established at a height of 4 ft (1.2 m) above the ground, 15 ft (7.62 m) from the front of the

artificial sound source.

Sound level data were measured inside the motor vehicle utilizing a microphone/preamplifier

assembly (oriented for grazing incidence), as described in Section 3.3.3. The test was conducted

with the vehicle positioned relative to the artificial noise source so the sound was incident upon

the front, right, and left sides of the vehicle (0°, -45°, and +45° angles respectively). The

recorded octave bands of pink noise broadcast by the artificial source were measured at the

reference position and recorded on magnetic tape by the digital recording system.

The test was repeated with the motor vehicle removed (i.e., outside the motor vehicle). A

microphone/preamplifier assembly(oriented for grazing incidence) was mounted on a tripod and
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positioned 4 ft (1.2 m) above ground level at the reference position 15 ft (7.62 m) from the

source. Octave bands of pink noise broadcast by the artificial source were measured at the

reference location and recorded on magnetic tape by the digital recording system. Insertion loss

measurements were collected following the guidelines of the American National Standards

Institute [13]. All measurements were made during periods ofgeneral quiet Ambient noise

levels (with the artificial source off) were also measured and recorded both inside and outside the

vehicle. These were used to insure the integrity of the measured noise data.

33.5 Meteorological Data

Meteorological data were collectedthroughout the data acquisitionperiod. A hand-held

anemometer was used to monitor wind speed and direction; a sling psychrometer was used to

monitor temperature and relative humidity.

Temperatures throughout the test period averaged 70°F (21°Q, with a relative humidity of 60

percent Wind speeds ranged from 0 to 10 knots.

33.6 Acoustic Data Reduction

Acoustic data were reduced on an event-by-event basis. Dynamic interior noise level events

consisted of a period of 30 seconds during which the vehicle was stabilized at a speed of 30 mph

(48 km/h) with no extraneous sounds. Static insertion loss events consisted of a 12-second

period of recorded octave band pink noise measured at the reference position inside and outside

the vehicle (i.e., with the vehicle removed).

The digitally recorded data were processed and filtered into one-third octave-band levels using a

Bruel & KjaerModel 2131 Digital Frequency Analyzer, after monitoring to insure that no

extraneous sounds contaminated the data. The digitized one-third octave-band sound pressure

level data from the analyzer were stored in a Voipe Center computer in contiguous one second

linear data records for each event, with appropriate calibration and system adjustments applied.

The acoustic data were tested against the ambient noise levels to insure their integrity. The
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corrected one-second records were then energy-averaged over the duration of the event to

produce anaverage sound pressure level/frequency spectrum foreach event These spectral data

were transferred intoa spreadsheet foranalysis andcomputation of insertion loss levels.

3.4 ACOUSTIC DATA ANALYSIS

Thefollowing sections present ananalysis of interior noise and insertion lossdata.

3.4.1 Interior Noise

Figure C-l presents the average interior noise levels measured ineach one-third octave frequency

band (i.e., frequency spectrum) for each of the seven vehicles tested during normal operation at

30mph (48 km/h). Although the interior noise frequency spectra for each ofthe seven vehicles

are similar, some general trends are discernible. The interior noise levels of theminivan in the

range from 500 Hzto 4000 Hzare 5 to 10dBlower than those ofother vehicles tested. This may

be due, in part, to the greaterheightof the minivan whicheffectively places the measurement

position a further distance from the roadway. The increased distance may decrease the level of

the tire/roadway interaction noise. Differences in interior noisespectra arealsonotedfor the

small-to-medium four-cylinder vehicleswithoutoverdrive (HondaCivic,Ford Festiva, and

Cutlass Ciera), and the medium-to-large four-/six-cylinder vehicles with overdrive (Honda

Accord, Chevrolet Lumina, and MercuryGrand Marquis). Differences predominate between 500

and 4000 Hz, presumably due to the reducedenginenoise at lower enginerpm and the sound

insulation and vibration control features in the medium-to-large vehicles. An average interior

noise spectrum,representative of the seven motor vehiclestested, was calculatedand is shownin

Figure C-2. This average spectrum will be used in the analysis of railroad hom system effective

ness in later sections of this report

For comparative purposes, Table 3 presents baseline interior A-weighted noise levels as

published in recent automotive magazines for several 1992-1993 model year vehicles [14][15].
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Table 3. Interior Noise Levels of 1992-1993 Model Year Automobiles

Auto Interior Noise Level
at Idle (dB(A))

Interior Noise Level

at70mph(dB(A»

Audi 100S 47 71

Acura Leaend L 44 72

BMW 325i 51 73

BMW 740i 43 61

Eagle vision TSi 44 70

Ford Taurus SHO Wagon 41 71

Infiniti J30 40 69

Lexus ES300 38 67

Lexus SC400 40 69

Lincoln Mark VIII 44 66

Mazda 626ES 43 70

Mazda 929 40 68

Mercedes-Benz 600SL 48 70

Mitsubishi Diamante LS 43 67

Saab 9000CD 43 70

Volkswagen Passat GLX 43 69

Volvo 960 44 70

A review of interior noise data from previous studies was conducted. The following effects were

found to be applicable to late-model motor vehicles [10][11][16].

Open windows will increase interior noise levels by 2 to 3 dB at low frequencies
(<1000Hz) and by 5 to 10 dB at high frequencies.

Air conditioning systems operating at medium or high will increase interior noise
levels by 2 to 5 dB at low frequencies (<1000Hz) and 5 to 10dB at high frequen
cies.

Radiooperation at a "normalvolume"will increase interiornoise levels by 10to
30dB[10].
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3.4.2 Insertion Loss

The insertion loss measured in each one-third octave band at each sound incidence angle for the

seven vehicles tested ispresented inAppendix C,Figures C-3 through C-9. Note: the insertion

loss did notvary significantly between the three incidence angles tested inthis study. A three-

angle average insertion loss was thus calculated torepresent each individual vehicle (as shown by

the dotted line). They are presented together in a single graph (Figure C-10) fora direct

comparison ofthe insertion loss ofeach vehicle tested. The average insertion loss did notvary

significantly from vehicle to vehicle, thus an average insertion loss in each one-third octave band

was calculated toberepresentative of the seven vehicles tested in this study. This insertion loss

canbeused tocalculate thewarning signal strength thatreached the driver inside thevehicle by

subtracting the insertion loss from the warning signal level ona one-third octave band byone-

third octave band basis (Figure C-l 1).

A review of the insertion lossdata found in previous studies wasconducted [11]. It was found

thatopen windows cause a decrease in insertion loss of approximately 5 to 15 dB. Thisdecrease

canbeapplied tocurrent motor vehicles, because anygap inthevehicle structure will have the

same effect [17].
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4. ANALYSIS OF DETECTABILITY

Sections 4.1 through 4.4discuss theability of thehomsystems selected for thisstudy (i.e.,

Nathan K-5-LA, Leslie RSL-3L-RF, Leslie RS-3L, and Automated Horn System (AHS)) to be

detected by themotorist in several scenarios. Section 4.5recommends an alternative to the

conventional signaling cycle which would substantially reduce thenoise impact oncommunities

in the vicinity of a grade crossing.

Forthe purposes of this study, thedetectability ofa railroad hom system isdefined as the

probability thata person with normal hearing will hear the warning signal. Thus, the

detectability can have values ranging from zero toone (0percent to 100 percent). Theprobabil

ityofdetection canbearrived at if thefollowing two factors areknown: 1)thedifference

between the signal level andthebackground noise level, defined as thesignal-to-noise ratio

(S/N), and2) the perceived frequency of trains (i.e., themotorist's perception of the likelihood of

an encounterwith a train). It is assumedthat the higher the perceived frequency of trains, the

moreattentive the motorist will be in listening for the trainhom.The perceived frequency of

trains canbe likened to a probability andcan varybetween zeroandone. Usingsignal detection

theory (this theory is further discussed in Appendix D), thedetectability can be calculated for a

rangeof perceived trainprobabilities and S/N, as shownin Figure4. The S/N ratiodoes not need

to be present in each one-third octave band; it was suggestedin a previous study [10] that the

required S/N ratio must be present in at least two octave bands. For this study, it was decided the

required S/N must be present in a minimum of five one-third octave bands.
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Figure 4. Horn Detection Probability vs. S/N

Currently, there are two general types ofgrade crossing scenarios in which the train/motorist

encounter might occur. In addition, there is a third proposed scenario which is being evaluated in

the current study. In each scenario, the motorist has a different perception of the likelihood of

encountering a train (perceived frequency). Based upon the perceived frequency, the

detectability ofeach hom system was determinedfor a range of locomotivespeeds (and therefore

minimum warning distances) between 20 and 110mph. The three scenariosare as follows:

Passive Crossings - The train/motorist encounteroccursat a passivecrossing. In
this scenario, the railroad hom is mounted on the locomotive, rail traffic volume is
low, the road traffic volume is low, and the traffic speeds are relativelyhigh.
Through previous knowledge of the intersection, themotorist may perceive that
thereis onlya small chance of encountering a train. Therefore, theperceived train
frequency probability is set at 0.1.
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• Active Crossings-The train/motorist encounter occurs at an active crossing. In
this scenario, the railroad hom is mounted on the locomotive and the rail traffic
volume and/or the road traffic volume is high. The motorist has presumably
stopped at the lowered gates. Through previous knowledge of the intersection,
and because the gates are lowered, themotorist may havea highexpectation of
encountering a train. Therefore, theperceived trainfrequency probability is set at
0.9.

• Active Crossings Equipped with a Wayside Horn Systenv- The train/motorist
encounter occurs at an activecrossingequipped with a wayside hom system as
described in Volume I [5]. In this scenario, the railroad hom is mounted directly
at the crossing. The motorist is assumed to be on approach to the activecrossing
whereeither the gates havenot yet been lowered, or the motoristcannot see them.
Through previous knowledge of theintersection, butwithout warning thata train
maybe onapproach, themotorist may havea moderate expectation of encounter
inga train. Therefore, theperceived trainfrequency probability is set at 0.5.

4.1 PASSIVE CROSSINGS

Given the passivecrossingscenariostatedabove,duringthe train/motorist encounterat the

passive crossing, themotorist perceives thatthere is only a smallchance of encountering a train.

At a typical passive crossing,most motoristshave rarely encountered a train.

4.1.1 Minimum Warning Distance

The minimum waming distance (MWD) is defined as the distance between the motor vehicle and

the front of the locomotive (Figure 5) at the critical time (T„), as shown in Equation 3.

MWD^(T^LocomotiveSpeedf+iT^VehicleSpeedf (3)
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Tcr is the instant at which detection must occur to avoid a collision; it is a function of driver

reaction time, the minimum motor vehicle stopping distance (MSD), critical track zone (CTZ),

and motor vehicle length, as shown in Equation 4 [1].

T _ MSD (w) + CTZ + Vehicle Length
~ Vehicle Speed (mis)cr

CTZ
9.14M i

Vehicle location
at Tcr

+ Driver Reaction Time

Tcr - critical time at which detection must occur

OOOHlllOOOOM—
Train location at
Tcr

(4)

Figure 5. Required Warning Distance

Using guidelines in the 1982 Transportation and Traffic EngineeringHandbook[17], minimum

safe motor vehicle stopping distances (MSD) were calculated as follows:

MSD=.Vm2/255(f±g), (5)

where Vm is the motor vehicle speed (km/h), g is the pavementgrade, and f is the skidding

friction coefficient, in accordance with the American Association of State Highway and

Transportation Officials (AASHTO). For the purpose of this study, calculationsassumed no

grade.

Minimum warning distances for thisscenario were calculated and are presented inTable 4 for

various vehicle speeds andtrain speeds, using the methodology outlined by Aurelius and
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Korobow [1]. These calculations assumeda roadway perpendicular to the railroad track, a

vehicle length of 19ft (5.8 m), anda driver reaction time (i.e., thetime elapsed between the

instant when the warning signal isperceived and when the brake isengaged) of two and one-half

seconds [19].

Table 4. Minimum Required Warning Distance

Motor

Vehicle

Speed,
mph (km/h)

Train

Speed,
mph
(km/h)

Minimum

Warning
Distance,
ft(m)

Motor

Vehicle

opOGQy

mph (km/h)

Train

SpQGCIf

mph
(km/h)

Minimum

Waming
Distance,
ft(m)

20

(32.2)

20 (32.2) 220(67)

30

(48.3)

20 (32.2) 291 (88.8)

30 (48.3) 281 (86) 30 (48.3) 343(104)

40 (64.4) 348 (106) 40 (64.4) 404 (123)

50 (80.5) 419 (128) 50 (80.5) 471 (144)

60 (96.6) 492 (150) 60 (96.6) 542 (165)

70(112.7) 567(173) 70(112.7) 615 (188)

80(128.8) 642 (196) 80 (128.8) 690 (210)

90 (144.8) 718(219) 90 (144.8) 766 (234)

100 (160.9) 794 (242) 100 (160.9) 843(257)

110(177.0) 870 (265) 110(177.0) 919 (280)

40

(64.4)

20 (32.2) 399 (122)

50

(80.5)

20 (32.2) 540(165)

30 (48.3) 447(136) 30 (48.3) 584(178)

40 (64.4) 505 (154) 40 (64.4) 642 (196)

50 (80.5) 572 (174) 50(80.5) 709(216)

60 (96.6) 644 (196) 60 (96.6) 783 (239)

70(112.7) 720 (220) 70(112.7) 862 (263)

80 (128.8) 799 (244) 80 (128.8) 946 (288)

90 (144.8) 880 (268) 90 (144.8) 1032 (315)

100 (160.9) 962 (293) 100 (160.9) 1120(342)

110(177.0) 1045 (319) 110(177.0) 1211(369)
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4.1.2 Signal Detectability

In order for the motorist to take the appropriateaction in time to avoid a collision, the warning

signal must be detected at or before the instant of reaching the minimum warning distance. As

stated at the beginning of Section 4, the waming signal probability ofdetection is calculated for a

range of locomotive speeds based on the five highest one-third octave band S/Ns at the minimum

warning distance.

To determine the probability ofdetection, the warning signal level inside the vehicle at the

minimum waming distance was compared with the average measured background noise level for

a vehicle traveling 30 mph (48.3 km/h). This speed is chosen for this analysis because it was the

speed at which interior noise measurements were collected (Section 3.4.1 and Figure C-2). If the

vehicle is traveling faster, the interior noise may be greater, if the vehicle is traveling slower, the

interiornoise may be less. As was stated in Section 4.1, vehicle speeds may be relatively high at

this type ofcrossing, and interior noise levels may be greater. Signal levels inside the vehicle

were calculated by subtracting the average measured motor vehicle insertion loss in each one-

third octave band (Figure C-l 1) from the signal levels obtained through measurements, extrapo

lated to various distances using a drop-off rate of 7.5 dB per distance doubling.

Tables 5-7 summarize the probability ofdetection for each hom system for locomotive speeds of

20 to 110 mph and a motor vehicle speed of 30 mph. Appendix E shows an example detection

probability calculation.
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Table 5. Probability of Detection for the Nathan K-5-LA
at a Passive Crossing

Locomotive
Speed (mph)

Motor Vehicle
Speed (mph)

Minimum Warning
Distance (ft (m))

S/N (dB) Probabilityof
Detection

20 30 291 (88.8) 26.33 >99%

30 30 343 (104) 24.54 >99%

40 30 404 (123) 22.77 >99%

50 30 471 (144) 21.1 >99%

60 30 542 (165) 19.58 >99%

70 30 615(188) 18.21 >99%

80 30 690 (210) 16.96 >99%

90 30 766 (234) 15.82 >99%

100 30 843(257) 14.78 >99%

110 30 919(280) 13.84 99%

Table 6. Probability ofDetection for the Leslie RSL-3L-RF
at a Passive Crossing

Locomotive
Speed (mph)

Motor Vehicle
Speed (mph)

Minimum Warning
Distance (ft (m))

S/N (dB) Probability of
Detection

20 30 291 (88.8) 7.34 75%

30 30 343(104) 5.55 55%

40 30 404 (123) 3.78 25%

50 30 471 (144) 2.11 *0%

60 30 542 (165) 0.59 =0%

70 30 615 (188) -0.79 =0%

80 30 690(210) -2.04 «0%

90 30 766 (234) -3.17 =0%

100 30 843(257) -451 =0%

110 30 919(280) -5.15 «0%
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Table 7. Probability of Detection for the Leslie RS-3L
at a Passive Crossing

Locomotive

Speed (mph)
Motor Vehicle
Speed (mph)

Minimum Waming
Distance (ft (m))

S/N (dB) Detection
Probability

20 30 291 (88.8) 3.02 10%

30 30 343 (104) 1.23 *0%

40 30 404 (123) -0.54 =0%

50 30 471 (144) -2.21 «0%

60 30 542 (165) -3.73 =0%

70 30 615(188) -5.11 *0%

80 30 690(210) -6.36 *0%

90 30 766 (234) -7.49 *0%

100 30 843(257) -8.53 *0%

110 30 919(280) -9.47 «0%
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42 ACTIVE CROSSINGS

As stated at thebeginning of Section 4, theactive crossing represents a situation where the

motorist has stopped before the lowered gate, and iswaiting todetect the hom asconfirmation of

the approaching train. In this scenario, the motorist has a high expectation ofencountering a

train.

4.2.1 Required Warning Distance

The required warning distance in this scenario is again defined as the distance between the motor

vehicle and the frontof the locomotive at thecritical time(Ja). Because it is assumed that the

motorist has slowed down or isstopped at the lowered gate, Tcr isnow only a function of train

speedanddriver reaction time.

An estimate ofTCT isbased on the following scenario: The motorist has stopped ata crossing

with lowered gates. Ifthe hom isnot detected, the motorist will need approximately 2.5 seconds

to make the decision whetheror not to continuearound the gates. If the motoristmakes the

unsafe and illegal decision tocontinue around the gates and across the tracks, hewill need

approximately 7.5 seconds todoso. Thus, TCT isassumed tobe 10seconds before the locomotive

arrives at the crossing.

Table8 summarizes the minimum warning distances required at activecrossings to allow the 10

seconds needed to circumvent the gate for four locomotive speeds:

Table 8. Minimum Warning Distances at Active Crossings

Locomotive

Speed (mph)
20 30 40 50 60 80 110

Distance from Lo
comotive to Motor
ist (ft(m))

293 (89) 440

(134)
587

(179)
733

(233)
880

(268)
1173

(358)
1613

(492)
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4.2.2 Signal Detectability

To determine the probability of detection, the warning signal level inside the vehicle (Section

4.1.2) at the minimum wamingdistance is compared with the average measured interior noise

level fora vehicle traveling 30 mph(48.3 km/h) (Section 3.4.1 andFigure C-2). Although the

minimum warning distance is based upon theassumption thatthevehicle is stopped at thegates,

interior noise levels at 30 mph (48.3 km/h) are used due to a lack of interior noise data at idle. It

is notedthat the interiornoise levelsmay be on the orderof 15 to 25 dB(A) lowerat idle than at

30mph (48.3 km/h), therefore, this assumption isconservative and errs on theside of safety.

Unfortunately, the necessary one-third octave band dataneeded to apply thisestimation is

unavailable.

Tables9 to 11 summarize the probability of detection for each hom systemfor locomotive

speeds of 20 to 110mphand a motorvehicle speedof 0 mph.

Table 9. Probability ofDetection for the Nathan K-5-LA
at an Active Crossing

Locomotive
Speed (mph)

Motor Vehicle
Speed (mph)

Minimum Warning
Distance (ft (m))

S/N(dB) Probability of De
tection

20 0 293 (89) 2656 >99%

30 0 440 (134) 21.84 >99%

40 0 587(179) 18.71 >99%

50 0 733 (233) 16.30 >99%

60 0 880 (268) 14.32 >99%

70 0 1026(313) 12.65 >99%

80 0 1173(358) 11.19 >99%

90 0 1329(405) 9.84 >99%

100 0 1466(447) 8.77 >99%

110 0 1613 (492) 7.74 98%
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Table 10. Probability ofDetection for the Leslie RSL-3L-RF
at an Active Crossing

Locomotive
Speed (mph)

Motor Vehicle
Speed (mph)

Minimum Warning
Distance (ft (m))

S/N (dB) Probability of De
tection

20 0 293 (89) 7.26 98%

30 0 440(134) 2.85 96%

40 0 587 (179) -058 93%

50 0 733 (233) -2.69 81%

60 0 880 (268) -4.68 60%

70 0 1026 (313) -6.34 30%

80 0 1173(358) -7.80 5%

90 0 1329 (405) -9.15 =0%

100 0 1466(447) -1052 =0%

110 0 1613 (492) -11.26 =0%

Table 11. Probability ofDetection for the Leslie RS-3L
at an Active Crossing

Locomotive
Speed (mph)

Motor Vehicle
Speed (mph)

Minimum Warning
Distance (ft (m))

S/N (dB) Probability of .
Detection

20 0 293 (89) 2.94 96%

30 0 440(134) -1.47 87%

40 0 587 (179) -4.60 60%

50 0 733 (233) -7.01 20%

60 0 880 (268) -9.00 «0%

70 0 1026 (313) -10.66 *0%

80 0 1173(358) -12.12 =0%

90 0 1329(405) -13.47 *0%

100 0 1466(447) -14.54 *0%

110 0 1613(492) -15.58 «0%
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43 ACTIVE CROSSINGS EQUIPPED WITH WAYSIDE HORN SYSTEMS

As stated in the beginning of Section4, at an active crossing equippedwitha wayside hom system,

themotorist is assumed to beon approach to thecrossing, andmaynot yethaveseen thegatesbeing

lowered. In this case, the wayside hom mayserveas a primary sourceof warning. However, these

hom systems will likely be placed at crossings where there is a high volume of locomotive traffic.

Therefore, the motorists expectations of encountering a train are moderate (i.e., in-between the

expectations at a passivecrossingand at an active crossing).

43.1 Required Warning Distance

For a wayside hom system, the required warning distance is defined as the distance between the

wayside hom andthemotorist approaching thecrossing. Since the wayside hom isplaced directly

at thecrossing and noton the locomotive, this distance isonlya function of motor vehicle speed.

Table 12 summarizes the minimum warning distances at wayside hom-equipped crossings for

various motor vehicle speeds:

Table 12. Minimum Warning Distancesat Wayside Horn-Equipped Crossings

Vehicle Speed 10 20 30 40 50 60 70

(mph)

Minimum 95 154 243 358 501 669 705

Stopping (29) (47) (74) (109) (153) (204) (215)

Distance (ft(m))

43.2 Signal Detectability

To determine the probability ofsignal detection, the waming signal level inside the vehicle (Section

4.1.2) at the minimum waming distance is compared with the average noise level inside a vehicle

traveling 30 mph (48.3 km/h) (Section 3.4.1 and Figure C-2). Although a determination of

detectability is made for a range of motor vehicle speeds, interior noise levels at 30 mph (48.3 km/h)

onlyareusedin this determination due to a lackof interiornoisedata at otherspeeds. It is noted that
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if thevehicle is traveling faster, theinterior noise may begreater, if thevehicle is traveling slower,

the interior noise may be less.

Table 13 summarizes the probability ofdetection for the wayside hom for motor vehicle speeds of

10 to 70 mph.

Table 13. Probability ofDetection for the Wayside Horn

Locomotive
Speed (mph)

Motor Vehicle
Speed (mph)

Minimum Warning
Distance (ft (m))

S/N (dB) Probabilityof
Detection

N/A 10 95 (29) 8.15 95%

N/A 20 154 (47) 2.90 71%

N/A 30 243(74) -2.05 =0%

N/A 40 358 (109) -6.26 =0%

N/A 50 501 (153) -9.91 =0%

N/A 60 669 (204) -13.05 =0%

N/A 70 705 (215) -13.62 =0%

35



4.4 DETECTABILITY SUMMARY

There are numerous types ofgrade crossing scenarios that result invarying motorist expectations of

therelative risks. Thedetectability criteria used for thisstudy were selected to be representative of

the range of grade crossing/motorist combinations likely to be encountered. Tables 14 to 16

summarize the probability of detection for the warning signals in each scenario for various

locomotive speeds and/ormotorvehicle speeds.

Note:

Table 14. Passive Crossings

Locomotive Speed (mph)

20 30 .40 50 60 70 80 90 100 110

Nathan

K-5-LA

>99% >99% >99% >99% >99% >99% >99% >99% >99% 99%

Leslie

RSL-3L-RF

75% 55% 25% =0% °0% »0% =0% «0% =0% »0%

Leslie

RS-3L

10% =0% =0% =0% =0% =0% =0% =0% =0% =0%

motor vehicle speed - 30 mph

Table 15. Active Crossings

Locomotive Speed (mph)

20 30 40 50 60 70 80 90 100 110

Nathan

K-5-LA

>99% >99% >99% >99% >99% >99% >99% >99% >99% 98%

Leslie

RSL-3L-RF

98% 96% 93% 81% 60% 30% 5% -0% =0% =0%

Leslie

RS-3L

96% 87% 60% 20%. =0% «0% =0% =0% =0% =0%

Note: motor vehicle speed - 0 mph

Table 16. Active Crossings Equipped with Wayside Horn Systems

MotorVehicle Speed (mph)

10 20 30 40 50 60 70

AHS 95% 71% 30% =0% »0% =0% =0%

Note: locomotive speed is not applicable
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4.5 TRAIN HORN EFFECTIVENESS

It was stated at the beginning of Section4 that, for the purpose of this study, the detectability of a

railroad hom system is defined as the probability thata person withnormal hearing will detect the

warning signal. The effectiveness of the train hom is its ability to reduce accidents at highway-

railroad grade crossings. Data collected bytheFRA'sOffice of Safety on train hombans indicates

that when train hom use is banned, accidents increase at grade crossings, and when train hom use

is allowed, accidents decrease. This informationsuggests that train homs are, indeed, effective.

Common sense indicates that for a train hom to be effective, it must be detectable, but experience

with grade crossings indicates thateven highly detectable devices are not 100 percent effective.

Thus,the relationship between detectability andeffectiveness is not simple. Partly this is because

of therelationship between thetrain asa signal and thetrain homasa partof thatsignal. Train hom

effectiveness, if defined in termsof accident reduction, must consider the hom as a part of a multi-

sensory signal which is theentire train, as wellas otheractive waming devices at thecrossing. The

hom,as a separate component of thatsignal must be "added"into the total signal. This "addition"

is psychological, so it is notordinary addition. If we assume thatwe know how to perform this

"addition," therelationship between trainhom detectability andaccidents canbederived. 1994data

on grade crossing accidents andthe signal detection analysis outlined in Appendix D are usedin this

derivation [20].

In 1994therewere900 accidents at gradecrossings with Gates (activecrossings) and 1578at grade

crossings withCrossbucks (passivecrossings) as indicated in Table 17. As noted above, we know

from the hom ban studies that if the train hom is not used at the crossing, accidents increase. This

means that without a hom the S/N ratio for the train will be reduced. Table 17 shows that, if there

is a hypothetical 30 percent increase in accidents without a train hom [for gates, ((1170-900)/900),

for crossbucks, ((2051-1578)/1578)], the S/N ratio decreases. Note that in this example, the

effectiveness of the train hom is, by definition,23 percent because the reduction in accidents that the

hom causes is ((1170-900)/1170] for gates and [(2051 -1578)/2051 ] for crossbucks.
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Since the S/N of the train with and without a hom are known, it should be possible to determine the

change in train S/N due to the hom. The "addition" ofcomponents into multisensorysignals usually

assumes that components that come from different sensory domains (e.g., visual brightness and

auditory loudness) are orthogonal (i.e., their magnitudes are perpendicular to each other). Under

these circumstances, a common "addition" strategy is to use Euclidean addition [21]:

A2 = B2 + C2,or

C = ±(A2+B2),/2

In our case, A is the S/N of the train with hom, B is the S/N of the train without hom, and C is the

change in train S/N due to the hom. Since we know the value of A and B, it is easy to determine C.

C is not the hom S/N, but the change in the hom S/N from the baseline where the hom has zero

effectiveness andzerodetectability. The baseline is differentfor active andpassive grade crossing

devices. The change in horn S/N can be used to relate hom detectabilityto changes in accidents.

For the example presented in Table 17, the S/N of the hom is 3.88 at crossings with gates and 3.51

at crossings with crossbucks. For these values of S/N, the probability of detecting the hom is .51

with gates and 0.54 for crossbucks.

Table 17. Changes in S/N Given a 30% Increase in Accidents

A. WITH HORNS

GATES CROSSBUCKS

Total Accidents 900 1578

S/N (A) 17.35 17.77

B. WITHOUT HORNS

GATES CROSSBUCKS

Total Accidents 1170 2051

S/N(B) 16.91 17.42

C. HORN ALONE

GATES CROSSBUCKS

S/N(C) 3.88 3.51
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It is possible, ofcourse, to perform these calculations for a known range of hom effectivenesses

(percent decrease inaccidents) and relate that tohom detection. Figure 6 shows the probability of

horn detection as a function of percent decrease in accidents for both crossings with gates and

crossings with crossbucks. The base (0percent effectiveness) for gates and crossbucks was equated

toa 200 percent increase inthe 900 accidents for gates and 1578 accidents for crossbucks. A200

percent increase inaccidents isapproximately the largest increase that has been observed when a

hom ban is instituted [4]. A0 percent decrease inaccidents occurs for gates when the S/N ofthe

homis -9.27 andforcrossbucks when theS/Nof thehom is 0.21. Figure 6 shows thatas theFigure

probability ofhom detection increases, accidents decrease. This result isconsistent with the hom

ban studies and establishes the relationship between hom use and grade crossing accidents.

HornDetection
Probability

oo
pp io'•*•CO

CO-"

111i
1

1

20 40 60

% Decrease in Accidents

Active passive

80

Figure 6. Percent Decrease in Accidents vs. Horn Detectability
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4.6 EFFECTIVENESS OF WARNING SIGNAL DURATION

As stated inSection 2.2.2, for grade crossings having locomotives traversing atarate of one per

hour, the community noise environment atdistances less than 200 ft (61.0 m) from the grade

crossing would be"normally unacceptable" as aresult of railroad homsystems. Due to the

nature ofconventional hom systems, not only isthe community inthe vicinity ofagrade crossing

exposed tothis "normally unacceptable" noise environment; the entire community along the rail

corridor from where the signaling cycle isactuated to the grade crossing isexposed. A reduction

in the size ofthe community impacted can be achieved byreducing (where possible) the distance
from thecrossing atwhich the signaling cycle is actuated.

The signal actuation distance is afunction of the desired length ofthe signaling cycle. Typically,

signaling cycles have had aduration of20 seconds. This duration gives the motorist approxi

mately 13 to 15 seconds of advance warning before the critical time (TCT, see Section 4.1.1). It

may bepossible toreduce the advance warning time to 10 seconds, resulting inacycle duration

of approximately 15 seconds. This will reduce the size of the community along the rail corridor

which isexposed toanormally unacceptable noise environment byapproximately 25 percent

Changing thesignaling cycle duration to 15 seconds requires achange inthe signaling cycle.

Historically, the signaling cycle has consisted of two long components lasting approximately five

seconds each, a short component lasting approximately two seconds, followed by athird long

component, fora totalduration of 17to 20 seconds. A signaling cycle with a duration of 15

secondscould consist of two long and two short components: either long-short-short-long, or

short-long-short-long; neither of these options arecurrently in use [22].

Table 18 lists the locomotive's position 15 seconds before it reaches the crossing at a range of

speeds. It shows that for a locomotive traveling 60 mph (96 km/h), a signaling cycle duration of 15

secondswould require actuation at a distanceof 1,312 ft (400 m) from the crossing. It should be

notedthatthe average distance fromthe whistle postto the grade crossing is 1,312 ft (400 m) in most

states [23]. Therefore, for locomotives traveling fasterthan 60 mph (96 km/h), the signaling cycle

should beactuated before passing thewhistle post, and for locomotives traveling slower than 60 mph

40



(96km/h), after passing it Byfollowing these guidelines, a relatively constant warning timecould

beachieved andthesizeof thecommunity exposed bythe warning signalto a normally unacceptable

noise environment could be reduced by approximately 25 percent Futureresearch is needed to

determinethe effectof a change in the signalcycle on driverbehavior.

Table 18. Locomotive Position at Signaling Cycle Actuation

Locomotive

Speed,
mph (km/h)

20 (32.2)

30 (48.3)

40 (64.4)

50 (80.5)

60 (96.0)

70(112.7)

80 (128.8)

90(144.8)

100 (160.9)

110(177.0)

Locomotive Position Where
15 Second Signal Should be

Actuated, ft (m)

440 (134.2)

660(201.3)

880 (268.3)

1100(335.4)

1312 (400.0)

1540(469.6)

1761 (536.7)

1979(603.3)

2200 (670.4)

2420 (737.5)
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5. RAILROAD HORN BANS, HORN EFFECTIVENESS,

AND HORN DETECTABILITY

TheFRA's Office of Safety systematically reviewed accident changes following hom bans in 1990

[3] and again in 1995 [4]. Ineach instance, despite widely varying geographic locations, types of

grade crossings, and types ofhom bans, it was found that accidents increased following hom bans

and decreased when the hom ban was rescinded. There has been wide variability in the amount of

change inaccidents ineach instance, but the consistency ofthe effect ofa hom ban is impressive

given the number offactors which the present study alone indicates influence the effectiveness of

a train hom. These factors include train speed, highway speed, distance of train from thecrossing,

distance of the highway vehicle from thecrossing, type of grade crossing warning device, thetype

train hom,thesound level of the train hom at the source, the insertion lossof the highway vehicle,

the presence ofsound barriers, type ofterrain, noise level inthe highway vehicle from fans, radio,

etc., and other factors. Since every grade crossing situation hasitsown unique combination of these

factors, it should notbesurprising that there is considerable variability in andamong studies of the

effectiveness of train homs. Nevertheless, the variabilitywhich has been seen between hom ban

studies may cause some individuals to question the basic effectiveness of train homs. The

information presented in this studycan be used to demonstrate that the resultsof the FloridaHorn

BanStudy andtheNational HornBanStudyarecompatible despite theobserved differences between

them.

In the Florida hom ban study, it was determined that homs reduced accidents by 69 percent hi

contrast, the National hom ban study found that the average reduction in accidents was 38 percent

(with individual reductions as high as 53 percent and 59 percent). As was noted above, each grade

crossing situation will have a unique combination of characteristics that will affect hom

effectiveness. Take for example two factors examined in this report type of train hom and type of

grade crossing device. These two factors are examined in this report in Tables 5-7 and 9-11. For

the averagegrade crossing,the time table speed is 30 mph [24]. Table 19 is constructedfrom Tables

5-7 and 9-11 to show the rangeof hom detectabilities thatcan occur at this locomotive speed. It can

be seen that hom detectability at this speed ranges from 0 percent for the Leslie RS-3L to greater

than 99percent fortheNathan K-5-LA at a passive crossing andfrom 87 percent for the Leslie RS-
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3L to >99 percent for the Nathan K-5-LA at active crossings. Table 19also shows the percent

reduction in accidents (effectiveness) thatcorresponds to these homdetectabilities (see Figure 5).

Table 19. Horn Detectability and Effectiveness

Passive Active

Detectability Effectiveness Dectectability Effectiveness

Nathan K-5-LA >99% 82% >99% 80%

Leslie RS-3L-RF 55% 30% 96% 75%

Leslie RS-3L =0% =0% 87% 69%
•locomotive speed - 30 mph

Effectiveness varies from 0 percent to82percent for the passive crossings and from 69percent to

80percent fortheactive crossings. In theFlorida banall affected crossings hadgates andall trains

affected used theLeslie RS-3L hom. Table 19shows thatthepredicted effectiveness of thehomfor

this situation is 69 percent,which is the sameas the observed value of 69 percent. The National

study, by contrast, included all typesof devices and homs. An estimate of the predicted national

effectiveness of trainhoms can be obtained by averaging the effectiveness of all hom typesacross

passiveand activedevices. However, theratioofpassivecrossings to activecrossing is 60/40 so the

average is weighted accordingly. Therelative usageof the threehom types in the railroad industry

is not known,so it will be assumed that the threehoms occur withequal frequency. For the average

national train speed of 30 mph, the predictednational train hom effectiveness, then, is 51 percent

with a standard deviation (SD) of 33.8 percent In individualcase studies, decline rates as high as

53 percentand 59 percentwere observed,which are again very close to the predictedeffectiveness

of 51 percent However, the average decline of 38 percent observed in the National study is lower

than this prediction, but is well within one standard deviation of the predicted value.

From the example above, it is clear that apparent inconsistencies between the Florida and National

hom ban studiesare easily resolved by reference to factors which are demonstratedin this report to

influencehom detectability and effectiveness. Given very specific information about the crossings

and homs in the Florida study, the model developed in this report predicted the observed

effectiveness of train horns exactly. The prediction for the National studywas not as close, but was
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well within theexpected range of variability for theconditions that were assumed to apply. Better

information concerning average trainspeeds at active andpassive crossings, average car speeds, etc.,

would beexpected toimprove the model's prediction. Inany case, it isclear that this report and the

two hom ban studies provide solid support for the effectiveness of train homs in reducing grade

crossing accidents.
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APPENDIX A: DATA ACQUISITION EQUIPMENT

Thisappendix contains detailed descriptions of theacoustic data acquisition systems and calibration

procedures usedduring field measurements in this study.
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Digital Recording System (PCM Type)

The PCMtypedigitalrecordingsystemconsistedof the following components: 1.)A GeneralRadio

Model 1962-9610 random incidenceelectretmicrophone, fittedwith a Bruel & Kjaer (B&K) model

UA0237 (7.6cmdiameter) windscreen. 2.) A General RadioModel 1560-P42 preamplifier. 3.) A

stepped gain amplifier. 4.) A SonyModel PCM-F1 Digital Audio Processor (PCM-F1). 5.) A JVC

Model BR-6200U video cassette recorder. 6.) An annotation microphone. The

microphone/preamplifier assembly wasmounted on a tripodandorientedfor grazingincidence. A

1.52 m cable connectedthe microphone/ preamplifierassembly to the recording instrumentation.

Thesignal fromthemicrophone wassplitinto twochannels, eachwaslow-pass filtered (22kHz anti-

alias filter), digitized at a rateof 44.056 kHz andrecorded on twovideochannels witha 10dB gain

offset between channels. Additional recording gains were provided, using the stepped-gain

amplifier, and fine tuned(priorto systemcalibration), using the PCM-F1 variablegain adjustment.

Recording gains were adjusted so that the best possible signal-to-noise ratio would be achieved,

while allowing enough head room' to complywith applicable distortionavoidancerequirements.

Voice annotation was recorded on audio channel 1.

Digital Recording Systems (DAT Type)

The DAT type digital recording system consisted of the following components: 1.) A General Radio

Model 1962-9610random incidence electret microphone, fitted with a Bruel & KjaerModel UA0237

(7.6 cm diameter) windscreen. 2.) A General Radio Model 1560-P42 preamplifier. 3.) A stepped-

gain amplifier. 4.) A Sony Model TCD-D10 ProII digital audio tape recorder. 5.) An annotation

microphone. The microphone/preamplifierassembly was mounted on a tripod at a height of 1.2

meters above ground, and oriented for grazing incidence. A 61 m cable connected the micro

phone/preamplifierassembly to the recording instrumentation.

The signalfrom the microphone was low-pass filtered (24 kHz anti-alias filter), digitized at a rate

of 48 kHz and recorded on one channel. Additional recording gains were provided using the
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stepped-gain amplifier, and fine tuned (prior tosystem calibration) using the DATs variable gain

adjustment Recording gains were provided sothat the best possible signal-to-noise ratio would be

achieved, while allowing enough "head room" to comply with applicable distortion avoidance

requirements. Voice annotation was recorded on the other channel.

Sound Level Meter System

The sound level meter system consisted ofthe following components: 1.) AGeneral Radio Model

1962-9610 random incidence electret microphone, fitted with a BrQel &Kjaer Model UA0237 (7.6

cm diameter) windscreen. 2.)A Larson-Davis Model 827-0V preamplifier. 3.) A Larson-Davis

Model 820 Type IPrecision Integrating Sound Level Meter/Environmental Noise Analyzer (LD820)

conforming to ANSI Sl.4-1971 requirements. The microphone/preamplifier assembly was mounted

on a tripod ataheight of 1.2 meters above ground level and oriented for grazing incidence. A15.25

m cable connected the microphone/preamplifier assembly to the sound levelmeter.

The LD820 was operated inthe "slow" sound level meter response mode, and was programmed to

internally A-weight and store the acoustic level time history, one data record every 1/8 second over

theentire period ofdataacquisition. Thedatastored in theLD820, including calibration data, were

downloaded into an AST PremiumExec Model 386SX/20 portable notebook computer aftereach

test and subsequently stored on floppy diskettefor off-lineanalysis.

Artificial Source

An artificial sourceconsistingof a hom speakersystemwas deployed to broadcastpink noise during

insertion loss measurements. Seven octave bands of pink noise were recorded and reproduced on

a Sony Model TCD-5M cassette deck. The signal was amplified with a Mcintosh Model 275 power

amplifier and broadcast with a University Soundhom speakerModel GH and driver Model LD-60.

The cone of the hom was positioned 1.2 m above ground, 7.62 m from the data acquisition system.

The output, 1.2 m from the cone of the speaker, was monitored and stored using a Sound Level

Meter System. Prior to each broadcastthe gain of the speaker system was set to produce a level of
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114.0dB at 1kHz. The sound level meter was used to obtaina measureof the stability of the signal

outputand the near fieldfrequency response of the speaker. It was set to measure withfast response

characteristics, and was programmed to intemallyA-weightand store the acousticleveltime history,

one data record every xh second.

System Calibration

Calibration of both the digitalrecording systemand the sound level meter system was performed

usinga General RadioModel 1562-A soundlevelcalibratorwith an outputsoundpressure levelof

114dB (re: 20 juPa) at 1000Hz at the beginning of the test day and at regularintervals throughout

the day. The microphones and calibrators are calibrated annually and checked prior to field

measurements at theVoipeCenter. Pinknoisefroma CetecIvieJE-20B randomnoisegenerator was

recorded on the systemat the beginning of each test day and used for off-linefrequency response

adjustments.
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APPENDIX B: ACOUSTIC CHARACTERISTICS OF RAILROAD HORN SYSTEMS
MOUNTED ON IN-SERVICE LOCOMOTIVES

This appendixcontainsa planview ofeachmeasurementsite (Figures B-1 throughB-6), information

on the site conditions, locomotive operating conditions, and the levels attained throughout the

signaling cycle (Tables B-1 through B-12), the frequency spectrumat A^ for each signalingcycle

(Figures B-7 through B-12), and the spectral and A-weighted time history for each signaling cycle

(Figures B-13 through B-24).
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Figure B-1.
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Figure B-2. Plan View (Not to Scale)
Shad Road, Jacksonville, FL
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Figure B-3 . Plan View (Not to Scale)
Mussells Acres Road, Jacksonville, FL
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Figure B-4.
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Figure B-5.
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Figure B-6. Plan View (Not to Scale)
Cedar Street, Jacksonville, FL
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Table B-1. Summary ofWarning Signal Levels and Site Conditions
Sunbeam Road - Train 1

Date:

Time:

Train Speed:
Direction ofTravel:

Speed Limit on Road:
Type ofRoad:
Temperature:
Relative Humidity:
Source:

07/08/92

06:59.

26 mph
North

45 mph
Paved - Three lane

80°F

88%

No air pressure regulator.
Rated at 114 dBA at 100 ft

Microphone Location: 50 ft east of tracks

Signal
Component

AE

(dB(A))
LaShisx

(dB(A))
Duration

(sec)
Distance from mic to

Locomotive (ft)

1.)Long 91.94 4.75 443

2.) Long 98.69 3.75 262

3.) Short 99.73 1.38 246

4.) Long 112.14 5.00 66

Combined 114.43 112.14 14.88

Microphone Location: 200 ft east of tracks

Signal
Component

Lae
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

1.)Long 89.10 4.75 482

2.) Long 97.00 4.00 325

3.) Short 95.50 1.50 259

4.) Long 101.30 5.38 203

Combined 107.20 101.30 15.63
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Table B-2. Summary ofWarning Signal Levels and Site Conditions
Sunbeam Road - Train 2

Date:

Time:

Train Speed:
Direction of Travel:

Speed Limit on Road:
Type of Road:
Temperature:
Relative Humidity:
Source:

07/08/92

07:46

35 mph
North

45 mph
Paved - Three lane

82 °F

84%

Rated at 104 dBA at 100 ft

Microphone Location: 50 ft east of tracks

Signal
Component

L-AE
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 78.68 5.13 679

2.) Long 84.77 4.50 400

3.) Short 82.28 2.50 236

4.) Long 103.76 5.38 62

Combined 107.37 103.76 17.51

Microphone Location: 200 ft east of tracks

Signal
Component

r~>AE
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 74.50 4.13 709

2.) Long 80.10 4.25 443

3.) Short 78.30 2.88 305

4.) Long 95.60 5.00 203

Combined 98.9 95.60 16.26
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Table B-3. Summary ofWarning Signal Levels and Site Conditions
Shad Road-Train 3

Date:

Time:

Train Speed:
Direction ofTravel:

Speed Limit on Road:
Type of Road:
Temperature:
Relative Humidity:
Source:

07/08/92

08:31

47 mph
North

45 mph
Paved - Three lane

83 °F

84%

Rated at 104 dBA at 100 ft

Microphone Location: 75 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

1.)Long 86.14 2.75 505

2.) Long 89.85 2.13 308

3.) Short 90.54 1.38 220

4.) Long 96.86 5.63 105

Combined 98.1 96.86 11.88

Microphone Location: 150 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

DLong 74.60 3.13 522

2.) Long 86.10 1.88 335

3.) Short 86.20 1.25 265

4.) Long 92.60 6.38 167

Combined 98.0 92.60 12.64
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Table B-4. Summary ofWarning Signal Levels and Site Conditions
Shad Road - Train 4

Date:

Time:

Train Speed:
Direction of Travel:

Speed Limit on Road:
Type of Road:
Temperature:
Relative Humidity:
Source:

07/08/92

10:50

58 mph
North

45 mph
Paved - Three lane

91 °F

70%

Rated at 104 dBA at 100 ft

Microphone Location: 75 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

1.) Long 82.70 2.75 572

2.) Long 93.93 2.63 318

3.) Short 91.75 0.75 236

4.) Long 96.43 6.13 92

Combined 98.07 96.43 12.26

Microphone Location: 150 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (m)

l.)Long 72.90 3.13 584

2.) Long 87.60 3.25 345

3.) Short 88.50 1.00 269

4.)Long 92.80 9.00 161

Combined 98.20 92.80 16.38
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Table B-5. Summary ofWarning Signal Levels and Site Conditions
Mussells Acres Road - Train 5

Date: 07/08/92

Time: 12:51

Train Speed: 42 mph
Direction ofTravel: South

Speed Limit on Road: 25 mph
Type of Road: Unpaved
Temperature: 93 °F

Relative Humidity: 64%

Source: Rated at 104 dBA at 100 ft

Microphone Location: 50 ft west of tracks

Signal
Component

Lae
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

1.) Long 89.25 2.63 489

2.) Long 96.60 2.38 282

3.) Short 97.67 1.38 230

4.) Long 103.90 5.00 76

Combined 104.98 103.90 11.39

Microphone Location: 200 ft west of tracks

Signal
Component

t>j\E

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 83.80 2.63 525

2.) Long 89.60 2.63 341

3.) Short 89.40 1.38 315

4.) Long 90.90 6.00 207

Combined 98.40 90.90 12.64
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Table B-6. Summary ofWarning Signal Levels and Site Conditions
Mussells Acres Road - Train 6

Date: 07/08/92

Time: 13:57

Train Speed: 43 mph
Direction ofTravel: South

Road Speed Limit 25 mph
Road Type: Unpaved
Temperature: 93 °F

Relative Humidity: 64%

Source: Rated at 104 dBA at 100 ft

Microphone Location: 50 ft west of tracks

Signal
Component

t«AE
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

1.) Long 84.53 3.38 351

2.) Long 91.54 3.00 216

3.) Short 91.60 2.13 138

4.) Long 105.26 5.38 53

Combined 110.18 105.26 13.89

Microphone Location:

No data available
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Table B-7. Summary ofWarning Signal Levels and Site Conditions
Old St Augustine Road- Train 7

Date:

Time:

Train Speed:
Direction ofTravel:

Speed Limit on Road:
Type ofRoad:
Temperature:
Relative Humidity:
Source:

07/09/92

06:41

26 mph
South

40 mph
Paved - Two lane

76 °F

86%

No air pressure regulator.
Rated at 114 dBA at 100ft

Microphone Location: 50 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

1.) Long 95.26 4.38 630

2.) Long 104.00 3.63 315

3.) Short 105.60 2.25 226

4.) Long 112.02 5.38 85

Combined 115.14 112.02 17.75

Microphone Location: 200 ft west of tracks

Signal
Component

Lae
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 84.10 5.13 659

2.) Long 94.60 3.83 368

3.) Short 95.90 2.38 299

4.) Long 98.00 6.75 210

Combined 106.10 98.00 12.64
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Table B-8. Summary ofWarning Signal Levels and Site Conditions
Old St Augustine Road - Train 8

Date: 07/09/92

Time: 06:46

Train Speed: 18 mph
Direction ofTravel: North

Speed Limit on Road: 40 mph •
Type ofRoad: Paved - Two lane

Temperature: 76 °F

Relative Humidity: 86%

Source: Rated at 104 dBA at 100 ft

Microphone Location: 50 ft west of tracks

Signal
Component

'-'AE

(dB(A))
LaSowx

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 89.08 4.25 397

2.) Long 94.10 3.13 243

3.) Short 92.79 2.50 181

4.) Long 107.19 5.00 79

Combined 109.44 107.19 16.50

Microphone Location: 200 ft west of tracks

Signal
Component

t>AE
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 88.80 4.00 440

2.) Long 91.70 3.50 312

3.) Short 91.70 2.63 266

4.) Long 95.30 5.75 217

Combined 102.10 95.30 17.63
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Table B-9. Summary ofWarning Signal Levels and Site Conditions
Greenland Road - Train 9

Date: 07/09/92

Time: 8:02

Train Speed: 6 mph
Direction ofTravel: North

Road Speed Limit 45 mph
Road Type: Paved - Two lane

Temperature: 79°F

Relative Humidity: 92%

Source: Rated at 104 dBA at 100 ft

Microphone Location: 50 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

1.)Long 98.07 3.13 299

2.) Long 101.89 3.25 131

3.) Short 98.86 3.25 69

4.) Long 107.02 6.88 53

Combined 109.79 107.02 18.38

Microphone Location: 200 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

1.)Long 91.00 3.50 233

2.) Long 94.10 3.50 213

3.) Short 89.50 3.75 207

4.) Long 93.90 6.88 66

Combined 102.5 93.90 19.50
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Table B-10. Summary ofWarning Signal Levels and Site Conditions
Greenland Road - Train 10

Date: 07/09/92

Time: 12:41

Train Speed: 59 mph
Direction of Travel: North

Speed Limit on Road: 45 mph
Type of Road: Paved - Two lane

Temperature: 94 °F

Relative Humidity: 66%

Source: Rated at 104 dBA at 100 ft

Microphone Location: 50 ft west of tracks

Signal
Component

Lae
(dB(A))

LASmax
(dB(A))

Duration

(sec)

Distance from mic to

locomotive (ft)

1.) Long 70.85 6.75 689

2.) Long 75.74 5.75 368

3.) Short 86.29 1.13 220

4.) Long 102.73 4.88 125

Combined 107.74 102.73 19.50

Microphone Location: 200 ft west of tracks

Signal
Component

L\E
(dB(A))

LASmax
(dB(A))

Duration

(sec)
Distance from mic to

locomotive (ft)

1.) Long 71.90 7.25 719

2.) Long 71.50 4.63 417

3.) Short 82.40 2.25 292

4.) Long 90.80 6.38 230

Combined 95.50 90.80 24.63
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Table B-11. Summary ofWarning Signal Levels and Site Conditions
Cedar Street - Train 11

Date: 07/09/92

Time: 10:33

Train Speed: 44 mph
Direction ofTravel: North

Speed Limit on Road: 25 mph
Type of Road: Unpaved
Temperature: 94 °F

Relative Humidity: 62%

Source: Rated at 104 dBA at 100 ft

Microphone Location: 50 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 67.54 6.25 781

2.) Long 83.84 5.50 325

3.) Short 86.29 1.38 203

4.) Long 99.66 5.13 92

Combined 102.83 99.66 18.25

Microphone Location: 200 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))
Duration

(sec)
Distance from mic to

locomotive (ft)

l.)Long 64.80 9.00 803

2.) Long 77.10 3.38 381

3.) Short 78.80 1.75 282

4.) Long 88.00 6.88 213

Combined 93.50 88.00 23.50
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Table B-12. Summary ofWarning Signal Levels and Site Conditions
Cedar Street - Train 12

Date: 07/09/92

Time: 11:01

Train Speed: 60 mph
Direction ofTravel: North

Speed Limit on Road: 25 mph
Type ofRoad: Unpaved
Temperature: 93 oF

Relative Humidity: 66%

Source: Rated at 104 dBA at 100 ft

Microphone Location: 50 ft west of tracks

Signal
Component

Lae
(dB(A))

LASmax
(dB(A))

Duration

(sec)

Distance from mic to

locomotive (ft)

l.)Long 71.93 3.50 889

2.) Long 83.92 4.38 482

3.) Short 88.30 1.25 331

4.) Long 101.93 6.50 128

Combined 105.13 101.93 15.63

Microphone Location: 200 ft west of tracks

Signal
Component

AE

(dB(A))
LASmax

(dB(A))

Duration

(sec)

Distance from mic to

locomotive (ft)

l.)Long 69.90 3.50 909

2.) Long 76.10 4.25 522

3.) Short 79.90 1.38 384

4.) Long 89.70 8.63 233

Combined 96.4 89.70 17.75
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Figure B-7.
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Figure B-9.
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Figure B-10.
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Figure B-11.
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Figure B-12.

i i 1 i i i i i •

125 250 500 1000 2000 4000 8000
1/3 OCTAUE BANO CENTER FREQUENCY (Hz)

TRAIN Hll

TRAIN 8 12

16000

Frequency Spectra at A^..
Cedar Street - Train 11 and Train 12

B-25



25 63 160 400 1K 2.5K 6.3K 16K
1/3 OCTAVE BAND CENTER FREQUENCY (Hz)

0

Figure B-13

1

8

i

10

i

12

i

14

i

16

i

18

i

20

TIME (S)

Sunbeam Road - Train 1

A.) Spectral Time History
B.) A-Weighted Time History

B-26



25 63 160 400 1K 2.5K 6.3K 16K
1/3 OCTAVE BAND CENTER FREQUENCY (Hz)

Figure B-14 Sunbeam Road - Train 2

A.) Spectral Time History
B.) A-Weighted Time History

B-27



25 63 160 400 1K 2.5K 6.3K 16K
1/3 OCTAVE BAND CENTER FREQUENCY (Hz)

Figure B-15

8 10

TIME (S)

Shad Road - Train 3

A.) Spectral Time History
B.) A-Weighted Time History

B-28



25 63 160 400 1K 2.5K 6.3K 16K
1/3 OCTAVE BAND CENTER FREQUENCY (Hz)

Figure B-16

1 1

8 10

—i—

12

i

14

i

16

i

18

i

20

TIME (S)

Shad Road - Train 4

A.) Spectral Time History
B.) A-Weighted Time History

B-29



25 63 160 400 1K
1/3 OCTAVE BAND CENTER

2.5K 6.3K 16K
FREQUENCY (Hz)

Figure B-17

8 10
TIME (S)

Mussells Acres Road - Train 5

A.) Spectral Time History
B.) A-Weighted Time History

B-30

r

18 20



25 63 160 400 1K 2.5K 6.3K 16K
1/3 OCTAVE BAND CENTER FREQUENCY (Hz)

Figure B-18 Mussells Acres Road - Train 6
A.) Spectral Time History
B.) A-Weighted Time History

B-31



25 63 160 400 1K 2.5K 6.3K 16K
1/3 OCTAVE BAND CENTER FREQUENCY (Hz)

Figure B-19

8 10

TIME (S)

16

Old St. Augustine Road - Train 7
A.) Spectral Time History
B.) A-Weighted Time History

B-32

20



25 63 160 400 1K 2.5K 6.3K 16K
1/3 OCTAVE BAND CENTER FREQUENCY (Hz)

Figure B-20
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APPENDIX C: ACOUSTIC CHARACTERISTICS
OF AUTOMOBILES

This appendix contains the average interior noise levels (Figures C-1 and C-2) and the insertion loss
characteristics (Figures C-3 through C-l 1) for the seven motor vehicles tested.
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Figure C-l. Average Interior Noise Levels - 48.3 km/h
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Figure C-4. Insertion Loss
1991 Ford Festiva
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Figure C-6. Insertion Loss
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Figure C-7. Insertion Loss
1991 Chevrolet Lumina
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Figure C-8. Insertion Loss
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Figure C-9. Insertion Loss
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APPENDIX D: SIGNAL DETECTION THEORY

This appendix contains a detailed descriptionof the signaldetection theory used to determine the
probability ofdetection of a railroadhorn system.
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HORN DETECTABILITY

Train hom detectability is defined as the probability that a person with normal hearing will hear
(detect) the hom. Detectability can have values from zero to one. Absolute auditory thresholds are
often set atadetectability - 0.5. Difference thresholds (similar to what we have in the present case)
are often set at an effectiveness = 0.75.

The perceived frequency of trains is like aprobability and varies between 0and 1. Most people
overestimate low probability events and underestimate high probability events. Consequently, the
real range ofperceived probabilities is smaller than that which is physically possible. This fact can
be used to set an upper and lower limit on the expectation of trains at active and passive crossings.

The probabiUty ofhearing ahom is also the probability ofaHit [p(Hit)] in Signal Detection Theory
(SDT). The measure ofdetectability inSDT isd'which isdefined as

d'=z(Hit)-z(FA), (!)

where z(Hit) is the normalized value ofp(Hit) and can be obtained from tables of the normal
distribution. z(FA) is the normalized value ofp(FA), the probability ofafalse alarm. An alternative
definition of d'is

d'= r|S/N, (2)

were t\ isapproximately 0.4. r\ isa parameter which relates the performance ofan ideal observer
to a human observer. The ideal observer bases detection on the value of S/N, which the human
observer does less efficiently. Equations 1and 2 allow ustorelate detectability toS/N, if the value
ofp(FA)isknown.

The perceived frequency oftrains allows adetermination ofbias, P,from which the value ofp(FA)
can be derived. In the absence of other costs and benefits, P is defined as

'•$
wherep(S) is the probabilityof a train and p(N) = 1 - p(S). P is also calculatedas the ratio of the
ordinates of the standard normal curve corresponding to z(Hit) and z(FA):

P=—• (4)
yFA

where yHit is
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1 2ymr-p=e - (5)
V2ii

and yFA is similarly defined. Rearrangement of equations 4 and 5 yields:

z(FA)=J2hip+z(Hif)2. (6)

Pis determined by p(S),and z(Hit) is setata predetermined level, so equation 6 can be solved for
z(FA).

The following figure showstherange ofvalues thatS/N can havegiven selected valuesof p(S) and
p(Hit). The parameter whichvaries between0.1 and0.9 is perceived train probability [p(S)]. At a
95% level of detectability S/N varies between 11 dB for low expectation of a train [p(S) =0.1] to
1 dB for high expectation of a train [p(S) =» 0.9].

HORN EFFECTIVENESS

Horn effectiveness is defined as the ability of the hom to reduce accidents. In applying signal
detection theory here, the entire train is considered to be the "signal." An accident occurs when the
train is present and the motorist fails to stop. In the jargon of signal detection theory this is a Miss.
The complement of a Miss is a Hit (signal detected, as indicated by the motorist stopping, when the
signal is present). The probability of a Hit, p(Hit), is 1- p(Miss) = 1- p(accident). The probability
of an accident is determined by the number of accidents at the type,of crossing, the number of
crossings of that type, the numberof vehicles perunit time thatuse crossings of that type, andthe
numberof trains perunit time thatuse crossings of thattype. The probability of a False Alarm,
p(FA), stopping when thetrain isnotpresent, is estimated from theproduct of theprobability that
acar will bein the crossing [p(car)] and theprobability that a train willbein thecrossing [p(train)].
This isbecause the maximum probability of an accident is also p(car)*p(train), which is the risk of
an accident. Stopping when notrain is present is due to perceived risk.

Given p(Hit) and p(FA), z(Hit) and z(FA) can be determined, and d' and S/N are obtained from
equations (1) and (2). Pis calculated from equation (4). For agiven change in accidents when homs
are banned, p(Hit) is recalculated and equation (6) is used to determine z(FA). The new values of
d' and S/N areobtained from equations (1) and(2).

Given the S/N of the train with and without ahom, the S/N of the hom can be determined if it is
assumed that the horn's S/N is independent ofthe train's S/N. Under these circumstances, ifA is
the S/N ofthe train with ahom, Bis the S/N ofthe train without ahom and Cis the change in S/N
due to the hom, then

A2 =B2 +C2. (7)
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The addition oforthogonal (independent) elements of variance follows the same rale. The use of
equation (7) to determine the change in S/N ofthe hom seems reasonable, and is supported by the
literature on multidimensional scaling(e.g., Young, 1987).

Given the change ofS/N ofthe hom, the decrease in accidents (effectiveness) can then berelated to
the detectability of the hom.
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APPENDIX E: EXAMPLE CALCULATION

This appendix containsa detaileddescription of the calculationmethodology used to determine the
probability of detection of a railroad hom system.
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Example calculation
Amotorist is approaching apassive grade crossing (perceived train frequency probability =0.1) at
30 mph. Alocomotive is approaching the grade crossing at 50 mph. The locomotive is equipped
with a Leslie RSL-3L-RF. From Table 4,the minimum required warning distance for this example
is 471 ft

1.) From Reference 4,the signal level at200 ft for the Leslie RSL-3L-RF isasfollows:
regJHz) 160

61.04

200

60.83

250

80.39

31S

85.09

400

81.75

500

84.72

630 I 800 11000
87.62188.80184.65

1250

81.78

1600

79.62

2000

79.89

2500 13150

76.22171.61

4000

67.41

5000

63J8
6300

59.12

8000

5534

10000

51.47

2.) The signal level at 471 ft is calculated using adrop-off rate of 7.5 dB per distance doubling
(251og(200/471))

200 250 315 400 500 630 600 1000 1250 1600 2000 2500 3150 4000 5000 6300 8000 10000

I
tag (Hz) 160

51.741 51.53 71.03 75.791 72.48 75.4; 78=32 79.51 7539 72.41 70.33 70.591 66.98 62.31 58.11 &M 49.83 45.94 42.r

3.) The signal level inside the car at 471 ft is calculated by subtracting the average insertion loss
(Figure C-U) from the above level
Ei(Hz) 160 200 630

39.581 36.941 56.

250 I 315 I 400 I 500
56.83! 60.44! 51.98 51.0071 50.14

800 1000 1250 1600 2000

5031 46.88 42.61 36.48 3asa

4.) Theaverage interior noise levelis obtained from Figure C-2,
315 400 500 I 630 I

171 46.8ll
800 1000 1250 1600 2000tag (Hz) 160 200 250

15 57.6C 5M1 53.171 50.61 44.81 43.92 41.971 39.83 36.4S

5.) The S/N isobtained by subtracting 4.) from 3.).C-2
200 I 250

•Q9x\ -fl.71
400 500 630 600 1000 1250 1600 2000iregjHzl 160

•21.1C

315

™ 4.031 -131 J2.4JL 333 5391 ZM 0.63 -334 ZU

2500 3150

33.18 28.311

2500 3150

33J3 31.34

2500 3150

4000 5000

24^ J&0J

4000 5000

29.821 26.4C

400015000

•s-7a ••

6300 6000 10000

11.54 336 -1.6!

6300 6000 10000

24.131 22.48 21 .&

6300 8000 10000

•0.57 -3.03 •7391 -lasa 19.13-233!

6.) The five highest S/N ratios are highlighted. The minimum ofthese is2.11 dB. From the figure
in appendix D, the detection probability for a S/N ratio of2.11 dB and an expected train probability
of0.1is<50%.
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