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APPENDIX C 

MODELLING OF PRESSURE TRANSIENTS 
DUE TO FAN AND VENT SHAFT PASSAGE 
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Appendix C Modelling of Press.ur.e Transients due to Fan and Vent 
Shaf.t Pass.age 

Becau_se car interior pressure transients occurring during passage 
of line vent and fan shaft structures are anticipated to be very 
high, the prediction techniques which we normally use for 
predict-ing car interior pressure transient magnitudes were 
upgraded and .implemented on our computer. These prediction 
techniques are based on theoretical. models which have been 
developed over the last ten years by Wilson, Ihrig & Associates 
an_d are i;;uppo_rted by 1_11ea~urements at BART and at the Washington 
Metropolitan Transit Authority. 

The model used for prediction of pressure transie_nts at the Metro 
Rail s·ystem is discussed below. The model is inte_n_ded to 
accurately deter'mine the time variation of t_he pressure transient 
and includes the effects of non linear interact-ion with reflected 
w:aves from far field cross passages and vent shafts. As such, the 
modei is the most accurate that can be attained short of those 
based on the method of characteristics, but has the added 
advantage of being relatively inexpensive to implement. 

C .1 Components of the Fan and Vent Shaft Pressur-e Transient 

The pressure transient created dur.ing the passage of a fan or vent 
shaft consists of two major components. The first component 
consists of a pressure rise necessary to overcome the steady state 
negative static pressure existing in t-he neighborhood of a train 
prior to passage of a fan or vent shaft. _As tl:_ie train passes the 
fan or verit shaft, these steady st.ate pressures must rise t<;> 
match, approximately, the atmospheric pressure, thus resul t_ing i_n 
a pressure rii.e as the train leaves the tunnel section pr,ior to 
passage of the fan or vent shaft. As the train passes the fan or 
vent shaft and enters the tunnel section beyond, the train 
encounters still air, and can be con_sidered as a train entering a 
blunt portal.. As the train progresses into the tunnel beyond t_he 
fan or· vent shaft, the -pressure transient r-ises rapidly due to 
friction along the train and, in the absence of any reflective 
cross passages or vent shafts in the far field ahead of the train, 
the pressure rise will continue unt-il the train tail enters the 
tunnel. Since a six-car train is approximately 450 ft long, the 
duration of this type of pressure transient will be a_J,out 4. 5 
seconds for a train at speed 70 mph. This duration will be 
achieved provided that reflective discontinuities such as open 
cross passages or fan or vent shafts are located more than 2500 ft 
from the fan or vent shaft location. Note that the tunneJ,. lengths 
between line vents and stations are typically a.bo1,1_t one mile -
twice that required to consider the tunnel as infinite. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

WILSON, IHRIG & ASSOCIATES, 1,-..C. C-2 SCRTD Metro Rail Project 

Prior to the train passing tJ::ie fa_n o;- vent shaft, the pressure 
field in the neighborhood of the train can be tJ::iougJ::it of as steady 
state incompressible flow. In order to .simplify the analysis, the 
tunnel length is assumed to consist of the subway tunnel length 
between the station and/or preced_ing vent shaft and the vent shaft 
about to be passed. Mote detailed analyses can be performed, 
howevep for purposes of pr-ediction this approach is reasona_bly 
accurate. The theory used for predicting the steady st.ate 
pressure tra:nsients is essentia:lly that used in the Subway 
Environmental Design Handbook except that the notati.on and 
impl.ementation are different. Both rely on incompressible flow 
and use of friction factors for the train and the tunnel wall. In 
this regard, the present method differs little from tJ::iat used in 
t_he past. 

Pr-ior to vent passage, th_e stea,dy state pressures within the 
ve_hicle are generally below atmospheric due to pressure drops and 
friction along the side of the tr.ain. This negative pressure must 
be overcome as the train enters the fan or vent sha-ft area and the 
time period required for this is assumed to be equivalent to the 
time required for t_tie nose of ~he train to pass the fan or vent 
shaft ar:ea for the lea_d car. ~owever at the trailing car, the 
interior car pressure begins to rise as soon as the train nose 
enters the fan or vent shaft area and continues to rise until the 
trailing car. passes the fan or vent sJ::iaft_. Thus the time period 
required for overcoming the negative trailing car interior 
pressure is essentially the time required for t!"ie train to 
completely pass the fan or vent shaft. These time peri.ods znay be 
lengthened by incorporation of transition sections, or flaring, 
between the vent proper and the line tunnels, i"i:i both directions. 

Th_e secon_d major part of the pressure transient consists of the 
entry into the tunnel beyond th_e fan or vent shaft. For purposes 
of modelling, the resulting pressure rise is assumed to be 
equiva_lent to that which would be produced by a train entering a 
blunt portal, as mentioneg a_bove. This entry pressure transient 
model. consists of a nea_r fielci f],ow coupled with a far field. The 
near field flow about the tra_in duri_ng entry into the tunnel 
section is modelled as an incompressible flow and includes the 
effect of air inertia in the annulus between the train and the 
tunnel wall. Again, this approach is essentially equivalent to 
the mod_el usli!d by the Subway Environmental Design H and_boo~, 
although it J::ias been derived essentially independently. This 
r.epresenta_tion is appropriate for the relatively low MacJ::i numbers 
associated with rapid transit train speeds. For higher speeds, 
such as trains operating at 150 znph, this incompressible flow 
assumption would be open to question. The far field flow 
conditions ah_ead o~ tJ::ie train are modelled as a compr-essible 
column of air capable of supporting propagating waves. These 
waves may be partially or totally reflected and are returned to 
the train. To implement the far field model, the relationship 
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between in_duced pressure ahead of the train and change in flow 
ahead of the train is assumed to be linear. Reflective 
discontinuities sucl:i !'iS a cross passage or fan or vent shaft or 
exit portal are modelled by a time delay repr-esentation. 

Tunnel friction ahead of the train is ignored, because the air 
_flqw velocity ahead of the train is very lo_w during tpe transient. 
Th_is latter assumption is valid for the first few reflections from 
a far field cross passage or portal. To elaborate, the 
relationship between the forward Stll,_tic pressure ahead of the 
train and the induced airflow velocity ahead of the train is 
controlled by the acoustic impedance of the ai i::, so that a very 
high pressure must be induced in order to achie.ve a signifi_c·ant 
air velocity in the t1,1n_nel a_head of the train. Thus the pressures 
due to compressive loading of the air column ahead of the tra_in 
are very much higher than the pressilr.es due to tunnel wall 
fr-iction ahead of the train or portal losses. Again, this 
assumptic;m loses validity after a number of reflections from the 
far field have occurred, that is, when the air velocity ahead of 
the train has increased to sign.ificant levels and the pressures 
ahead of the train ha·ve been reduced by these refiections. A more 
detailed discussion of this interaction is given in the Handboo·k 
of Urban Rail Noise and Vibration Control. 

Finally, appropriate matching co_ndi t-ions are used to couple the 
far-field compressible flow representation with the non-linear 
near'-field incompressible flow in the vicinity of the train. 
The_se reflected waves from the far field inter-act. at the train 
nose, and are reflected non-linearly back into the far field. 
Thus the model accounts for non-li_near multiple- reflection between 
the far f-ield reflectoi:: and the train nose. 

The pr-essure transient prediction procedur.e used in the SuJ::,way 
Envirornnental Design Handbook assuines that the air column is 
inco;npressible throughout the subway system, not just in the 
vicinity of the trair:i. Fur-t•her-more, the SEDH prediction procedure 
accounts for the reflection of waves from the far field by simple 
Linear super-position of th·e reflec::ted wave amplitude on the 
interior car pressures. Because of this t_he method which we 
employed for the Metro Rail pressure transient prediction is 
superior in two respects to the method used in the SEDH for 
modeling of the pressure transient magnitude over relatively short 
durations, The pressu_re transient prediction model used in the 
SEDH is however r.epresentative of the average pressure transient 
pr-ofiles and is perhaps quite capable of predicting the average 
a_irflow velocity throughout the subway system as a result of the 
train's "piston action.• 
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C.2 Model Parameters 

The parameters used in the above inodel include: 

- blo·ck_age ratio 

- tunnel wetted perimeter 

- train wetted perimeter 

- tur:inel cross-section area 

- tunnel len_gth 

- t-rain length 

- train speed 

- tunnel wall friction factor 

- train skin friction factor 

- train nose loss factor 

train tail loss factor 

- entry and exit portal loss factors 

Reflective cross passages and/or portals or vent shafts are 
modeled by specifyir,g a reflection coefficient together with a 
time delay associated with each travel path within the subway 
ahead of the train. A travel path consists of the path traversed 
by the wave through a cr-oss passage to the adjacent tunnel and 
reflections from portals and/or vent shafts. For instance, the 
shortest travel path would consist of the pat]:l from the t_rair, nose 
to the first i:ef-lector, which may be a cross passage, and the 
return path back to the tr-ain nose. Another travel path inight 
consist of the path through the cross passage to the adjacent 
tunnel, down t_he adjacent tunnel to anoth,er reflector, and then 
back through t]:le cro_ss passage and again _back to t]:le train nose. 
At each of the discontinuities, suc]:l a_s the cross passage, a 
reflection and/or trans·Iilissi_on cqeff icie11t must be con1puted and 
used to infer an overall reflection coefficient for the travel 
path. These reflection and tran_sm:i.ssion coe_fficier,ts are·· 
deter.mined by the methods outlined in the Subway Environmental 
Design Handbook. However, because the travel path may .include 
multiple reflect-ions between cross passages and vent shafts before 
the wave actually arrives back to the train, the ce>mposite 
reflection coefficient for this particular travel path is 
consider·a_l:;>ly more complicated than indicated by the simple 
formulas in the SEDH manual. Since the model is concerned 
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primarily with the first sever-al seconds of the pressilte 
transient, only a limited nwnber of travel paths may be involved 
in the pressure transient signature. In fact, the primary path 
wl:_lich consists of a reflection from the nearest cross passage or 
vent sl:_laft or porta_l is thE! most significant contributor to the 
pressure transient since the secondary or muJtiplE! path travel 
times are of such duration as to cause a reflected wave to arrive 
back at the train after the train tail has entered the tunnel 
section, at which time the· model ceases ·to have validity. 

The model can accommodate train speed var-iation at constant 
acceleration. However, a11 accele_rating speed profile was not used 
for studyi.ng the fan or vent sh_aft passbys of the Metro Rail 
system.. • 

C .3 Model Output 

The output of the steady state pre_ssure prediction model used for 
determining pressures pr,ior to Passage of the fan or vent shaft 
include the pressure ahead of the train nose, the static tunnel 
wall pressure -immediately behind the train nose, the .static tunnel 
pressu_re immediately ahead of the train tail, arid finally the 
static tunnel wall pressure behind the train tail. Additionally, 
the steady state moc:1el gj,ves t_he air velocity ahead of the train 
as well· as the annular air velocity. 

The entry pressure transient prediction model used for modeling 
the pressure transients i~ediately following passage of the fan 
or vent shaft produces an estimate of pressures a11d air velocities 
at one-tenth second time intervals following entry into the tunnel 
section. These pressures and velocity estimates consist of the 
static tunne:l wall pressure ahead of tl:_le train nose, a11d t:.he 
static tunnel. wall pressure in the annulus behind the train noi;e. 
The air velocity estimates consist of the air velocity ahead of 
the train, and the annular air velocity. Since the pressure and 
velocity is given as a function of time in one-,-tenth second 
interv/;!lS, the data may be plotted as a function of time for a 
visual representation of the pressure transient profile. 

The results of the steady state pressure and the entry pressure 
transient prediction formulas are combined to produce tl:_le 
composite pressure transi.ent sig·nature as discussed above. This 
is essentially done by hand or by calculator.. These f,inal data 
are then divided by the duration of the pressure transients to 
determine the approximate rate of rise of the pressure transient 
for comparison with criteria. 
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c. 4 Model Implementation 

The steady state prediction model and the entr:y pressure transient 
model are incorporated in, two ,Fortran programs which have been 
implemented on the WIA co111_put.er i;;ystem. The computat-ion time for 
both of these prog·ra:ms is e,ssentially negligible. The dynaI11ic 
entry pressure transient prediction program uses Rlinga-Kutta 
nl.Ullerical integration techniques to integrate a non-linear 
ordinary differential ~quation. Botll of these programs could 
conceivably be combined into one predJction program to model the 
fan or vent shaft passage, however this has not yet been don_e. 

The entry pressure transient prediction program can be upgraded to 
include the effect of a flared tu11nel entry. This 111ay be useful 
in the future if the SCRTD wishes to study the effect of fla_red 
transit-ions at the fan or vent shaft locations to reduce the 
effect of pressure transient magnitude and r,ate of ri.se during 
passage. 
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2.4 EXISTING VIBRATION LEVELS 

The perception of vibration by people has been discussed 

extensively in the literature, however, most of the criteria are 

based on the results obtained from steady-state sinusoidal 

vibration excitation in laboratory environments. Relatively 

l.ittle information is ava.ila.ble on the response of huma.ns to low 

level random vibrat-ion or to transient vibration levels .. 

Recently more information on this type of vibr-ation has been 

obtained from the results of measurements and subjective 

evaluation.s of trarisit tra.in vib.ration in Toronto, Wash_ington, 

D . ._C'", .San Francisco and Atlanta. 

A number of sca.les for evaluating the effect of vibr-ation on man 

have been devised. Units such as Pal and Trem have been 

pre.sented for establishing scales of response to vibration 

similar to the A-weighted sound level or the various loudness 

scales which have been used fot the determination of subjective 

response to noise levels. None of the scales have been widely 

accepted in evaluati11g human respon.se to vibration levels and, in 

general; the criteria for response are presented as ell.arts with 

ranges of response as a function of vi.bration frequency. As fot 

th.e s~bjecti~~ response to noise, the human sensitivity to 

vibration varies with frequency. Therefore, the frequency must 

be taken into consideration in assessing annoyance due to 

vibration. A number of studies have indicated that at 

frequenc.ies above approximately 12 to 16 Hz, sensitivity to 

vibr.ation is pr.imar.ily determined by the velocity amplitude and 

is relatively independent of frequency. Since the frequency 
range over which human sensitivity is approximately propc:>rtional 

to veloci.ty amplitude covers the r.ange of pr.incipal vibration 

components from transit trains and since the noise level 

generated by t_lle vibration of buildings' surfaces is 

approximately proportional to vibration velocity level, it is 

appropriate to present vibration criteria and data in terms of 

velocity level. 
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A curve of huma_n res.ponse to vibration h_as evolved from the 

studies which have been done and has b_een documented .in the 

International Standards Organization document 2631 and Draft ANSI 

S tc:1.nda_rd S3. 29e-l98X. Additional information on human sensitivity 

to vibration is co_ntained in the CHABA Pu_blication, "Guidelines 

for Preparing Environme.ntal Impact Statements on Noise" which has 

utilized much of the information contained in the ISO Standard. 

These standards and publications do indicate that below about 12 

to 16 Hz the sens i ti vi ty to vibration velocity is somewhat lower. 

This is character.ized in F.ig'i:1re 2. 4-1 which indicates human 

response to building vibration. The curve shape is based on 

information in the CHABA publication and in this report will b_e 

know as CHABA weighting. These curves show the vibration 

perception level ranges in decibels, dB, r,e l. 0 micro in/sec, as 

a function of frequency in Hertz, Hz. 

The existing exterior vibration sources include automobiles, 

trucks, buses, underground mechanical equipment, and on a local 

scale, pedestrians. Most of the vibration sources, except 

s tationar·y mechanical equipment operating continuously, er eate 

transient vibration levels. The observed level of vibration at a 

particular location is the summation of the vibrations created by . . . . ... 

all the various sources, near and far. This is analogous to 

ambient community noise which represents the summation of many 

noise sources. 

For this survey, the vibration level data were taken 

s irtiul taneously with, a11d at the same locations as, the sou_nd 

level data. Vibt.ation accel.eration was measured using a 

piezoelectric accelerometer, with a signal recorded on one 

channel of the data tape recorder. 

The data were analyzed to obtain a single-number velocity level 

weighted in such a way to approximate the CHABA weighting shown 
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in Figure 2. 4-1. To obtain the weighted velocity level from the 

acceleration data, an electronic integrator and f-il ter 

approximating the inverse of the CHABA weighting were used. 

Although the CHABA weighting is not a standatdi.zed measurement, 

the re:sultant weighted velocity level is a good single-number 

indication of the human response to vibration. Figure 2. 4-1 

indicates that weighted vibration velocity levels below about 6.9 

dB overall level are generally imperceptible or just perceptible 

as vibration to the average person under normal conditions. 

The weighted vibration velo.ci ty levels obtained in this manner 

were statistically arialyzed to obtain the same statistical 

parameter-s used to desc·ribe the existing noise levels; L99 , Lgo, 

L50, Lio, L1, and LEQ• 

Table 2. 4-1 presents a complete tabulation of the statist_ica_l 

analysis of the weighted vibration velocity levels observed at 

each measurement site. In general those locations with the 

highest noise levels also !:_lave t_he l:_lighest vibration levels and 

vice versa, s1nce 

high noise levels 

in most cases, truck_s arid buses which produce 

also produce high vibration levels. However, 

this correi.at.ion is not always true since airplanes, motorcycles, 

and some cars can pr;oduce high noise levels but not necessarily 

high vibration .levels. 

Review of the vibration data indicates that as for the noise data 

there is a con_siderable range of levels at different locations 

over the length of tl:_le alignment, The lowest vibration levels 

were observed at Locations 32, 33, 34, 35, 37, 116, 117 a_nd 118 

which are located away from nearby vibratio"n prod1;1cing 

activities, especial_ly duririg the evening and nighttime 

measurement periods. These location_s are located on or near the 

Santa Monica Mountains which in addition to having few nearby 
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vibration producing activities may also be on or near rock. 

Although rock tr-ansmits vibration more efficiently than soil, it 

takes a greater vibration energy level at the source to produce 

the same vibration amplitude at the receiver. 

There ar-e a number of lo.cations where the L1 vibration velocity 

level exceed_s 69 dB. This means that• for approximately 6 seconds 

in 10 minutes the vibt.ation from passing vehicles was at least 

barely perceptible at the measurement location. Vibration at 

other location_s witl:_l tl:_le L1 vibration velocity level less than 69 
dB should not ~ perceptible as mechanical motion. Excluding 

Locations 32, "33, 34, 35, 37, 116, 117 and 118, the weighted 

vibr·ation velocity Leq ranges from ·34 to 641 dB which is typical 
of commercial a_nd residentia_l area_s nea_r l:_leavily traveled streets 

and boulevards. Comparing these data with that obtained during 

previous environmental vibration studies performed by WIA 

indiccl.tes that tl:_le vibration levels are typical of ot:her large 

cities (such as Baltimore and Chicago). 

Appendix B presents stat-istical distribution plots showing the 

detailed statistica_l distribution ln terms of the weighted 

vibration velocity level exceedance as a percentage of time for 
. . 

all of the· measurement locations along the alig·nment. These 

plots are analogous to those plotted for noise level exceedance 

in Appendix A, As wi tl:_l th~ noise plots, these char ts allow 

graphic ci::>mparison of the vibration velocity statistical 

distributions along different se.ctions of the Metro Rail 

a_lignment. 

To provide some indication of the frequency content of the 

measured ground-borne vibr-ation, five representative examples of 

t_he vibration _leve_ls were statistically al'lalyzed by 1/3 octave 

bands. For the statistical analysis the unweighted vibration 

velocity level as a function of time was analyzed in each of the 
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1/3 octave bands from 3 .15 Hz through 1000 Hz. The results of 

Although several these are shown on Figures 

analyses indicate somewhat 

2 ... 4-2 through 2. 4-6. 

similar overall vibration velocity 

1 eve ls, each of the charts show a soi:ne"1h_at different shape for 

the frequency spectrum. 
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I TABLE 2.4-1 WEIGHTED OVERALL VIBRATION VELOCITY LEVELS! 

I 
MEASURED AT LOCATIONS ALONG THE METRO RAIL 
ALIGNMENT - SEPTEMBER 21 THROUGH OCTOBER 1, 1981 

I Weighted Vibration Velocity Levels 
Date· .(dB r.e. 1 micro inl'.'.'.sec) 

Location Ti_me of (SeptembE!;: o_r L L90 L50 L:i,o L1 Leq 99 

I Number Day October 1981) 

1 Rush Hour 28 41 44 48 52 57 49 

I Day 28 45 48 51 54 58 52 
Evening 28 37 39 42 48 52 44 

Night 28 34 37 40 46 52 43 

I 2 Rush Hour 22 46 49 54 60 66 56 
Day 21 48 51 54 60 67 57 

I 
Evening 22 47 4_8 52 58 66 55 

3 Rush Hour 22 44 47 52. 59 68 57 
Day 21 44 48 52 61 69 57 

I Evening 22 38 41 46 55 68 54 

4 Rush Hour 22 & 28 40 42 46 si 57 48 

I Day 21 & 28 42 44 47 51 57 49 
Evening 22 & 28 34 36 39 44 53 43 

I 
5 Rush Hour 23 & 28 42 44 49 57 62 53 

Day 21 43 45 49 53 58 50 
Evening 2_1 & 28 36 ~8 41 46 55 44 
Night 22 39 41 44 47 52 45 

I .... . 

6 Rush Hour 21 49 52 58 64 70 61 
Day 2_1 49 53 56 62 69 59 

I 
Everiirig 21 44 48 53 58 68 58 

7 Rush Hour 21 & 1 44 46 54 61 70 59 

I 
Day 21 & 29 45 48 54 60 67 57 

Evening 2_1 40 42 46 56 66 53 
Night 21 38 39 42 49 58 48 

I 8 Rush Hour 2_1 & 1 51 53 57 63 72 61 
Day 21 & 29 49 52 55 ~i 68 58 

.Evening 21 44 46 50 54 64 53 

I 
Night 21 46 48 50 56 67 55 

1corrected fo~ HUlllan Perception Curve (see text) 

I 
I 
I 
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I TABLE 2.4-1 (f'ONTINUED) 

I Weighted Vibration Velocity Levels 
Date (dB re l micro inLsec) 

I Location Time of (September or L99 L90 L50 L10 L1 Leg 
Number Day October 1981) 

I 9 Rush Hour 21 44 46 49 55 60 52 

• pay 2,2 40 41 45 51 58 48 
Eve,ni ng 2·1 40 41 45 51 55 47 
Night 21 39 42 46 51 61 50 

• 1.0 Rush Hour 21 & l 47 50 55 62 67 58 
Day 22 & 29 44 46 50 56 61 53 

Evening 21 42 45 50 56 59 52 

I 
Nigt_it 21 42 44 48 54 61 51 

11 Rush Hour 21 & l 40 42 46 54 63 52 
Day 22 & 29 38 41. 44 48 54 46 

I Evening 21 40 41 45 52 60 50 
Nigt_it 22 37 39 47 46 51 44 

I 12 Rush Hour 23 42 44 49 54 62 52 
Day 22 40 44 47 51 56 48 

Evening 2·3 42 46 50 56 62 52 

I 13 Rust_) Hour 23 40 ,43 47 54 59 50 
Day 22 33 36 42 50 56 46 

Evening 23 31 33 40 46 56 44 

I N:' ht ,• 23 37 40 43 48 58 47 . ig, 

14 Rush Hour 10/1 35 38 43 51 60 49 

I 
Day 29 36 39 44 51 59 49 

15 Rush Hour 23 38 42 46 52 61 50 
Day 23 & 29 34 38 44 51 62 49 

I Even,ing 23 26 30 37 45 54 44 
Night 25 22 24 28 39 50 38 

I 16 Rush Hour 24 43 45 49 56 64 53 
Day 23 43 46 50 56 62 53 

Evening 23 35 39 45 52 62 50 

I 1.7 .Rush Hour 24 39 43 49 58 68 55 
Day 23 38 42 47 54 68 55 

Evening 23 38 41 46 52 59 49 

I Night 23 32 35 44 55 67 53 

18 Rush Hour 23 38 40 44 49 55 46 

I Day 23 & 30 32 36 41 46 50 43 

I 
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I 
TABLE 2. 4-1 (CONTINUED) 

I Weighted Vibration Velocity Levels 
Date (dB re 1 micro in/sec) 

I Location Time of (September or L99 L90 L50 L10 L1 Leq Ntnnber Day October .1981) 

I 19 Ru.s.h Hour 22 & 30 37 41 44 49 56 47 
Day 22 & 30 3~ 40 43 50 56 46 

Evening 22 37 39 43 47 54 45 

I Night 23 36 39 42 46 54 44 

20 Rush Hour 23 40 42 46 49 54 47 

I Day 2'3 & 29 40 43 47 51 55 48 
Evening 23 39 42 44 50 54 49 

I 
21 Rush Hour 22 42 46 52 57 62 54 

Day 30 34 40 52 59 65 55 
Evening 22 39 42 49 57 65 54 
Night 25 30 32 39 57 68 55 

I 22 Rush Hour 22 44 46 48 51 55 49 
Dciy 22 41 43 45 49 54 47 

I Evening 22 42 44 46 · 50 56 48 
Night 24 40 42 44 48 53 46 

2:3 Rush Ho·ur 24 & 30 33 38 42 46 54 45 

I Day 2:3 & 30 36 39 42 46 52 43 
Evening 23 35 37 40 44 54 43 

Night 24 35 38 41 45 51 43 

I 24 Rush Hour • 24 44 47 53 59 64 56 
Day 24 39 43 50 58 68 55 

I Evening 24 38 41 49 58 64 54 
Night 24 31 34 43 54 60 5.0 

25 Rush Hour 24 & 30 35. 40 46 51 55 48 

I Day 24 & 30 36 40 45 51 56 48 
Evening 24 30 34 41 49 54 45 

Night 24 36 39 44 51 55 47 

I 26 Rush Hour 24 42 45 49 53 56 50 
Day 24 42 45 50 54 59 51 

I 
Evening 24 35 39 45 52 57 48 

27 Rush Hour 24 41 44 4.9 55 62 52 
Day 24 42 45 50 56 62 53 

I Evening 24 35 40 46 53 57 49 
Nigt_it 24 29 33 42 52 59 48 

I 
I 
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I 
TABLE 2.4-1 (CONTINUED) 

I Weighted Vibration Velocity Levels 
Date (dB re 1 micro inL'.sec) 

I Location Time of (Sept~ber 9r L. 
L90 L50 L10 L1 Leg Number Day October 1981) 99 

I 28 Rush Hour 28 38 43 49 54 58 50 
Day 28 38 42 49 54 58 51 

I 
EV4;!?1ing 28 32 38 46 54 61 50 

Night 28 26 29 36 49 55 44 

29 Rush Hout 24 42 47 55 64 70 60 

I Day 24 & 24 43 47 53 60 65 56 
Evening 24 40 43 50 61 67 57 

I 
30 Rush Hour 29 42 45 50 56 62 53 

Day 24 46 48 53 58 67 59 
Evening 24 & 24 40 42 46 55 62 52 

I 31 Rush Hour 24 36 38 41 44 48 42 
Day 24 36 39 42 47 53 44 

Evening 24 35 37 41 4.6 53 43 

I Night 24 34 37 41 46 53 44 

32 Rush Hour 2.9 36 38 41 44 48 41 

I 
Day 25 32 34 37 41 45 38 

Evening 29 25 .27 32 38 45 35 
Night 29 22 24 29 34 46 34 

I 3.3. R1.1sti. Hou.r . 29 36 37 40 43 46 41 
Day • 25 3f 35 38 45 56 44 

Evening 29 27 29 32 35 38 33 

I 34 Rush Hour 29 34 37 40 44 47 41 
Day 25 25 28 32 38 45 35 

Evening 29 20 22 26 32 39 29 

I Night 30 18 20 24 29 35 26 

35 Rush Hout 29 22 24 29 36 49 36 

I Da¥ 25 24 26 32 42 44 39 
Evening 29 21 24 28 34 44 33 

Night 29 18 20 24 28 31 25 

I 36 Rush Hour 29 30 32 35 47 55 43 
Day 29 36 38 41 46 54 44 

EvenJng 29 32 33 35 40 55 42 

I Night 29 32 33 35 40 55 43 

I 
I 
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I 
TABL.E 2. 4~1 (rONTINliEb) 

I Weighted Vibration Ve.loci ty Leve.ls 
Date .!dB __ re 1 micro inLsec) 

I Locat-ion Time of (September or - ·-L • L90 L50 L10 Ll Leq 
Nl.llllber Day October 198i) 99 

I 37 Rush Hour 29 22 25 29 34 41 32 
Day 29 22 24 27 30 43 31 

I 
Evening 29 20 21 23 26 45 3-5 

Night 29 20 22 24 27 32 27 

38 Rush Hour 28 37 39 42 46 50 43 

I Evening 28 33 36 39 44 52 42 
Night 29 30 32 35 40 54 41 

I 
39 Rush Hour 28 39 42 48 53 60 50 

Day 28 36 41 47 54 63 52 
Eyening 28 29 32 40 48 61 48 

I 40 .Rush Hour 28 42 44 46 50 56 48 
Day 28 & 30 43 45 49 55 62 53 

Evenir,g 28 & 29 39 41 44 49 57 47 

I Nig.ht 30 36 37 41 46 51 43 

41 Rush Hour 28 48 52 57 64 72 61 

I 
Day 28 47 51 56 64 74 62 

Evening 28 40 44 51 59 67 56 
Night 29 38 40 46 58 71 56 

I .42. Rush. Hou.r .. 28 44 46 51 58 67 55 
Day • 28 46 48 52 57 64 55 

Evening 28 42 46 50 57 64 54 

I Night 29 39 41 46 52 58 49 

43 Rush Hou.r 28 47 50 54 60 66 57 

I 
Day .28 43 46 53 60 67 57 

Evening 28 45 48 54 63 69 59 
Night 29 41 43 48 58 66 55 

I 44 Rush Hour 28 45 47 49 56 63 53 
Day 28 43 45 49 56 62 52 

Even_ing 28 50 51 52 56 64 54 

I 
N.ight 29 46 48 50 53 55 51 

45 Rush Hour 28 46 48 .52 56 61 54 
Day 28 48 49 50 54 58 52 

I Evening 28 36 39 43 49 57 47 
Night 28 35 38 42 48 56 45 

I 
I 
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I 
I T_AB,L_E 2. 4-1 (CONTINUED) 

WEIGHTED ov·ERALL VIBRATION VELOCITY LEVELS1 
MEASURED AT LOCATIONS ALONG THE METRO RAIL 

I ALIGNMENT ALTERNATIVES-, SEPTEMBER 20 THROUGH 
SEPTEMBER 24, 1982 

I Weighted Vibration Velocity Levels 
Date (dB re 1 micro in/sec) 

Location Time of (September L99 L90 L50 L10 L1 Leq 

I Number . Day 1982) 

101 Rusl:_l Hour 20 & 21 42 46 51 57 66 55 

I Day 20 & 21 43 46 51 57 64 54 
Evening 20 & 21 36 39 44 54 65 53 

Nigl:_lt 20 & 22 35 37 41 49 58 47 

I 102 Rush Hour 20 & 21 44 49 55 63 70 59 
Day 21 41 46 52 59 67 56 

Evening 20 & 21 37 41 47 56 67 55 

I Night 21 & 22 34 37 43 51 63 51 

103 Rush_ Hour 20 & 21 43 48 55 65 76 64 

I nay 20 & 21 43 48 56 64 74 63 
Evening 20 & 21 37 41 45 58 70 56 
Night 21 & 22 34 38 42 50 62 50 

I 104 Rush Hour 20 & 21 37 43 51 58 66 55 
Day 20 & 21 39 45 52 60 67 56 

Evening 20 & 21 31 37 44 52 62 50 

I : Night. 20 & 22 27 32 39 49 62 49 

105 Rush Hour 20 & 21 39 44 50 57 66 54 

I Day 20 & 21 37 41 47 53 62 51 
Evening 20 & 21 34 38 43 4_9 59 48 
Night 20 & 21 32 35 40 47 58 46 

I 106 R_usl:_l Hour 20 & 23 36 40 46 52 58 49 
Day 21 37 42 48 55 60 52 

Evening 21 & 23 34 39 45 50 57 48 

I Nigl:_lt 21 & 24 31 36 42 49 57 45 

107 Rush Hou_r 20 & 21 33 37 42 48 54 45 

I Day 21 & 22 33 36 41 47 54 45 
Even_ing 20 & 22 31 34 39 45 55 45 
Night 21 30 33 39 46 58 45 

I 1corrected for Human Per,ception Curve (see text) 

I 
I 
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I 
TABLE 2.4-1 (rbNTINUED) 

I Weighted Vibration Velocity Levels 
Date (dB re l micro in{sec) 

I Location Time of (September L99 L90 Lso L10 L1 Leq Number . Day 1982) 

I 108 Ruist_i Hou_r 20 & 22 31 36 41 48 53 45 
Day 21 & 22 29 34 40 47 54 44 

Evening 20 & 22 29 33 38 44 so 41 
Night 20 28 31 36 42 49 43 

I 109 Rust_) Hour 21 27 31 38 44 53 49 
Day 21 & 22 27 31 37 45 51 42 

I Evening 20 & 21 25 29 34 41 55 44 
Night 21 & 22 23 27 32 38 47 36 

I 
110 Rush Hour 22 34 38 44 52 62 51 

Day 22 34 38 44 51 58 48 
Eveni_ng 22 & 23 34 38 43 49 56 47 

Night 23 31 35 4i 48 56 46 

I 111 Ru.sh Bou_r 21 42 47 53 60 ~7 57 
Day 21 47 so 55 61 68 58 

I 112 Rush Bour 21 & 22 44 48 54 61 6.8 58 
Day 21 & 22 42 47 5.4 61 68 58 

I 
Evening 21 & 22 39 44 51 58 65 55 
Night 21. 35 40 48 56 64 53 

113 Rush Bour 21 & 22 36 40 46 53 61 51 

I .. D_ay , 20 & 21 35 40 47 54 61 51 
Eve.n_ing 20 & 23 31 35 40 47 56 45 
Night 20 & 21 31 35 40 47 56 45 

I 114 Rush Hour 23 36 40 44 so 56 49 
Day 23 & 24 35 38 43 48 54 47 

Even_ing 23 30 35 41 47 52 44 

I Night 23 28 33 39 47 53 43 

115 Rush Hour 22 43 45 49 53 60 51 

I Da¥ 22 & 23 43 46 49 5.4 62 52 
Evening 23 33 38 43 so 56 47 
Night 21 32 36 42 49 58 47 

I 116 Rush Bour 21 & 22 20 23 28 35 46 35 
Day 21 & 23 22 24 28 35 44 33 

Evening 21 & 22 17 21 24 29 35 27 

I Night 20 & 22 14 17 22 26 33 27 

I 
I 
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I 
TABLE 2. 4-1 (l"ONTINUED) 

I Weighted Vibration Velocity Levels 
Date (dB re 1 micro in{sec) • 

I Location Time of (September L99 L90 L50 L10 L1 Leq 
Number Day 1982.) 

I 
117 Rush Hour 22 & 23 21 24 27 31 37 29 

Day 21 & 22 19 22 26 31 36 30 
Evening 21 & 22 18 21 24 27 31 25 
Night 21 & 22 14 17 22 26 30 23 

I 118 Rush Hour 21 & 22 15 21 27 38 52 36 
Day 21 & 22 19 23 29 36 47 36 

I Evening 21 & 22 13 16 22 30 45 33 
Night 20 & 22 14 18 22 28 37 29 

I 
119 R.ush Hou.r 21 & 2~ 36 4.1 49 56 ~3 53 

Day 21 38 43 50 58 65 55 
Evening 21 & 22 31 36 44 54 61 50 
Night 21 & 23 28 33 40 50 58 47 

I 120 Rush Hou.r 23 33 36 40 47 57 45 
Day 23 32 34 39 46 55 43 

I Evening 23 28 30 34 38 43 36 
Night 23 24 27 32 37 44 34 

I 
121 Rush Hour 22 & 23 30 34 38 44 52 42 

Day 21 & 22 3? .38 42 47 54 44 
Evening 20 & 22 33 35 38 43 51 41 

Night 20, 21 & 22 28 32 35 39 46 37 

I 122 Rush· Hout 21 & 23 29 33 38 42 47 39 
Day 21 & 23 30 34 39 44 50 40 

I Evening 20 & 21 27 31 35 40 45 37 
Night 20 & 21 26 30 34 40 46 37 

123 Rush Hour 21 & 23 34 38 44 49 55 46 

I Day 21 & 22 35 39. 44 48 53 46 
Evening 20 & 23 32 36 41 45 52 46 
Night 21 & 22 30 33 38 43 49 40 

I 124 Rush Hour 21 & 23 39 43 48 56 62 52 
Day 21 & 22 35 39 45 53 62 51 

I 
Evening 20 & 23 32 37 42 52 60 48 
Night 21 & 23 27 30 36 46 56 44 

125 RusJ::i Hou.r 21 & 23 33 37 41 47 55 45 

I Day 21 & 23 34 38 42 47 53 45 
Evening 20 & 22 3.0 33 37 43 53 42 

Night 21 & 23 27 29 33 38 43 35 

I 
I 
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I TABLE 2,4-1 (CONTINUED) 

I Weighted Vibration Velocity Levels 
Date (dB re 1 micro inLsec) 

I Location Time of (September L99 L90 L50 L10 L1 Leq Number Dai'. 1982) 

I 126 Rush Hour 22 & 23 43 45 48 52 59 so 
Day 21 & 23 43 46 48 52 58 so 

Eve.ning 20 & 22 35 38 42 47 57 46 
Night 21 &.23 27 30 36 42 49 39 

I 127 Rush Hour 20 & 23 39 43 49 54 61 52 
Day 21 & 23 40 44 49 55 60 52 

I Evening 20 & 22 34 38 43 so 56 47 
Night 21 & 23 30 34 39 46 56 45 

m 
128 Rush Hour 20 & 23 38 41 46 52 58 49 

Day 21 & 2.2 36 38 43 48 54 46 
Evening 21 & 22 34 37 42 48 55 45 

m 
Night 20 & 22 28 30 34 39 47 37 

129 Rush Hour 20 & 23 36 40 47 55 63 52 
Day 21 & 22 34 39 45 53 61 so 

I Evening 20 & 22 28 32 38 • 47 54 44 
Night 20 & 22 23 27 33 41 43 41 

I 
130 Rush Hour 20 & 22 40 45 so 54 59 52 

Day 21 & 22 39 43 49 54 59 51 
Evening 21 & 23 37 41 45 so 55 47 

Night 20 & 22 30 34 39 46 52 43 

I .... 
131 Rush Hour 21 & 22 40 44 49 54 58 51 

Day 22 & 23 39 42 47 52 57 49 

I Evening 21 34 37 42 47 52 44 
Night 21 & 22 33 37 41 47 52 43 

I 
132 Rush Hour 21 & 22 36 42 so 60 66 56 

Day 22 & 23 36 41 47 56 63 53 
Evening 21 & 23 29 33 41 5~ 6f sq 
Night 21 & :22 25 29 35 49 59 47 

I 133 Rush Hour 21 & 22 36 40 45 51 57 48 
Day 22 & 23 33 36 41 48 57 46 

I 
Evening 21 & 23 29 32 38 44 53 42 
Night 21 & 22 26 32 38 45 60 47 

I 
I 
I 
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1. 

GLOSSARY AND SIGNIFICANCE OF ACOUSTICAL TERMS 

Glossary of Terms 

A-WEIGHTED SOUND LEVEL (dBA): 

The sound pressure level in decibels as measured on a 

sound level meter using t_he internationally standardized 

A-weighting filter or as computed from sound spectral data 

to which A-weighting adjustments have bee!) made. 

A-weighting de~emphasizes the low and very high frequency 

components of the sound in a manner similar to the 

response of the average human ear. A-weighted sound 

level_s correlate well with subjective reactions of people 

to noise c1.nd are universally used for community noise 

evaluations. 

ACCELEROMETER: 

A vibration sensitive transducer that responds to the 

vibration acceleration of a surf.ace to which it is 

attached. Tl:_le elect•ronic signal generated by an 

accelerometer is directly proportio11al to the surface 

acceleration. 

A.CCELERATION LEVEL: 

Also referred to as "vibration acceleration level." 

Vibration accele_ration is the rate of change of speed and 

direction of a vibration. An accelerometer generates al) 

electronic signal that is proportional to the vibration 

acceleration of the surface to wh_icl:l it is attached. The 

acceleration level is 20 times the logarit~ to the base 

10 of the ratio of the R.M.S value of tl:_Je acceleration to a 

reference c1.cceleration. The generally accepted reference 

vibration acceleration is 10-6 g (10-5 m/sec). 
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AMBIENT NOISE: 

The prevailing general noise existing at a location or in 

a space, which usually consists of a composite of sounds 

fr~ many sources near and far. 

BACKGROUND NOISE: 

The general composi-te non-recognizable noise from all 

distant sources, not including nearby sources or the 

source of interest. Gener-ally background nois.e consi.sts 

of a large number of distant noise sources and can be 

characterized by L 90 or Lgg• 

COMMUNITY NOISE EQUIVALENT LEVEL (CNEL): 

The Leq of. the A-weighted noise level over a 24-hour 

petiod with a 5 d_B penalty applied to noise levels between 

7 p.m. and 10 p.m. and a 10 dB penalty applied to noise 

levels between 10 p.m. and 7 a.m. 

DAY-NIGHT SOUND LEVEL (Ldnl: 

The Leq of the A-weighted noise level ovet a 24-hoUr 

petiod with a 10 dB penalty applied to noise levels 

between 10 p .m. and 7 a .m. 

DEG:IBEL (dB) : 

Th_e decibel is a measure on a logarithmic scale of the 

ma_gni tude of a particular quantity (such as sound 

pressure, sound power, sound intensity) with respect to a 

standardized reference quantity. 

ENERGY EQUIVALENT LEVEL (Leql: 

The level of a steady noise which would have the same 

energy as t_he fluctuating noise level integrated over the 

time period of interest. Leq is widely used as a 

single-number descriptor of environmental noise. L is eq 
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based on the logarithmic or ener-gy summation and it places 

more emphasis· on high noise level periods than does L50 or 

a straight arithmetic average of noise level over time. 

This energy average is not the same as the average of 

sound pressure J_evels over tl:_le period of intere_st, bu_t 

must be computed by a procedure involv.ing sunimation or 

mathematical integration. 

FREQUENCY (f_i:i:) : 

.The numb.er of oscillations per second of a periodic 11oise 

(or vibration) expressed in Hertz (abbreviated Hz). 

Frequency in Hertz is the same as cycles per second. 

Ll, L10, L50, L90 AND L99: 
The noise (or vibration) levels that are exceeded for 1%, 

10%, 50%, 90% and 99% of a specified time. period, 

respectively. Environmental noise and vibration data are 

often described in these terms. See section 2. for a more 

detailed discussion of the statistical distribution terms. 

NOISE REDU_CTION COEFFICIENT (NRC): 

Noise reduction coefficient is a measure of the acoustical 

absci~:E>tion performarice of a material, ca_lculated by 

averaging its sound absorption coefficients at 250 Hz, 500 

Hz, 1000 Hz and 2000 •z• 

CC.TAVE BAN_D - 1/3 OCTAVE BAN_D: 
One octave is an inte.rval between two sound frequencies 

that have a ratio of two. For example, the frequency 

range of 200 Hz to 400 Hz is one octave, as is the 

frequency range of 2000 Hz to 4000 Hz. An octave band is 

a frequency r-ange that is one octave wide. A standard 

series of octaves is used in acoustics, and they are 

specified by their center frequencies. In acoustics, to 
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increase resolution, the frequency content of a sound or 

vibration is often arialyzed in term_s of 1/3 octave bands, 

where each octave is divided into three 1/3 octave bands. 

REVERBERANT FIELD: 

T~e region in a room where the reflected sound dominates, 

as opposed to the region close to the noise source, where 

the direct sound dominates. 

REVERBERATION: 

The continuation of sound r-eflections within an enclosed 

space a_fter the sourid sou_rce has stopped. 

REVERBERATION TIME (RT): 

The time taken for the sound-pressure level in a room to 

deer ea_s e to one-,mill ion th ( 60 dB) of its steady state 

value after the source of sound energy is suddenly 

interrupted.. I.t is a measure of the persistence of a 

sound in a room and of the amount of acoustical absorption 

pr.esent inside the room. 

SOUND ABSORPTION COEFFICIENT (a): 

The· absorption cpefficient of a l_llateria_l is the ratio of 

the sound absorbed by the material. to that absorb_ed by an 

equivale:nt a_rea of open window. The absorption 

coefficient of a perfectly absorbing surface would be 1. 0 

while that for concrete or marble slate is approxil_llately 

O. 01 (a perfect reflector- would have an absorption of 

0. 00) • 

SOUND PRESSURE LEVEL (SPL): 

The sound pressure level of a sou_nd in decibels is 20 

times the logarithm to the base of 10 of t~e ratio of the 

RMS value of the sound pr-essure to the RMS value of a 
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reference sound pressure. The standard refer,ence sound 

pressure is 20 micro-pascals as indicated in ANSI 

Sl. 8-1969, "Preferred Reference Quantities for Acoustical 

Levels". 

VELOCITY LEVEL: 

Also referr-ed to as the "vibration velocity level." 

Vibration velocity is the rate of change of displacement 

of a vibration. The velocity _level is 20 times the 

logarithm to th.e base 10 of the ratio of t_he RMS value of 

the velocity to the reference velocity. In this report 

the reported vibration velocity levels are all refei::enced 

to 10-6 in/sec. Above approi:ci.mately 10 Hz, human response 

to vibr,ation is more closely correlated to t_h_e velocity 

1 evel than the a_cceleration lev.el. 

WEIGHTED VELOCITY LEVEL: 

The vibration velocity level to which a weighting factor 

has been added. The weighting de-emphasizes t_he low 

frequencies in a manner similar to human response to 

vibration. The weighting used in this report is based on 

that proposed in Reference 8, however, there is no 

internationally recognized velocity weighting filter. 

2. Statistical Distribution Terms 

L99 and Lgo are descriptors of the typical minimum or 
"residual" background noise (or vibration) levels observed 

during a measurement period, normally made up of the 

summation of a large number of sound sources distant from 

the measurement position and not iisually recognizable as 

individual noise sources. The most prevalent source of 

this residua_! noise is dista_nt street traffic. L99 and 
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L9o are not strongly influenced by occasional local motor 
vehicle pass-bys. However they can be. influenced by 

s tat-ionary sources such as air conditioning equipment. 

L5o represents a long'-'term stat•ist~cal media_n nois~ ;i.eve_l 
over the measurement period and does reveal. the long-terin 

ii:ifluence of local traffic. 

L1o describe~ typica_l levels or average for the maximum 
noise levels occurring,. for example, during nearby 

pass-bys of trucks, b11se_s and autO!llobiles, when t_h_ere is 

relatively steady traffic. Thus, while L10 doe,s l),Ot 

nece_SS<!,_rily describe the typical maximum noise levels 

observed at a point, it is strongly infiuenced by the 

momentar:y maidniilln nois.e level occur.ting during vehicle 

pass-bys at most locations. 

L1 , the noise .level exceeded for .1% of the time is 
repi:es entati ve of the occasional, isolated maxi111um or peak 

level which occurs in an area. L1 is usually strongly 

influenced by the maximum short-duration noise level 

events which occur during the measureI_Uent ti111e period a_nd 

are often deter-mined by aircraft or large vehicle passbys. 
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Chapter 3 

NOISE AND VIBRATION DESIGN CRITERIA 
FOR THE METRO RAIL PROJECT 

This section is Section 7 of the Design Criteria for the Metro 
Rail Project., and is included in this repor-t as Chapter 3. 
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3. 

3 .. 1 

NOISE AND VIBRATION 

GENERAL INTRODUCTION 

This document i.s intended to provide design cr,i ter,ia for 

all noise and vibration control problems relating to the 

construction an_d operation of t_he Southern California 

Rapid T,ransit Distr.ict (SCRTD) Metro Rail System, 

excluding the transit vehicle noise and vibration 

specifications. 

The basic goals of these design criteria are to: 

- Provide transit system patrons with an acoustically 

comfortable environment by maintaining noise and 

vibration levels in vehicles along the way and in 

stations within acceptable limits. 

Mfnimize the adverse impact of system oper-ation and 

construction on the community by cont:rolling 

transmission of noise and vibration to adjacent 

~roper ties. 

- Provide n_oise and vibration control consistent with 

economic constraints and appropriate tech_nology. 

Commlll1i ty acceptance of a r a_il rapid transit system 

requires control of airborne noi.se and vibration from 

transit train operations, and from trans.it ancillary areas 

and facilities such as yard oper·at·ions, vent and fan 

shafts of the ventilation system, electr.ical substations, 

emergency service buildings, and air conditioning chiller 

plants. The design should also provide for any required 
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control of ground-borne noise and vibration from the 

transit vehicle operations. 

Community ac_ceptance of construction noise and vibration 

requires that the contractors use machinery and equi.pment 

with efficient noise a_nd vibra_tion suppression devices and 

that other. noise and vi.bration abateinent measures be 

employed for protection of both employees and the public. 

Providing a satisfactory and comfortable acoustical 

environment for patrons in station areas requires u_se of 

sound absorption materi.als on undetplatform areas, 

platform level walls and ceilings, and the ceilings and 

walls of concourse areas for control of noise and 

reverberation in the station. Similarly, enclosed areas 

of above-grade stations should have ceiling and, possibly, 

wall-mounted absorption mater.ials. Over all control of 

stat0ion noise also requires inclusion of maximum noise 

limits in equiIXOent specifications. 

The criteria presented in this document is based_ upon 

scales that most closely correlate with subjective 

evalu_ation of noise. For most typical noi.se sources, it 

has been found that the A-weighted sound level gives good 

corr.elation with subjective evaluation of response to 

noise. Thus, the A-weighted so.und .level, which can be 

read directly from a sound level meter, is best for 

evaluating the response of people to the noise created by 

transit system operation and construction. 
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3. 2 MEAS.UREMENT .PROCEDURES AND ASSlJMPTIONS 

3.2.l 

3,2.2 

3.2.3 

General 

Un.less otl)erwise ind_icated, a_ll noise levels or 

measurements refer to the use of A-weighting and "slow• 

response of an instrument complying w.i th the .Type 2 

requirements of the latest revision of American National 

Sta_ndard (ANSI) Sl. 4~1971, •Specification for Sound Le.vel 

Meters" (Ref. l). 

,l'._11 noise levels are expressed in decibels referenced to 

20 x 10-6Pa ( O. 0002. microbar) as measlir ed w.i th the 

A-'-.weight•ing network of a standard sound level meter, 

abbrevia,ted dBA. 

Transit System Wayside Noise and Vibration !>!easurements 

Transit wayside noise guidelines are based on measurements 

taken at c1ppropriate di.stances a_nd· per~ormed in 

essentially a. free-field or open space envi.ronment away 

f rem reflect•i ve or shielding surf aces. Unless otherwise 

indicated, vibration guidelines are based on measurements 

of vibration in the vertical direction on the ground 

surface or on building floors. 

Construction Noise and Vibration Measurements 

A. Measure construction noise in accordance wi.th Section 

3.2.l. In addition, all impulsive or impact noise 

levels or measurements refer to use of an impulsive 

sound level meter complying with the cr,i teria of IEC 

179 (Re_f. 2) for impulse sound level Jl\eters. As a_n 

alternat-ive procedure, a Type. 2 Gener.al Purpose sound 
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level meter on C,:_weighting and "fast" response may be 

used to e_stimate pea_k va.lues of impulsive or impact 

noises. 

B. Noise levels at buildings affected acoustically by the 

Contractor's operations refer to measurements at 

:points between 3 feet and 6 feet from building facades 

or building setback lines or a distance of 200 feet 

from t_he Construction Lil)lits, whichever 'is closer. 

C. Vibration levels at buildings affected by construction 

operations refer to vertical direction vibration on 

the ground surface or building floor, or 200 ft from 

the Construction L im_i ts, wh_i c_hever is close_r. 

D. Vibration levels at buildings affected by blasting 

operations refer to the 3-axis vector sum of vibration 

velocity on the ground surf.ace or building floor, Or 

200 ft from the Co11.struction Limits, whichever is 

closer. 

3.3 COMMUNITY CATEGORIES AND RELATION TO CRITERIA FOR WAYSIDE 

NOISE AND VIBRATION 

A wayside community noise impact criterion provides a 

basis from wtiicti to dete_rm_ine th_e type a_nd extent of noise 

reduction IileasU:tes necessary to avoid annoyance in the 

community. The wayside noise criteria must be related to 

the type of activity taking place in the building or 

community and the ambient noise levels in the absence of 

transit system noise. Obviously, a passby noise level of 

a given magnitude is more objectionable in a quiet 

residential area at night than i11 a bu_sy commercial a_rea 

during the day. 
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The typical existing ambient or background noise a_nd 

vibration levels vary significantly ftom one type of 

community to the next. Therefore, it is necessary to make 

a judgment as to the nature of the community ii) whicil the 

transit system is to be located before determining the 

appropriate criterion for permissible noise or vibration 

levels f.rom the transit system in that coml)lur,ity. 

Table 3. 3.1 indicates the five generalized categories of 

wa:ts ide areas il'lto wh_i ch the communities along the trcansi t 

corridor,5 can be categori.zed for the purpose of assigl)il)g 

appropriate noise and vibration criteria.. The table 

indicates the description of the areas al)d the norma_l 

expected range of ambient noise levels. These categories 

and noise levels are based ii) part, on the information 

developed from several studies of rail transit corridor 

environments along wi.th data presented in the 1974 U.S. 

Environmental Protection Agency (EPA) document, 

"Information on Levels of Environmental Noise Requisite to 

Protect Public Hea,lth and Welfare with an Adequate Margin 

of Safety", usually referred to as the "Levels Docum_e_nt" 

(Ref. 3) , and other field data obtained in many community 

areas {n the U.S.A. and Car,ada. 
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TABLE 3.3.l GENERAL CATEGORIES OF COMMUNITIES ALONG METRO 
RA_IL SYSTEM CORRIDORS 

Area 
Category 

I 

II 

III 

IV 

V 

Area Description 
.Typical (Average or 
L50 •) Ambient Noise 

Level-dBA 

Low Density urba_n residential, 
open space park, suburban 
residential or quiet 
recreational area. No nearby 
highways or boulevards. 

Average urban residential, 
quiet apartments and hotels, 
open space, suburban 
residential, or occ·upied 
outdoor areas near busy 
streets. 

H·iqh Density urban residential, 
average semi-residential/ 
commercial ar-eas, parks, 
museum, and non-commercial 
public building areas. 

40-50 - day 
35-45 - night 

45-55 - day 
40-50 -- night 

50-60 - day 
45-55 - night 

Ccinunercial areas with office 60-70 
buildings, retail stores, etc., 
primarily daytime occupancy. 
Cent~al Business Districts. 

Industrial areas or Freeway Over 60 
and H iqhway Corridors. 

Typical 
Day/Night 
Exposure 

Levels-'Ldn 

Below 50 

50-60 

55-65 

Over 60 

Over 65 

*L50 is t_he long-term statistical median noise level. 

Th_e categories de_f ined in Table 3. 3 .1 are used in 

determining appropriate design criteria for the Metro RaJl 

System noise and vibration. The land use or area 

categories presented above are similar to those qseq for 

other transit properties and presented in the APTA 

Pu_l::>lication, "Guidelines for Design of Rapid Transit 

Facilities" (Ref. 4). I11 IJlOSt cases, experience with the 
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3.4 

3.4.1 

new systems now in operation has .indicated that these 

categories·and.the associated criteria provide for 

adequate results and most of the neighbors of the transit 

facility find th.e noise and vibr~tion acceptable. 

WAYS.IDE NOISE AND VIBRATION DUE TO TRANSIT OPERATIONS 

Airbor-ne Noise from Above-Ground Train Operations 

Table 3. 4.1 presents design criteria for single-event 

maximum noise levels for airborne noise from transit 

trains for various types of buildings in each of the land 

use or area categories listed in Table 3. 3.1. These 

cr-iteiia are generally applied to nighttime operations 

because the sens i ti vi ty to noise is gr eater at night than 

during daytime. The maximum levels are based on t:he 

maximum level that will not cause significant intr·usion or 

alteration of the pre-existing noise environment and 

represe11t noise leve.l_s which ·are. considered acce.pt,able for 

the type of land use in each area. The criteria presented 

in Table 3. 4.1 are generally applicable at the nearside of 

th~· nearest dwelling or occupied building under 

considerat:j.on or at 50 ft f,rom the track centerline, 

whichever i.s closer. 
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I 

II 

III 

IV 

V 

TABLE 3.4.l CRITERIA FOR MAXIMUM AIRBORNE NOISE FROM METRO 
TRAIN OPERATIONS 

Maximum single Event Noise Level 
Single Multi-

Community Area Family Family Commercial 
Category Dwellings Dwellings Buildings 

Low D.ensi ty Residential 70 dBA 75 dBA 80 dBA 

Average Residential 75 75 80 

High Density Residential 75 80 85 

Com_mercial 80 80 85 

Industrial/Highway 80 85 85 

For some types of buildings or occup.3_ncies max_imum noise 

level limits should be applied regardless of the community 

area category. The design should reflect careful 

consiqeration of noise control when the transit line is 

near audit_oriums, TV studios, schools, theatres, 

amphitheatres, and churches. Table 3.4 •. 2 lists design 

goals for ma_x_imum a_irborne noise from t-ransit operations 

in-these areas. 

TABLE 3.4.2 CRITERIA FOR MAXIMUM AIRBORNE NOISE FROM METRO 
TRAIN OPERAT.IONS NEAR SPECIFIC TYPES OF 
BUILDINGS 

Building or 
Occupancy Type 

Amphitheatres 

"Quiet" Outdoor Recreation Areas 

Concert Halls, Radio and TV Studios 

Maxirnum Single Event 
Noise Level 

Churches, Theatres, Schools, Hospitals, 
Museums, Libraries 

65 dBA 

70 dBA 

70 dBA 

75 dBA 
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3.4.2 Ground-borne Noise from Train Operations 

Table 3. 4. 3 presents the per-tinent c"t:itet:ia for maximum 

ground--borne noise due to transit train operations for 

various types of residential co111mgni ties. It is noted 

that ground-borne noise and ground-bo.rne vi.bration ate 

exactly the same phenomenon up to the point of perception 

at the dwelling. Ground-bor.ne vibration describ_es waves 

in the ground which can be measured using vibration 

pickups m_oun ted on sidewalks, foundations, basement walls, 

or stakes in the g"i::oU:nd and which can be perceived as 

mechanical motion. Ground-borne noise describes sound 

generated when the same waves in the ground reac_h room 

sur.f aces in buildings, causing them to vibrate an_d radiate 

sound waves into the r.oom and thus can only be perceived 

i-ns id,;, buildings~ 

Wayside impact due to transit train vibratio_n is normally 

described in terms of ground-borne noise because in most 

situations the noi.se produced by the vibr·ation of room 

sur.faces is audible at ground-borne vibration levels below 

those which are perceptible to tactile senses. Thus, in 

most, but not every case, a cr.i ter:ion limiting audi.ble 

noise levels will provide adequate protection against 

tactile g_round-borne vibration levels. 

In most cases for surface or aerial transit operations the 

airborne noise is significa_ntly louder than the 

ground-borne noi.se and the ground-borne noise is not 

perceived separately from the ai rbot:ne noise.. Thus, 

assessment of the acoustic noise levels due to vibration 

instead of ground vibration levels facilitates comparison 

with expected .interior. airborne noise. 
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TABLE 3.4.3 CRITERI}\, FOR MA*IMUM GROUND-BORNE NOISE FROM 
METRO TRAIN OPERATIONS 

Community Area 
Category 

I Low Density Re$idential 

II Average Residentia_l • 

III High Density Residential 

IV Commercial 

V .Industri_al/Highway 

Max-imwn Single Event 
Noise Level. 

single 
Family 

Dwellings 

30 dBA 

35 

35 

40 

40 

--Multi­
Family 

Dwellings 

35 dB_A 

40 

40 

45 

45 

Hotel/ 
Motel 
B.uildings 

40 dBh 

45 

45 

50 

50 

As wit_h airborne noise, there il._re some types of buildings 

for which speci-fic design criteria should be applied, 

regardless of area category. ':'able 3. 4. 4 presents design 

crite_ria for genE!ril.lly acceptable levels of transient 

ground-borne noise levels in occupied spaces of various 

types of buildings and occupancies. This table is not 

intended to be all. inclusive but ma:y be a convenient 

general guide to the designer. 

TABLE 3.4.4 CRITERIA FOR MAXIMUM GROUND-BORNE NOISE FROM 
METRO TRAIN OPERATIONS NEAR SPECIFIC TYPES OF 
BUILDI_NGS 

Type of Building Maximwn Single Event 
or Room Noise Level 

Concert Halls and TV Studios 

Auditoriwns and Music Rooms 

Churches and Theatres 

Hospital Sleeping Rooms 

Courtrooms 

Schools and Libraries 

University Buildings 

Off-ices 

COl!llllercicl.l Buildings 

25 dBA 

30 dBA 

35 dBA 

35-40 dBA 

35 dBA 

40 dBA 

35-40 dBA 

.35-4.5 dBA 

45-55 dBA 
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3.4.3 

Ground-borne noise wh_ich meets the design criteria listed 

above will not be inaudible in all cases, however, the 

level will be sufficiently low that no sig·nifica11t 

intrusion or annoyance should occur. In most c·ases, there 

wi.11 be noise from street traffic, other occupants of a 

building, or other sources, which will create intrusion 

that is equivalent or greater in level than the noise from 

transit trains passing by. 

A range for the maximum ground-borne noise limit is given 

i_n sonte cases· to permit the designer to adjust the desig·n 

criterion to be suita_ble for the environment and locat-ion 

of. the building. For example, at offices in a quiet, 

landscaped industrial park area the limit should be at the 

low end of. the range, 35 dBA, whereas for offices located 

at a busy Jntersection or in a noisy central business 

district the limit can be at th_e upper end of t_l:_le range, 

45 dBA. 

Ground-Borne Vibration from Train Operations 

Ta~le 3.4.5 presents the appropriate criteria for maximum 

ground-borne vibration for various types of .residential 

buildings. The criteria apply to measurements of vertical 

vi~ration of floor surfaces within the buildings. 

TABLE 3. 4. 5 CRITERIA FOR MAXIMUM GROUND-BORNE VIBRATION 
FROM MET.RO TRAIN OPERATIONS 

Max_i111um Single Event Ground-borne 
Vibration v=iocity Level 

(dB ... re 10 · in/sec) 
STn_gle Multi-,- Hotel/ 

Community Area 
Cat.egory 

Family Family Motel 
Dwellings Dwellings Buildings 

I Low Density Residential 
II Average Residentia.l 

III High Density Residential 
IV Commercial 

V Industrial/Highway 

70 
70 
70 
70 
75 

70 
70 
70 
75 
75 

70 
70 
75 
75 
75 
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As with ground-borne noise, there are some types of 

buildings for which specific design criteria for 

ground-borne vibration shou.ld be applied, regardless of 

area category. Table 3.4.6 presents design goals or 

generally acceptable levels of transient ground-borne 

vibration levels in occupied spaces of various types of 

buildings and occupancies. This table is not intended to 

be all inclusive. 

TABLE 3.4.6 CRITERIA FOR MAXIMUM GROUND-BORNE VIBRATION FROM 
TRAIN OPERATIONS 

Type of Building 
or Room 

Concert Halls an.d TV Stud.ioSo 
Auditoriums and Mil.sic Ro.oms 
Churches and Theatres 
Hospital Sleeping Rooms 
Courtr·oorns 
Schools and Libraries 
university Buildi11gs 
Offices 
Commercial. & . Industrial Buildings 
Vibration Sensitive Industrial or 

Research Laboratory 

Maximum Single Event 
Vibration veiocity Level 

(dB re 10'" in/sec) 

65 
70 
70-75 
70-75 
75 
75 
75-80 
75-80 
75-85 

60-70 

Ground,-borne vibr a:tion which meets t.he design er i teria 

listed above will not be imperceptible in all cases; 

however, the level will be sufficiently low so that no 

significant intrusion or annoyance should occur. In most 

cases, there wil.l be vibration from street traffic, other 

occupants of a building, or othe.r sou.rces, which will 

create intrusion that is equivalent or greater in level 

than the vibration from the metro trains. 
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3.5 

3.5.1 

A rai:ige for t_he maxim_Ulll groui:id-borne vi.bration limit is 

given in some cases to permit the. designer to adjust the 

desigi:i criterion to be suitable for the environment and 

location of the building. Foi: example, at offices in a 

quiet, landscape.a industrial park at:ea the limit should be 

at the low end of the range, 75 dB, whereas for off.ices 

located at a busy intersection or in a noisy central 

busii:iess district the limit can be near the upper end of 

the range, 80 dB. 

NOISE AND REVERBERATION CONTROL IN STAT.IONS 

Purpose 

The purpose is to define criteria and acou_stical treatment 

which will t:esult in a desirable acoustical environment at 

and around stations throughout the Metro Rail system. The 

use of sound absorpt,ion material installed on the ceilings 

and walls of enclosed areas is necessary for control of 

noi.se and reverberation in the stations. Whei::e 

appropr;ate a_nd appl·icable, noise control can also be 

achieved through limitations on permissible noise from 

equipment. These design features are required be.cause it 

is essential that acoustical control be included in the 

desigi:i of modern transit system facilities in order to 

provide a satisfactory and attractive environment for 

transit. system patrons and to minimize impact on the 

neighboring community. 

The inclusion of acoustical treatment in the design of 

transit system stations accomplisbes four major purposes: 
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- Control and reduction of noise from tra.n.sit vel:_licle 

operations. 

- Provision for good intelligibility of announcements from 

the pub.lie address system. 

Control of noise in enclosed areas genera.tea by patrons 

a_nd or noise from exterior sources. 

- Assistance in tl:_le control of noise from station air 

handlin_g equiprnent., vertical circulation equig:nent and 

any 0th.er station mechanical equiprnent. 

Acousti.cal treatment of the stations accomplishes these 

objectives by the absorption of sound· energy as it· 

impinges on the interior surfaces of the station thus 

preventing mlil.tiple reflections and the build-up of 

reflected or reverberant sound energy. The amount of 

control of reverb_eration and the co11sequent reduction of 

noise obtained is dependent upon the area of the 

acoustical treatment, the absorption coefficient, and the 

pl~_cement of the treatment. The four basic goals which 

are to be accomplished with the treatment have bee_n_ u_sed 

to derive a set of criteria for determining the 

appropriate areas, absorption =efficients, and placements 

of the acpustical rnateria+ to obtain the most economical 

and appropriate design for the station acoustic;;il 

treatment. 

The criteria were developed to b:e consistent witl:l the 

design goal maximum noise levels presented in Table 3.5.1 

The noise levels inside station,s are dependent on the 
design of the tra_nsit ca_rs and station mechanical 

equipment and on the acoustical treatment in stations. 
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The criteria and designs for the acou.st.ica.l treatment take 

into account the general architectural characteristics 

expected of t.he Metro Rail stations and the expected noise 

to be radiated by the ttansi.t c·ats and other noise 

sources. 

TABLE 3.5.1 MAXIMUM NOISE LEVELS IN UNDERGROUND STATIONS 

On platform, tra.i11.s entering a11d leaving 

On platform, trains passing through. 

On platform, trains stationary . . . 

On platform or in mezzanine areas with only station 
ventilation system & aux.iliaries operating ... 

On platforms or other public areas with tunnel 
ventilation system and/or underplatform exhaust 

• operating at any normal level ....... . 

On platforms or other public areas with tunnel 
ventilation system operati11g in emergency status 

In station attendants' booths or offices ..... 

80 dBA 

85 dBA 

68 dBA 

. . 55 dBA 

55 dBA 

70 dBA 

50 dBA 

Table 3. 5. 2 summarizes the criteria for reverberation time 

and acoustic t•reatment of the various areas of underground 

stations. Compliance with the criteria for acoustic 

treatment assur,es that the reverberation time criteria and 

the associated noise control will be achieved. 
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TABLE 3.5.2 SUMMARY OF STATION ACOUSTIC DESIGN CRITERIA 

Maxifl)um Reverberat_io_n Ti.me 
(500 HZ). . . . . . .. 

Maximum Mechanical 
Equipment Noise . . . . . 

T.reatment: 

Mil'lii:num wal_l/ceiling area 

Minimlim ceiling only. 

Treatment Properties: 

Minifl)lllll 500 Hz 
absorption coefficient 

M i-nimum NRC • ·• . ·• • . • 

Areas Exposed to 
Street Traffic 

1.2 to 1.4 sec. 

20-25% 

70-100% 

0.6 

o. 6 

1 50 dBA maximum in station attendants' booths. 

2Includil'lg at least 50% of ceiling area. 

Enclosed 
Concourse 

Areas 

1. 2 sec. 

55 dBA 

0.6 

0.6 

Train 
Rooms 

1. 5 sec. 

3unde~platf;,~~ tteatment also requited--minimum absorption 
coef-ficient at 250 Hz - 0.4, at 500 Hz - 0 ... 65 (3" to 4" thick 
material). 

3. 5. 2 Station Acoustical Design 

A. Scope: This section presents guidelines to be used in 

designing appropriate acoustic treatment for the 

var-ious enclosed areas of the Metro Rail system 

stations. The design of absorption treatment for 

enclosed areas consi·sts of four basic steps: 
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- Dete_r_m_ine required reverberation times and 

quanti t_ies of absorption. 

Determine locations that will provide maximum 

co_ntrol of noise. 

- Select appropriate absorpt•ion coef-ficients for the 

treatment materials. 

- Select acoustical materials and design material 

installations. 

B. Reverberation Time and Absorption Quantity 

l. Ge_riera_l: As summarized in Table 3.5.2 the 

acoustical criteria for stations includes maximum 

reverberation time at 500 Hz, minimum areas for 

treatmerit, and minimum absorption properties. 

Following these c"ritei:'ia w·i11 result in sufficient 

absor:ption to control reverber,ant noise levels and 

to provide good speech intelligibility for the PA 

systems. 

2. Trainrooms: Analysis of underground train rooms 

in cit cat es that optimum trei,tment is obtained with 

a r,everbetation time of about .l. 3 seconds. This 

reverberation time will provide for good speech 

intelligibility while acting to efficiently 

control noise. 

The design goal for reverberation time in the tr-ainr-ooms 

should be 1.2 to 1.5 seconds, a sufficient range to allow 

flexibility in the ar.chitectural design of the stations. 
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The acoustical treatment should be continuous and uniform 

for the entire 1ength of the enclosed space. Whei:,. the 

trainrooms have a relatively constant cross-section, it is 

most appropr-iate to define the quantity of treatment in 

terms of treatment per 1 ineal foot of station platform. 

From this, it is a simple matter to determine the width of 

treatment that is required as a function of the absorption 

coefficient of the material.. Table 3. 5. 3 indicates the 

treatment wi.dths that ar-e required to attain the 

recommended reverberation time on a typical station 

platform of 28 ft width. 

Th,e values given in Table 3. 5. 3 are ba_sed on con_sideratiori 

of the volumes, the surface areas, and the natural 

absorption of the finish sur-faces of the stat-ions. 

Because transit statioi:,.s have relat_ively u_n_iform 

cross-sections, the figures for treatment per lineal. foot 

in 1able 3.5.3 are sufficient to describe the criterion to 

be used in_ designing the acoust-ical treatment for the full 

1 ehgth of the platforms. 

TABLE" 3 /5. 3 -- ACOUSTICAL TREATMENT CRITERIA FOR SUBWAY STATIONS 

Station Type 

Cut and Cover 

Location 

Total 

Under platform 

Ceiling and Walls 

Acoustical Treatment• per foot 
of Station Str.ucture 

Typic_a.1 
Available 

Area (sq ft) 

149 

8 

72 

Design 
Cri ter-ion 

Area (sq ft) 

33 

8 

25 
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3, Mezzanines a_nd Passageways: For enclosed 

concou_rse ·areas such as mezzanine, fare collection 

areas, and cor.ridors, for appropriate noise 

cont•rol the reverberation time should not exceed 

1.2 seconc:ls. The appropriate reverberation time 

f.or these areas .is lower than for the trainrocims 

becau_se t_l1e enc_losed volume of these spaces is 

significantly less than for the trainrooms. 

4. Sta.tJon Areas At- or Above-Grade: In statiol'.l 

areas d_irect_ly corinected to the street level and 

exposed to street traffic, noise control is less 

critical because of the presence of street noise 

and the short periods of time patrons normally 

spenc:1 in_ these areas. A_s a resu_lt, less noise 

r,edilction is needed and the design goal for the 

reverberation time in areas exposed to street 

noise can be increased to the range of l. 2 to l. 4 

seconds at. 500 Hz. 

5. A:_ncil,la._ry A:rea_s: Ancillary areas il'.lc.lude service 

roo1ns, toilets, mechan_ical and electric_a.J 

equipment rooms and train control and 

communications equipment rooms. Such spaces used 

for fans and other potentially noisy equipment 

shall be separated from public areas as m_uch a_s 

possible. Access to such noisy spaces should be 

through double doors or sound-treated doors. All 

such spaces either used by the public or adjacent 

to public spaces should have acoustica_l treatment 

applied which is appropr.iate to the noi.se levels 

and occupancy of the space. 
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6. Location of Absorption Material 

a. General: The location of the sou_n_d control 

material is an important consideration in the 

architectural design of the stat-ions. 

The preferred locations for acoustical 

treatment in the stations are listed in Table 

3. 5. 4 in the order of priority. As indicated 

above, continuous treatment of the 

underplatfotm surfaces is essential for 

effective control of train noise. It is also 

very effective to treat the side walls 

opposite the platform, h_owever, as long as the 

underplat-f orm areas have continuous treatment, 

the side wall treatme_nt is not required to 

obtain good results. 

The basic design criteria call for coverage of 

35% of the. wall and total projected ceili11g 

area with acoustical treatment in addition to 

the underplat-form treatment. For the .station 

type proposed for the Metro Rail system it is 

possible to suitably control revetber ation 

ch_a_racteristics and noise without placing 

acoustical treatment on the side walls. 
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TABLE. 3. 5. 4 PREFERRED LOCATIONS FOR SOUND CONTROL TREATMENT 

Platform Areas - Enclosed St_ation Tra_inrooms 

1. Underplatform overhang surfaces 

2. Trainroom ceili.ngs 

3. Side walls 

ME!zza_nine an_d Corridor Areas 

1, Ceilings - between structural members or directly on the 
ceiling surface for flat ceilings. 

2, Walls - usi.ng appropriate panel assemblies or direct wall 
mounted materials 

b. Concoui:se, Mezzanines and Passageways: All 

enclosed public areas of the station sha_ll 

receiye acoustical treatment equal to a 

minimum of 35% of t_he projected wall and 

ceiling area. Ac:Ous tic.al material in public 

areas shall be placed out of r.each of patrons, 

a minimum of 9 feet from floor surfaces. 

c. Entrances: Entrance enclosures shall have 

acoustical treatment on a minimum of 25% of 

the !"all a_nd ceiling area. 

d. Openings: Large openings in enclosed spaces 

may be considered as acoustica_l treatment for 

the purpose of ca1c·u1ation. 
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7. Acoustical Materials and Installations 

a. Ge_neral: Th.is section covers the criter-ia for 

selection and application of acoustical 

materials appropriate for station facilities. 

Acoustical treatment for transit system 

stations consists basically of three elements: 

- The sound absorpti,on med_ia or material 

- A protective covering 

- An architectural or trim facing. 

b. Flammability: All acou_s tica_l materials sJ::ia.11 

be non-combustible. 

c. Materials: Absorpti.on panels for wall and 

ceiling treatment shall be.: 

- Cellular glass blocks behind perforated 

sheet metal fac1ng·s or slit-and-sla:t system 

facing. The material should be of 2" or 4" 

thickness in platform areas, 2" thickness in 

mezzanine areas and l" to 1-1/2" thickness 

at other .locations. This material is to be 

used because of the non-flammability and 

lack of need for protective covering film or 

cloth or for mechanical protection in most 

applications. 

~ Glass fiber blankets that are wrapped in 

close weave glass c_loth or other 

non-flaliiinable sheeting not to exceed 4 mils 

thickness. This material should be of 2 to 

6 lb/cu ft density and of 2" to 4" thickness 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

WILSON, !HRIC & ASSOCIATES, 1,-..C. 3-23 SCRTD Metro Rail Project 

in platform area:s, 2" thickness in mezzanine 

areas and 1 • thickness at other locations. 

Mechanical protection facings of hardware 

cloth or expanded metal or ar.chi tectur al 

facings or perforated metal or slit-and-slat 

panels sh_all be used with this material. 

For design purposes, the expected sound 

absorption coefficients for glass fiber 

treatments are giiten in Table 3. 5. 5. 

TABLE 3. 5. 5 TYPICAL SOUN_D ABSORPTION CO~FFICIE_NTS TO BE 
EXPECTED FROM GLASS .FIBER SOUND CONTROL 
MATERIALS MOUNTED DIRECTLY AGAINST A CONCRETE 
SU~ACE 

So.und Abs.oretion Coefficients 

Frequencies in Hz 125. 25.0 500. 1.00.0 2.0.00 

l" thick Glass 

2" thick Glass 

3" thick Glass 

Fiber .08 . 30 .65 .80 .85 

Fiber .20 .55 .80 .95 .90 

Fiber . 4 5 .80 .90 .95 .90 

• d. Under Platform Treatment: The horizontal 

and vertical sur-faces other than exhaust 

fan inlets under the platform edge shall be 

completely covered wi. t_h 4" cellular glass 

blocks, or 3" to 4" t~ic~ glass fiber 

panels. 

e. Trainroom Treatment: Ceilings s~all be 

covered with 2" or 4" thick cellular glass 

blocks, or 2" to 3" thick glass fiber 

boards to ·achieve a 60% to 70% coverage. 
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Mezzanine and Passageways: 70% to 100% of 

the ceiling area shall be covered with 

acoustical t-reatment. For exposed, 

concrete ceilings greater than 11 feet in 

height, 2" celllilar glass blocks shall be 

used. Behind suspended metal ceilings, 2" 

glass fiber blankets or 2" cellular glass 

blocks shall be used. 

g. Concourse Areas: Similar to previous 

section. Glass fiber treat111ent sha_ll be l" 

to 2" thick. 

h. Installation: For the underplatform 

treatment, if glass fiber· wrapped in glass 

cloth .is used, the panels shall be retained 

in place using either an expanded metal 

facing, hardware cloth facing or perforated 

metal facing. For center platform .stations 

the use of expanded m_etal or hardware cloth 

is the most economical and is satisfactory 

since the material is not visible to 

patro11s. For a side platform station where 

the material is v"isible to patrons on the 

opposite platfor"m, a perforated metal 

facing shall be used. 

Wherever perfor·ated metal or slit-and-slat 

facings are used, the open area shall be at 

least 30% of the total area. With the use 

of either expanded meta_l or perforated 

metal facing the atta,chment to the 

linderplatform surfaces can be througl1 the 

use. of simple metal brackets.. Aii: space 
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should be pr.ovided around the edges to 

allow free circulation of air to pre.vent 

loading of the acoustical material panels 

due to air pressure t_rap_sie_nts created by 

the train movements. Panels wi.th 

perforated i:netal or slit-and-slat facings 

-- either for underplatfo_rm or ceilirig a_nd 

wall installations -- shall have a dimpled 

screen placed between the metal facing and 

the face of tl:le acoustic blanket to 

establish an air space of about 1/2" 

thickness between the perforated facing and 

the blanket or glass cloth bag. 

If a continuous panel system or a su_spended 

acoustical tile ceiling type of system is 

used, it is essential that gaps or openings 

be provided to permit free air flow between 

the acoust,ical treatment panels and the 

concrete su_rface behind in order to preve11t 

loading of the acoustical panel by the air 

pressure transients created by train piston 

action or t_he air due to train 11)ove_i:ne11ts. 

All acoustic systems shall have positive 

anchor·age designed to resist the shock of 

transient air pressure produced by the 

movement of the train through the station 

at maximum design speed. 

Ancillary Room Treatment: For any 

ancillary spaces either of two basic types 

of mater-ials shall be used. For spaces 

with equipment which radiates relatively 

low noise levels or in which the noise is 
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intermittent, such a.~ in switchgear rooms 

or shops, the acoustic.al treatment shall be 

al" thick glass fiber application. An 

alternate could be the use. of 3/4 •- or 

1 •-thick acoustical tile, acoustical 

ceiling board or painted duct liner board 

for the absorption materia_),. In spaces 

with noisy equii;:ment such as fans and 

pumps, the acoustical treatment materi.al.s 

sh.all be 2" mi,n,imum thickness. In such 

spaces the material need not have an 

architectural trim facing. AppLication of 

2 •-t_hick (two ),ayer-s of 1 • thickness) duct 

l.iner blanket to th_e wa_lls and ceiling, 

perhaps with hardware clotl:_l facing for· 

mechanical protection, provides appropriate 

sound absorption cha_racteristics. In the 

ancillar·y spaces with the l:_l_igher n,oi se 

level equii;:ment the treatment area shall be 

30% of the wall a_nd 50% of tche ceiling area 

and the sound absorption material must be 

distributed reasonably uniformly over the 

ceiling in panels or patches and the wall 

material. must be distributed over at least 

two adjacent walls. That is, the material 

should not be concentrated on one part of 

the ceil-ing or concentrated on two opposite 

walls but rat.her must be distributed 

between the ceiling and walls a_nd w_ith the 

wall treatment located to give 

approximately equal di vision of a_rea on 

walls located at right angles to each 

other. 
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3.5.3 Transit Station Areas Related to Street Traffic Noise 

A. Scope: 

.., Entrance a_rea_s 

- Stairs from street level 

- Elevators from street level 

- Escalators from street level 

- vent shafts from street level 

B. General Considerations: 

- Where feasible and practical, these areas sh_ould be 

shielded from street and railroad vehicle noise. 

- Open areas, particularly platforms, should have 

sound barrier walls blocking the line-of--sight. 

between significant noise sources a_nd t_he patron 

areas. 

- The reverberation time of enclosed areas should be 

in the range of 1. 2 t.o 1. 4 seconds at 500 Hz when 

area is unoccupied. 

C. Acoustical Treatment 

Width of treatment equivalent to 20% to 25% of the 

cross-section perimeter or 70% to 100% of the ceiling 

is required. The treatment can consist of an 

absorptive wall pa_nel system, a_n acoustical panel, or 

other acoustical absorption assembly applied to the 

ceiling or a combination of these. The acoustical 

treatment should have a Noise Reduction Coefficient, 
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3.5.4 

NRC, of at least 0. 60 and a minimum sound absorption 

coefficient of O. 60 at 500 ~z. 

Enclosed Concourse A-reas 

A. Scope: 

- Fare collection areas 

- St_~irs 

- Escalators 

- Corridors 

B. Gener-al Considerations: 

- The maximum noise level from mechanical and· 

electrical equipment shall not exceed 55 dBA in the 

absence of occupants. 

.,, The reverberation time of the areas shall not 

exc_eed 1. 2 seconds at 500 l_iz when area is 

unoccupied. 

C. Acoustical T.reatment 

The acoustica_l. treatment shal.l. cover not l.ess than 

35% of the combined silrfac:e area of ceiling and 

walls, or the equivalent, including coverage of at 

least 50% of the ceiling area where possible. The 

acoustical treatment shall have an NRC. of at least. 

0,60 and a minimum sound absorption coefficient of 

0.6.0 at 500 Hz. 
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3.5.5 Trainrooms 

A, General Considerations: 

- Maximum noise level on platform due to station 

ventilation system and other operating auxiliaries 

sl:_lall l)Ot exceed 55 d_BA, 

- Maximum noise level on platform due to normal 

operation of tunnel ventilation system or 

ilndetplatform exhaust fans shall not exceed 55 dBA. 

- Ml!,ximum !)Oise level on pJ,atform due to emergel)cy 

opetation of ventilation systems shall not exceed 

70 dBA. 

- T.he reverberation time of the platform area shall 

not exceed 1. 5 seconds at 500 Hz when the area is 

•tmoccupi ed. 

B. Acoustical Treatment 

Acou_stical treatment with a minimum NRC of 0.60 and 

minil)lum 500 Hz sound absorption coefficient of O. 60 

shall cover not less th.an 35% of tl:ie combined surface 

area of ceiling and walls, or the equivalent. The 

underside of the platform overhang and the wall of 

the ilnderplatform overhang s.pace st:iall be covered 

with acoustical material having a minimum absorption 

coefficient of 0.40 at 250 Hz and 0.65 at 500 Hz (3 

to 4 inch tl:_lic~ l)laterial). 
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3.5.6 Ancillary Areas 

A. Scope: 

Toilets and serv1ce rodms 

.,. Electrical equipnent rooms 

- Tra:i.n control and COJ1llllunic_ations equip!!le_nt roOl)ls 

- Mechanical equipment rooms 

Traction power equipment rooms 

B. General Considerations: 

Spaces for noisy ancillary equipment shall be located 

away from public spaces if possible. Noisy ancilla,ry 

spaces opening directly to public spaces shall have 

sou_nd rated or dou_ble e11tra_nce doors. Acoustical 

treatment for each space er type of space depends on 

location, type of noise and occupancy. 

C. Acoustical Treatment 

Toilet, locker and serv1ce rooms shall have 

acoustical treatment applied to 60% to 100% of the 

ceilings for control of reverbe_ration and noise. The 

acoustical absorption material shall have an NRC of 

at least 0. 55. Electrical equipnent rooms, train 

c:Ontrol equi?l)ent rooms a_nd traction power equipnent 
rooms with noise generating equipnent shall have 

acoustical treatme_nt covering at least 40% to 50% of· 

the ceiling area. The acoustical material shall be 

a_n equipnent room type of ceiling/wall treatment, 

such as 1 inch thick glass fiber boards, a11d sha:11 

have an NRC of at least 0.65. Mechanical equi.pnent 

rooms housing fan_s, pumps and ot_he_r equipnent which 
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3.5.7 

generate high sound levels shall have sound 

absorption treatment equiva-lent to 2 inch thick glass 

f-iber board or bla_r:iket (mi11il)lum NRC of O. 75) applied 

to cover 30% of the total wall area and 50% of t_he 

ceiling area in the rooms. In otl)er spaces with 

equipnent which generates only low or moderate noise 

the acoustical treatment shall be as indicated above 

for electrical equif;lnent rooms. 

Vertical Circulation Equipnent 

A. scope: 

- Escalators 

- Elevators 

B. General Considerations 

c. 

For equipnent located in public areas and for all 

normal operat-ing conditions, the noise level at 3 ft 

from the equipnent shall not exceed 55 dBA for 

steady-state noise, and transient noise shall not 

exceed 60 dBA measured using the fast meter response. 

Escalator Noi.se 

Noise produced by e_scalators operating individually 

-in either- di rectioh under no lo.ad and U:ndef maximum 

load in the station environment shall not exceed 55 

dBA 5 .ft above the tread at the entrance combs at 

both ends of the escalator. 
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3.5.8 

D. Elevator Nois.e 

Steady-state noise pr,oduced by elevators or 

a_ssociated equip:l!e_nt sha_ll not exceed 55 dBA (Slow) 

in public spaces 3 .ft or more from the elevator or 

associated equii;xnent or within the elevator cab at 

an'.{ location 5 ft above the floor and 1 foot or more 

-fran any wall. T-ransient noise produced by elevators 

or associated equii;xnent, not including entrance door 

operations, shall not exceed 60 dBA (Fast) in public 

space_s 3 ft or ~oi;e f:rom t:he elevator or associated 

equipment Or within the elevator cab at any locat_io11 

5 ft above the -floor and 1 foot. or mote from any 

wall. Transient noise produced by operation of the 

elevator door Shall not e_xceed 65 dBA (Fa15t) 3 ft or 

more from the elevator door inside Or outside Of the 

elevator cab. 

ventilating Equipment 

A. scope: 

- Fan and Equipment Rooms 

- Fan Equii;xnent 

- Vib_ra_tion isolat_io_n 

- Seismic considerations 

B. Fan and Equii;xnent Rooms 

Spaces for f~ris ang otper pote_nttcl,.lly noisy equii;xnent 

shall be separated ftdm pilbl.ic areas insofar as 

possible. If direct access into such rooms -from 

public areas cannot be avoided, provide doors having 

a suitable sound rating. Control sound traris.~ission 
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c. 

through other openings by appropr-iate means such as 

acoustically lined ducts or shafts. 

Fan Equipment 

The noise levels from fan shafts and other stationary 

equipment ar-e. dependent on the sound level. radiated 

by the machinery. For stat-ion ventilation fans and 

subway emergency ventilation fans the sound power 

level should not exceed the vaiues given in Table 

3.5.6. 

TABLE 3. 5. 6 VENTILATION FAN SOUND POWER LEVEL LIMITS 

Sound Power Level (dB) 
Octave Band Ce_nter 

Frequency (Hz) 
Subway EJ!lergency 
Ventilation Fans 

Underplatfoa:n Heat 
Removal Fans 

63 
125 
250 
500 

87 
96 
98 
99 
99 
94 
91 
90 

+04 
107 
109 
110 
107 
104 
100 
96 

1000 
2 000 
4 000 
8000 

Fahs shall have certified sound power levels not to 

exceed the above decibel ratings (re .10- 12 watts) 

when operating under specified load conditions and 

measured at the fan in accordance with the AMCA test 

code (Ref. 5) . Emergency ventilation fans shall be 

operated in botil direction_s witt_i in.let be_ll and 

outlet cone for sound power verification tests. 
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D. Vibration Isolation: 

Because of the nature of subway station and other 

transit facility structures, it is generally not 

necessary to provide spring type vibration isolators 

for fans and other equipment, in the same manner as 

is provided in of-f.ice or other general purpose 

buildings. Subway station structures are of heavy 

concrete construction and the fans and equipment are 

generally separated from public areas.. Therefore, 

spring type vibration isolators are not required and 

simple rubbe.r support pads between the concrete 

mounting surface and the macl:_line or device a_re 

s uff ici ent .. 

In subway structu_res, substation structures and in 

any separate mechani.cal eqiupment or plant 

structures, except as noted below, vibration 

isolation consisting only of stand_ard ribbed rubber 

pads or 1/2" thick neopr.ene pads should be provided 

between the mounting feet or bracket and the support 

surface for the following items: 

- fans 

- pumps 

- emergency generators 

- elevator m.otors, motor generators, d .c. power 

convertors and hydraulic power u_n_its 

- electrical equipment containing reactors or 

choppers 

Flexible connectors should be provided in pipes and 

ducts only as necessary to prevent stress or load 

concentration or to provide for align_ment tolera_nce, 
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except for hydraulic elevator power units. Each 

hydraulic elevator power unit output line should have 

a muf,fler in the line and two flexible connector.s 

located at right angles to each other and separated 

by at least 4 ft of line. The connectors can be 

located or:i eacti side of t_he mu_ffler or botti on the 

same side of the muffler, but in any case should be 

in close proximity to the hydraulic power unit. 

In any location where fans are placed in a room which 

is located directly above a public area, spring 

isolators shall be provided for support of ttie fan 

and flexible connectors shall be used for connection 

of the fan to duct work. Ttle static deflect,ion for 

such spring isolators should be a. minimum of l". 

Rubber pads of 1/2" thickness shall be provided 

between the spring foot and the support surf'ace. 

In all cases where anchor bolts pass through the 

rubber support pads, a neoprene sleeve and washer 

shall be used to separate the anchor bolt shank and 

head (or nut) from the mach.ine support foot or 

bracket. 

E. Sei.srnic Considerations: 

Since most equipnent installed in transit facilities 

is rigidly fixed and not vibration isolated, seismic 

restraints are not necessa_ry. For any equ_i:i;xnent 

which is vibration isolate<;! becau_se of close 

proximity to public spaces, seismic restraints should 

be included and should be designed to limit motion to 

3/4 irich in any direction and to accept a force in 

any dir-ection corresponding to at least 1. 0 g 

acceler.ation. 
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3.6 

3.6.l 

3. 6. 2 

NOISE .IN .AB.OVE:-.GROUND. S.TATIONS [For future alignment 

extensions l 

Gener al Cons idet at ions 

In above-ground stations noise levels will be governed by 

train operati.ons. For l:>allast aild tie track_s t_he maximum 

noise level should not exceed 80 dBA on the train platfo1cm 

a_s tr~ins leave and enter t•he platform. For concrete 

tr.ackbed the appropriate limit is 80 to 85 dBA. 

Statton locatioil is a potential problem, particula_rly when 

train platforms ate locate_d in a highway median, adjacent 

to a street with a high volume of traffic traveling at. 

high speeds, or adjacent to a railroad right-of-way. An 

appropriate acoustical design with shielding can relieve 

patrons on platforms from an otherwise serious noise 

problem created by traffic or other noi.se sources. Design 

goals for ma,c_imum noise levels should be similar to those 

for the tfansit trains. 

Th_e ma_,c_irnu:m noise level design goal on the. station 

platforms is 55 dBA for any ancillary mechanical or 

vertical circulation equipnent. ventilation system noise 

in .station attendants' booths should not exceed 50 dBA. 

Acoustical Design Criteria 

Train noise levels are somewhat dependent on vehicle 

design. However, in enclosed or partially enclosed 

plat_form areas, tra_in noise can be reduced by application 

of underplatform overhang treatments as for su~ay 

stations: see section 3.5.5. 
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3.7 

3.7.1 

In fully or partially enclosed station platforms the 

reverberation time of the platform area should be between 

1. 2 to 1. 5 seconds at 500 Hz when the a_rea is u_noccupied; 

a sufficient range to allow flexibility :i.n the 

architectural design of the stations. This reverberation 

time will minimize reflection effects and provide good 

speech intelligibility while acting to efficiently control 

noise from trains, street tr.affic or people. 

AIRBORNE NOISE FROM TRANSIT ANCILLARY. FACILITIES 

Ge_neral Introduction 

There are sources of community noise in a subway oi: 

above-,,grade transit system other than trains. The two 

basic types of airborne noise from ancillary facilities 

are transient and continuous. For example, transient 

noise is transmitted from vent shaft openings during train 

pass bys, Power su_b-stations, chil).er plants i:!nd fa.I'.! noise 

may be characterized as C<:lntinuous ancillary equipment 

noise. These noises can be obtrusive due to their tonal 

anc'f continuous nature. The appropriate noise level design 

goal limit depends on tl:_le activities of occupants as well 

as backgr,ound noise in the area. The acceptable levels of 

transient and continuous noises are different. Transient 

noises are acceptable at higher levels than continuous 

noises, particularly continuous noises containing pure 

tones. 

Table 3, 7.1 presents the design goals for the transit 

system ancillary facility noises in each of the community 

area categories listed in Table 3.3.1. This should result 

in general commllcflity acceptance. 
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TABLE 3 .. 7 .1 DESIGN CRITERIA FOR NOISE FROM TRANSIT SYSTEM 

ANCILLARY FACILITIE_S 

Ccinimuni ty Area Maximum Noise Level, dBA 

I 

II 

III 

IV 

V 

3.7.2 

Category Tr-ansient Continuous 

Low Density Residential 50 40 

Average Residential 55 45 

High Density Residential 60 50 

Commercial 65 55 

Industrial/Highway 75 65 

The cri ter-ia in Table 3. 7 .1 shall be applied at a di stance 

of 50 ft from th_e shaft outlet or other a_ncill,gy fBccility 

or shall be applied at the setback line of the nearest 

building or occupied area, whichever .is closer. 

As stated previously, transient noise design goals apply 

to short time duration events such as train passby noise 

trBcn_smitted from vent shaft openings. Continuous noise 

deSig·n goals apply to noises such as fans, cooling towers 

or other long duration noises except electrical 

transformer hum. The desig_n goals for tra_nsformer noise, 

or other sources with tonal components, should be 5 dBA 

less than given in the Table 3. 7. 1. Sound attenuation is 

not required on the outlet of emergency exhaust fans 

except in cases where the emergency exhaust fans are used 

as ~.rt of a station vent-ilat-ion system. 

Fan and vent Shafts 

For fan and vent shafts with surface gratings or openings 

the noise shall be limited in accordance with the criteria 

for exterior noise from ancillary facilities, Table 3. 7.1. 
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3. 7 .. 3 

3. 7. 4 

3.8 

Vent shaft noise reduction shall be achieved by absorption 

treatl!lent i,n t_he sha.ft.s - applied to the walls and 
ceilings. Fa:n shaft noise reduction shall be achieved by 

use of standard duct attenuators .in shaf.ts where the fans 

are near the surface gratings. For shafts with fans 

located remotely from the grating the noise reduct-ion 

shall be achieved by the use of standard attenuators and 

sound absorption treatment applied to the fan room and 
' 

sJ::ia.ft walls a11d ceilings wit.h. tJ::ie COlllbination to achieve 

the total attenuation required. Sound absorption 

treatment shall consist of 2 to 4 inch thick mechanically 

attached panels, e.g. expanded cellular glass foam block_s. 

Substations and Emergency Power Gener,ation 

Substation and emergency power generation equipment noise 

sh.all be limited to 5 dBA le:ss sound level th.an listed for 

continuous noise· in Table 3. 7.1. Reduction of noise from 

these sources shall be ach_ieved by barriers, e11closures, 

sound absorption mater.i als and mufflers - as applicable to • 

the individual facility or unit design. 

Chiller Plant Noise 

Chiller plant noise levels shall comply with design 

criteria listed for continuous noise in Table 3.7.l. 

Reduction of noise from chiller plants shall be achieved 

by barriers, enclosures and sound absorption materials, as 

applicable to the individual facility or unit design .. 

NOISE IN SUBWAY TUNNELS 

High speed train operations in tunnels can generate 

excessive noise levels and noise a_batement techniques 
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3.9 

3.10 

3.10.1 

shall be used to reduce the noise to an acceptable level. 

The maxim\$ interior car noise at maximum tunnel operating 

speeds shall not exceed 80 dBA. An acou_stica_l absorption 

sys tern may be employed in the tunnel or additional sound 

insulation may be provided on the c_ars to meet tl:_lis design 

goal. Tunnel sound absot-ption treatment can, for 

instance, provide 5 dBA or more reduction of noise levels 

inside the c_ar. Reducing tunnel n_oise by a sou_nd 
absorption system illlproves the acoustical environment for 

system employees and aids in complying with the statutory 

noise limits set by the Occupational Safety and Health 

Admini str at-ion. 

SHOP EQUIPMENT NOISE 

To avoid excessive noise exposure for empioyees and to 

comply with exi.st-ing and pr,oposed standards and 

requirements of the Occupational Safety and Health 

Administration, shop equipment noise should not exceed 85 

dBA at operator stations a11d should not exceed 90 dBA at 

any point 3 ft from the equipment. 

VIBRATION ISOLATION OF SUBWAY STRUCTURES 

Scope 

Vibration isolat,ion shall be provided at any point wher-e 

the subway structure is in very close proximity or 

directly against a building structure or building 

fou_ndation elements. 
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3.10.2 

3.10.3 

3.11 

3 .11. 1 

General Considerations 

Vibration isolation in the form of a resilient e_lemez:it 

shall be provided between the subway structure elements 

and building structure eleme·rits to prevent direct 

transmission of noise and vibration to buildings. 

Isolation Elements 

- The resilient element between the two .structures shall 

consist of intervening soil of at least 2 feet thickness 

or depth, or there shall be an elastomer pad between the 

subway structure a11d buildirig. 

- The elastomer pad shall be a 1 or 2 inch thickness 

closed-cell expanded neoprene, selec_ted to give proper 

support of hydraulic or structural loads with deflection 

of the elastomer pad not exceeding 10% to 20% of pad 

thickness. 

CONSTRUCT.ION NOISE AND VIBRATION CONTROL 

General 

Perform =nstruction operatior:is in a i;nanner to i;nin_i111ize 

noise and vibration. Pr:ovide working machinery and 

equi?11ent with efficient noise suppression devices and 

employ other noise and vibration abatement meal3u_re:s 

necessary for protection of both employees and the public. 

In addition, restrict working hours and schedule 

operations in a manner that will minimize to the greatest 

extez:it feasible the d_isturbance to the public in areas 

adjacent to the work and to occupants of bu_ild_ings in the 
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3.11. 2 

3.11. 3 

vicinity of the work. • Pi:otect employees and the public 

against noise exposure in accordance with the requirements 

of the Occupational Safety and Health Act of 1970 and the 

current statutory noise limits set by the California 

Occupational Safety and Health Administration (Ref. 6). 

Cqmpliance with the requirements of this Section will not 

relieve the Contractor from responsibility for compliance 

with state and local ordinances, regulations, and other 

Sections of this criteria document. 

Specia_l Requirements 

Compliance with the requirements of this Section will 

require t_he use of m_ach_i,nes with effective mufflers or 

enclosures and selection of quieter alteI'native 

procedures. C~pli~11.ce m_ay a_lso require the. use of 

completely closed enclosures (tongue and gr.cove plywood or 

she~thing) around wor_k sites or a co111binatio11, of closed 

b_oarding and effective mufflers or enclosures. It will 

also be necessary to arrange ha_ul routes to minimize noise 

and vibration at residential sites and it may be necessary 

to place operating limitations on machines and trucks. 

Shop drawings of work sites and haul routes showing 

provisions for control of construction noise shall be 

submitted to the Engineer for ap·proval. 

Monitoring 

Monitor noise a_nd vibration levels of work operations to 

assure compliance with the noise arid vibratj,ori li111_itations 

contained herein and retain records of noise and vibration 

measurements for inspection by the Engineer. Promptly 

inform the Engineer of any complai11,ts received from the· 

public regarding noise and vibi::.ation. Describe the action 
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3.11. 4 

3.11. 5 

proposed and the schedule for implementation and 

subsequently inforl)l the Engineer of the results of the 

action. 

Def ini ti ens 

A. Daytime refers to the period from 7:0ci a.m. to 8:00 

p.m. local time daily except Sundays and legal 

holidays. Nighttime, refers to all other times 

including all day Sunday and legal l:_lolidays. 

B. Con_struction Li_rnits are defined for the purpose of 

these noise and vibration control requirements as the 

Right-of-,Way ltnes, Construction Ea_seme_nt Boundary or 

property lines as indicated on the drawin_gs. 

C. Special Zones or Special Cons trilction Sites, outside 

of Construction limits, may be designated .by the 

agency having jurisdiction to be considered as being 

wit_hin t_he Con_struction Li_m_its. 

Noise Level Restrictions 

A. Noise Level Restrictions in All Areas 

In no case expose the public to construction noise 

levels exceeding 90 dBA (slow) or to impulsive noise 

levels with a peak sound pressure level exceeding 140 

dB as measilted on an impulse sound level meter or 125 

dBC maximum transient level as measured on a general 

purpose sound level meter on "fast" meter response. 
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B. Noise Level Restrictions at Affected Structures 

Conduct construction activities in such a manner that 

the noise levels 200 feet from the Construction 

Limi.ts or at the nearest affected buildin_g, whichever 

is closer, do not exceed the levels listed in tche 

followil'lg ,schedules: 

1. Continuous Noi.se: Prevent noises from stationary 

sources, parked mobfle sources or any source or 

com.biriation of sources producing repetitive or 

long-term noise lasting more tha_n a few hours 

from exceeding the limits of Table 3.11.1. 

TABLE 3. lL 1 LIMITS FOR C::ONTINUOUS CONSTRUCTION NOISE 

Affected Structure or Area 

R.esidentia+ 

single family residence 

along an arterial or in multi~ 

family residential areas, 

including hospitals 

in semi-,residential/commercial 

areas, including hotels 

Maximum Allowable 

Continuous Noise Level, dBA 

Daytime 

60 

65 

70 

Nighttime 

50 

55 

60 
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canmei:cial 

in semi-residential/commercial 

areas, including schools 

in CO_@IJercia_l areas with no 

nighttime residency 

Industrial 

all locations 

SCRTD Metro Rail Project 

At All Times 

70 

75 

80 

2. Intermittent Noise: Prevent noises from non-stationary 

mobile equiJ;lllent operated by a driver o:t from any 

sou:tce of non-scheduled, intermittent, non-repet-it-ive, 

short-term noises not lasting more than a few hours 

from exceeding the limits ot Table 3.11.2. 

TABLE 3. 11..2 LIMITS FOR INTERMITTENT CONSTRUCTIOli NOISE 

• Affectea"st:tucture or Area 

Residentia_l 

Single family residence areas 

along a_n arteria1 or in multi­

family residentia_l areas, 

including hospitals 

-in semi-residential/commercial 

areas, including hotels 

Maximum Allowable 

Intermittent Noise Level, dBA 

Daytime Nighttime 

75 6.0 

80 65 

85 70 
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Commercial At All Times 

in semi-residential/commercial 

areas, including schools 85 

in commercial areas with no 

nighttime residency 85 

Industrial 

all locations 90 

C. Special Zone or Special Construction Site 

In are.as outside of Construction Limits but for which 

the Contractor has obtained designation as a Special 

Zone or Special Construction S-ite from the agency 

having jurisdiction, the noise limitations for 

buildings in industrial areas apply. 

In zones designated by the local agency having 

jurisdiction as a special zone ot special premise or 

special facilities, such as hospital zones, the noise 

level and working time restrictions imposed by the 

agency shall apply. These zones and work hour 

restrictions shall be obtained by the Co11tractor frqm 

the local agency. 

D. More Than One Limit Applicable 

Where more than one noise limit is applicable, use 

the more restrictive requirement for determining 

compliance. 
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3.11.6 Noise Emission Restriction_s 

Use only equipment meeting the noise emission limits 

listed in Table 3.1-1. 3, as measured at a distance of 50 

feet from tt_ie equipnent in sub_stantial. conformity with 

the _provi.sions of the latest revisions of SAE J366b, SAE 

JBS, and SAE J952b (Refs. 7, 8, 9) or in accordance with 

the measurement procedures specified herein. 

TABLE 3. 11. 3 NOISE EMISSION LIMITS ON CONSTRUCT.ION NOISE 

TYPE OF EQUIPMENT 

A_ll equipnel'lct ott_ier tt_ian 

highway trucks; including 

hand tools and heavy equipnent 

Highway trucks in any 

operating 111ode or location 

MA_X_IMUM NOI_SE LIM,IT 

Date Equipnent 

Acquired 

Before 

1-1-1982 

90 dBA 

On or After 

1--1-1982 

85 dBA 

Date Equipnent 

Acquired 

Before 

1-1-1982 

83 dBA 

On or After 

1-1-1982 

80 dBA 

Peak -levels due to impact pile drivers may exceed the above noise 

emission .limits by 10 dBA. 
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3.11.7 

3.11.8 

Vibration Level Restrictions 

A. Vibrat_ion Limits i_n All A_reas: Conduct construction 

activities in such a manner that vibration levels at 

a distance of 200 ft from the Construction Limits or 

at the nearest affected building, whichever is 

c_loser, do not exceed root-mean-square (rms) 

vibration velocity levels of 0. 01 i ncties per second 

iri any direction over the frequency range of l to 100 

Hz. 

13. Special Zones: In zones designated by the local 

agency having jurisdiction as a special zone or 

special pre?llise or specia_l facilities, the vibration 

.level and working time re:strictions imposed by the 

agency shall apply. These zones and work hour 

restr-ictions shall be obtained by the Contractor. from 

the local agency. 

Noise and Vibr,ation Control Requirements 

Notwi ths tan ding the specific noise a11d '17ibration level 

limitations specified herein, utilize the noise and 

vibration control measu_res listed below to minim_ize to the 

greatest extent feasible the noise apd vibration levels in 

all ar,eas outside the Construction Limits. 

- Utilize shields, impervious fences or other phys·ical 

sound barriers to inhibit transmission of noise. 

Utilize sound r.etar.dent housings or e_n_closurei;; around 

noise producing equi?Itent. 
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- Utilize effective inta_ke and exhaust mufflers on 

internal· C()mbustion engines and compressors. 

- Line or cover hoppers, storage bins and chutes with 

sound deadening material. 

- Do not use air or gasoline driven sa~s. 

- Conduct truck loading, unloading and hauling operations 

so that noise and vibration is kept to a minimum. 

Route construct-ion equipment and vehicles carrying 

spoil, concrete or other materials over streets and 

routes that will cause the least disturbance to 

residents in the vicinity of the woi:.k. Advi.se the 

Engineer in writing of the proposed haul routes pr-ior to 

secl'.ring a permit from the local governme.nt. 

Site stat_ionary equipment to minimize noise and 

vibration impact on the community, subject to approval 

of the Engi.neer. 

Use vibratory pile drivers or augering for setting piles 

in lieu of impact pile drivers. If impact pile drivers 

must b_e used, their use is res.tricted to the hours from 

8:00 a.m. to .5:00 p.m. weekdays in residential and in 

semi-residential/commercial areas. 
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3.12 

3.12.l 

3.12.2 

3.12.3 

BLASTING NOISE AND VIBRATION CONTROL 

General 

Perform blasting operations in a manner to minimize noise 

and vibration. Use blasting procedures and covers 

providing effective suppression of noise and vibration and 

employ other abatement measures necessary for pr.otection 

of both employees and the public. In addition, restrict 

working hours and schedule operations in a manner that 

wiil minimize to t.he greate§lt e:x:tent {ea,sible the 

disturbance to the public in areas adjac:ent to the work 

an.a to occupants of buildings in the vicinity of the work. 

Compliance with the requirements of this Section will not 

relieve the Contractor from .responsibility for compliance 

with state and local ordinances, regulations, and other 

Sections of this Criteria document. 

Monitoring 

MonJtor noise and vibration levels of work operations to 

asiafure compliance with the limitations contained here.in 
.... 
and retain records of measurements for inspection by the 

Engineer. Promptly inform tl;Je Engineer of ~.ny coJnpla.ints 

recei.ved from the public regarding noise or vibration. 

Describe the action proposed and the schedule for 

implementation and subsequently inform the Engineer of the 
results of the action. 

Time of Blasting 

A. General: Restrict blasting to 

a .. m .. to 8:00 p.m. daily except 

holidays. 

daytime 

Sundays 

hours, 7:00 

and legal 

MTA LIBRARY 
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3.12.4 

B. Emergency.: In the event that safety or emergency 

consiaeration.s require blasting during nighttime 

hours, 8:00 p,m. to 7:00 a.m. and Su_ndays and legal 

holidays, blasts may be fired at such times subject 

to prior notice to and approval by the Engineer and 

subject to the restrictions of Section 3.12.4.B. 

C. Special Considerations: In ad_dition to tl:_le 

restrictions of Section 3.12.3.A. if situations and 

circumstances require, rest-rict blasting to within 

reasonably safe distances of noise and vibration 

sensitive premises or facilities to specific daytime 

periods deter1_nined by the Engineer and schedule and 

coordinate each shot with tl:_le Engineer, 

Ground Vibration Due to Blasting 

A. 

B. 

Gener.al: Conduct blasting operatio,::is to avoid damage 

to structures or buildings arid to prevent peak 

particle velocity of blast induced motion from 

exceeding 2.0 inches per second on or in the nearest 

structure or on the ground at the nearest structure 

or 200 feet from the Constn1ction Li_mits, whichever 

is closer. 

Peak particle velocity is defined as the 

instantaneous maximum vector sum of the velocity 

vect9rs in three mutually perpendicular directions at 

the point of interest. 

Emergency Blast_ing.: Emergency blasting required to 

protect the safety of the project. during the 

nigl:_lttime period wil-1 be controlled to prevent peak 

particle velocity of ground vibration at the _near~st 
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3.1;2.5 

buildJng having nighttime occupancy or 200 feet from 

the Const.ruction Li.mi ts, wJ:,iicheve.r is c_lose.r, from 

exceeding O. 2 inche.s per secon_d. Notwit_hstanding tl:,Je 

above, if the emergency ar,ises from inability of 

contractor to fire loaded holes within the dayt-ime 

period solely due to ll!lavoidable conditions; peak 

particle velocity of ground vibration may exceed O, 2 

inches per second but will not exceed 2. O inches per 

second. 

c. New Concrete: Conduct blasting operations to prevent 

peak particle velocity of ground vibration from 

exceeding 1.0 inch per second at concrete less than 3 

days old or 2. O inches per second at concrete less 

than 7 days old. Do not blast within 25 feet of 

concrete less than 7 days old unless a satisfactory 

plan has been su_bmitted in writing <!nd accepted by 

the Engineer. 

Noise (Overpressure) Due to Blasting 

A. Gener.al: Conduct daytime blastin_g in sucl1 a ma_nner 

as to limit instantaneous peak overpressure to 0.01 

psi at t_he n_ecirest building or 200 feet from the 

Construction Limits, w'hiche1ier is closer. All 

instrumentation must be linear in response with a 

range of at lea.st 5 Hz to 200 Hz. 

B. Emergency: Conduct nigl:,Jttime bla.sting in such a 

manner as to l.imit instantaneous peak overpressure to 

0.0004 psi at the nearest building or 200 feet from 

the Construction Limits, whichever is closer. 
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3.12.6 

3.1.~. 7 

c. Overpressure Control Measures: Notwit_h_stan_ding the 

specific limitations specified herein, utilize 

cont,rol measures such as listed below to minimize to 

the greatest extent feasible the blasting 

overpressure in all areas outside the Construction 

L im_i ts. 

- Utilize weighted covers on vertical a_nd incli11ed 

shafts to contain blasting overpressure. 

- Utilize blasting mats at the excavat:i.on where 

feasible. 

- Minimize charge per delay. 

- Arrange covers and excavation to maximize 
underground volume exposed to blast pressure. 

Test Blasts 

Perform at least one small charge test bla_st at each new 

drill and blast excavation site prior to commencement of 

product-ion blasting. The purpose is to establish local 

ground-borne vibration and ai rborn_e over pressure 

propagation character.istics and anomalies to aid in 

determination of efficient charges that. will not cause the 

ground-borne vibration and airborne overpr.essure limi.ts to 

be ex_ceeded. Coordinate scheduling of each test blast 

with t_he Engineer. 

General Precautions in _Blasting Oper.ations 

- Not-if.y all parties owning or operating subsurface 

utilities 72 hours before comme11cing blasti11g 

operations. 
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- Coordinate and obtain the Engineer's approval for the 
daily blasting schedule. 

- Use c:ontrolled blasting techniques to minimize 

fracturing the tock outside the neat lines of the 

excavation. 

- Use such sizes and arrangement Of explosive charges and 

such methods of detonation that will reduce the 

magnitude of vibration resultirig frCll_tl the explosion to 

the limits specified in previous Sections to prevent 

damage to the constructed works as well as to services, 

buildings or property in the neighborhoodr and to 

minimize nuisance to nea_rl:>y residents. 

- Employ all necessary and sati.sfactory means of 

protection such as temporary bridges, stagin_g, cha_ins, 

rope-nets, mats, timber and the 1 ike, to pr event any 

stones and fragmerits of rock or other materials from 

being shot or thrown out Of any excavation. 

- AS the excavation proceeds and immediately after each 

blast, test the roof and walls and scale loos.e and 

shattered rock wh.ic_h is liable to fal-1. Carry out 

similar checks on previously excavated sections at least 

every 48 hours. 

- Do riot bla_st in ground which, in the opinion of the 

Engineer, i.s loose or liable to slips. Wedging and 

barring only shall be allowed in .such ground. 

- Before blasting within 15 feet of an e,cisting line of 

water, gas or sewer pipes or within 50 feet of any 

completed part of the Works, submit and obtain approval 

Of a plan showing the relative positons of the ex_isting 

serv-ice, or completed part of the Works and the area to 

be blasted and the blastin_g technique to be employed. 
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Chapter 4 

NOISE AN:D VI.BRATION CONTROL MEA.SURES 
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4, NOISE AND VIBRATION CONTROL MEASURES 

4-, 1 Rail Fixation 

In t_he past 10 to 15 years there have been many track fastening 
arid support systems developed to reduce t..he noise and vibration 
genet:,ated by transit train operations lin_d to improve the stability 
and maintainability of the track system. 

Sane of the designs have been built and tested on an experimental 
basis: however, a number have also been installed and used under 
service· conditions. For subway applications, direct fixation 
resilient rail fasteners with rµbber pads of various 
configurations, resiliently supported concrete ties, and floating 
slab trackbeds have been shown to provide improved performance 
with regard to grou_nd,-borne noise and vibr-at-ion. These sy.s terns 
can, and usually do, produce better ra_il fix_ation stability and 
generally require less maintenance than ballast and tie 
ins ta_llation_s. 

Wilson, Ihrig & Associates has been engaged i_n a cont,inuing study 
and review of track fixation systems and the acoµ_stical i!_nd 
vibrat-ion performance achieved by the various designs, '.l'he 
foiiowing discussion presents a review of the designs i:ind the 
performance with evaluation and recommendations r.elative to the 
Metro Rail System. 

There are four basic concepts of ra_il fixation which are being 
considered for the Meti::o Rail System: 

1. Ballast and ties 

2 .. Dii::ect fixation resilient fastener on concrete invert 

3. Resiliently supported ties on concrete invert 

4. Floati11g sla_b track_bed 

The following discussi_ons outline the features of the basic 
concepts for rail. fixation indicating the factors signifcicant in 
noise and vibration performance. 

4.1.1 Ballast a11d Tie 

In general terms, ballast and tie track installations in subways 
i::esult in the lowest a_irborne noise in the subway, i.e., the 
lowest noise exposure for patrons in the trains, becau_se of the 
airborne sound absorption of the ballast. However, there are 
numerous instances where ballast and tie track installations in 
subways· result' in high levels of ground-borne vibration and noise 
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causing excessive noise exposure in buildings near or adjace_nt to 
the subways. The high levels of ground-borne vibration ancl noise 
result from the vibration produced at the wheel/rail interface 
being transmitted to the subway str-ucture, and then to the 
adjacent groqn_d, by thE! relative~y stiff ballast supporting the 
ties. Ground-borne noise and vipratioi:i will be l:ligher for thin 
layer.s of ballast .relative to thick layers of ballast. 

In order to have adequate resilience of the ballast, and to avoid 
crushing of the ballast stones due to load concentration, it is 
necessary to ·use a ballast ia:yer at least 18" thick, in a su_m.ray 
installation. Even with a deep ballast layer, .it is possible for 
excessive crushing and compaction to occur because of the rigid 
invert support (in contrast to the resi-lient earth support for 
surface baliast and tie installations). The depth of the ballast 
required results in greater depth of subway structu_re th_cin for a_ny 
of the other designs. Further, the compaction and cru!Shing of the 
ba_llast which can occur with use causes progtessively increasing 
stiffness and higher levels of transmitted vibration an.d noise. 

The degree of effectiveness of any of the three alternate types of 
suppor.t will vary with design details, but: all can be more 
effective in r.edUcirig ground-borne vibration than ballast and tie. 
While the degree of effectiveness in reducing ground-boi:ne 
vi'br·ation is different for each tail fixation and si~pport design, 
they ali produce slightly higher airborr:ie noise levels in the 
subway tunnel .. 

It is possible through the installation of sound abs.orbent 
material on the interior surfaces of the tunnel to effectively 
reduce the airborne noise to be the same or ccimpai:able to that 
obtained with a ballast and tie installation. Rail weight, 
fastener sti-ffness and absorptive treatment all affect the 
airborne noise. However, it is possible with concrete invert and 
a resilient tr.ack support syste!ll to have airborne noise in a 
tiirinel comparable to the quietest syste111, and at the s·i9J!le time 
achieve reduced grou_nd-bot:i:ie vibra_tion a11d noise transmitted to 
adjacent buildings. Using concrete invert witt_i an appropriately 
designed resilient support system for the track can give the best 
overall perfor·mance iri terms of both patron noise exposure and the 
noise and vibration produced in adjacent bUildings by operatioi:is 
of the transit trains. Other advantages achieved through the use 
of a resL\Jent s_upport system for the track with a concrete invert 
include improved st:a_bility a_nd maintaii:ia_bility of track alignment 
with less track maintenance required, improved electrica_l 
isolation of the track, improved conditions for cleaning, and 
probably longer life for the track and support components. 

One method for reducing rail forces from ballast and tie 
installations, and thus grcHmd-borne vibratioi:i to buildings 
adjacent to the subway, is the use of a ballast mat. Ballast mats 
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are usua.lly th_ick, resilient layers of elastomer, cork, fiberglas, 
or re.ck wool, placed under tl)e ballast. Although widely tested 
and installed in Europe and Japan, they have received only limited 
attention in the United States. Installations are often designed 
to improve electrical isolation, water drainage or reduce ballast 
pulvei:ization, w_ith tl)e resulting vibration reduction as an 
additional benefit. 

Vibration measurements at the invert indicate that ballast mats 
can be quite effective in the frequency range above 30 to 40 Hz. 
H°"'ever ll)Ore resea_rch and development is needed before ballast 
mats can be used primarily for v:!,bration reduct-ion, to determine 
that the ballast rilat will significa11,i:ly reduce the transit train 
vibration in the frequency range of interest, a_nd wil_l !)ave 
·suitable life expectancy. 

4.1.2 Direct Fixation 

A wide variety of designs for resilient direct fixation r-ail 
fasteners have been tr.ied both in service and test installations. 
This type of rail fixation uses one or two elast.omer ·pads of 
various thicknesses, depending on the design details, and obtains 
the vibration isolation or reduction of vibration and noise 
transm_itted to th~ ~ubwci,y structure (therefore reducing the 
vibration tr a_nsmi t ted vi.a tl)e gr Olllld to adj a cent buildings) by 
interposing t_he e;t.astomeric pad or .padis between the rail. and the 
invert. Most designs can be c_l)aracterized l:>y two basic types. 
First is the linboilded type such as the TTC fastener, and second 
the fastener with bonded elastomer pad, such as the BART fastener. 
Tl)ese are shown in Figures 4.1 and 4. 2, respectively. 

The typical .direct fixation fastener design consist_s essentia_lly 
of a flat steel plate for anchoring the rail and a .flat elastomer 
pad located betwee_n tl)e p;Late a11d the concrete invert. In some of 
the unbonded fastener designs elastomer pads are placed both 
between the rail and the plate, and between the plate and the 
invert. Many designs of both the bonded and unbonded variety of 
resilient direct fixation fasteners have been devised and tried 
but thei are all in-~ffect i variation of tl)e basic designs as 
represented by the TTC and BART fasteners. This type of fastener 
can be used to provide el.ectr:ical isolation, to reduce t_l)e overall 
height required in subways, and to reduce ground-borne a_nd 
structure vibr-ation .levels. They have beeri found to be 
technically and economically feasible, providing satisfactory and 
proven perfoI'!llance. 

Tests of the acoust-ical performance of the various resilient 
di_rect fixat-ion fasteners indicate that there are measui:eable but 
small difference_s i_n grou_nd-borne noise and vibration performance 
for widely different fastener configurations. This is probci,bly 
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because t.t_1ere is litt.le differe.nce in th_e net sprin_g rate for the 
various fasteners. The fasteners are all required to limit 
lateral and longitudinal deflections of the rail and this places 
1-imitations on the degree of resilience that can be obtained. The 
dE!signers for each type of rail fastening do attempt to design for 
mini1:111Jm vertical spi;ing r1:1te to reduce v.ibration transmission but 
the limitation.s on lateral. and loJ'.lgitucii11a.l stiffness result in a 
relatively narrow range of vertical stiffnesses. 

Although resilient direct fixation, D .. F ... , fasteners are generally 
more effective at reducing ground-borne vibration than ballast and 
tie track, 1;he _aIJ)OU_nt of g_rou,nd-borne vibration reduction which 
can be achieved is limited by the requirements for stability of 
the rail.. Experience has shown that the reduction of ground-borne 
vibration provided by the D.F. fastener is adequate in many 
ii:istances, particu+a.rly in locations where there are no buildings 
in very close proximity to the subway. 

For a resil.ient D.F. fastener with a resilient pad which is 
suf-ficiently stiff to properly support the rail, particularly for 
lateral deflections, the stiffness is such that the amount of 
vibr.ation transmitted to the invert is still excessive for many 
applications and excessive ·1ow~frequency noise and vibration ca_n 
result in buildings near or adjacent to the subway. Those desi.gns 
with the softest elastomer pads, providing the most resilient 
support and tl:_le best low-frequency vibriitiOJ'.l reduction, can allow 
excessive rail vibration amplitude and result in increa_sed 
airborne noise due to the rail vibration. Consequently, the 
softer direct fixation fasteners - giving better reduction of 
grouJ'.ld-borne vibration - ca_n re_sult in increased patron noise 
exposu·re due to higher undet:car noise levels. This effect can be 
compensated for- by the use of sound absorption matet:.ial oh the 
tunnel inter·ior surfaces. 

A variation of the common D.F. configuration has been developed by 
Clouth Gwnmiwerke in Germany. This f1:1ste11er uses 
elastomer-in-.shear as the resilient element of a bonded, resilient 
direct f ixat iOJ'.l rail fas ten er, commonly known as t_he "Gologne 
Egg", t_he resilient eleme.nt of this f1:1stener co.J'.lsists· of a_n oval 
ring, whose major ax.is is tra.nsverse to 1;1:_le rail. This fastener 
is designed to achieve low vertical stiffness wi t.h.out sacrificing 
.lateral stability. Fig·u:re 4.3 illustrates this design. The 
fastener has been used for several installations in Europe and 
short sections have been installed at MBTA and WMATA in the United 
St.ates. 

Preliminary results from tests to determine the vibration 
reduction of the Cologne Egg fastener with respect to a resilient 
D.F. fastener at WM.ATA indicate that the vibr·ation reduction 
averages approximately 5 dB in the ral'.lge of 5_0 to 300 Hz. Tests 
of the vibr.ation transmission properties of the soil at severa+ 
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points along the proposed Metro Rail Alignment indicate that the 
most sig"nificant frequency components 9f ground-borne vibration 
are in the. range of 15 to 40 Hz. B_ased on the test data obtained 
at WMATA and the soil damping and transmission characteri_s;tics 
along the proposed Met-re Rail Alignment., the Cologne Egg fastener 
would hot provide effective ground-borne vibration reduction over 
a standar-d resilient D .. F. fastener. 

4.1. 3 Resiliently Supporte"d Tie on Concrete Invert 

In this category only the RS-STEDEF s·ystein develop¢d in_ France ha,s 
been in,sta_lled and extensively tested. Figures 4. 4 and 4. 5 show 
the configuratic:rn and details .. This design uses two block ties of 
the RS type similar to those used for b?llast and tie 
installations. The ties are supporte4 in pockets in a concrete 
invert with a neoprene rubber boot and an expanded neoprene 
suppo,t pad between the tie and the invert for vibration 
reduction. The rail is fixed to the tie blocks with an electrical 
-insulating clip utilizing a 3/16" rubber pad between the rail and 
tie so that the rail. fi:ication to the tie is relatively rigid. 
This rail clip and close coupling to the tie blocks result ii:i a 
low level of rail vibr-ation for audible noi.se f..requencies and 
hence low noise radiation frCllll the rail. 

This design has been tested extensively by the Paris Metro [RATP] 
and is being used extensively in their new installations in place 
of the standard ballast-and-tie used in their earlier double-track 
tunnei in_s ta_llations. 'l'.he RS-,.!:JTEDE_F design has also been • 
installed at a number of location_s for the Baltimore Region Rapid 
Transit System subway and at a subway location on the MARTA system 
in Atlanta. One of the main reasons for adoption of the RS-STEDEF 
resiliently .supported tie by these systems is the reduced 
ground~borne vibration and noise which .is achieved by the design. 

4 .. 1. 4 Floating Slab Trackbed 

A number of varieties of floating slab trackbed h_ave bee_n designed 
and inst_alled_. One of the early concepts involving the use of 
massive .floating slab sections, actuaLly floating bridge sections, 
was used in London for the subway structure beneath the Barbican 
residential developnent. A similar system has been installed by 
London Transport on the London-Heathr.6w Line for reduction of 
ground-borne vibration and noise. 

Systems requiring less space in the subway and which are 
significantly less expensive, include the insulated track slab 
design for t_he Lime Street Station of the Mersey Railway 
Extensions by British Railways, a_nd the floating slab tr-ackbed 
designed for the. Washington, D.C. Metropolitan Area Transit 
Authority Metro System. 
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The continuous floating slab consists of a continuous concrete 
slab trackbed supporteci on resi:Lient pads of rubber or load 
bear:ing f,iberglass. Th.e vibration isolation is provided by the 
concrete floating slab acting as an inertia mass and the support 
pads acting as soft support springs. The rail is fixed to the 
sla_b by a re.+_ative+y stiff direct fixation fastener. The system 
is very effective in reducing ground-borne vibration from transit 
train operations. Compared .. with resilient direct fi_x,ation 
fasteners on rigid invert, concrete floating slabs of 
approximately 12" thickness have been found to reduce ground-borne 
vibration by 15 to 18 decibels over the low frequency range which 
is l)IO_st important in producing noise in nearby buildings. 

The disadvantages of the continuous floating slab system include 
the cost of construction, the difficulty of forming a_nd pouring 
the concrete .slab in place in the .subway structure, the difficulty 
repl!!cing resilient elements, and the higher in-tunnel noise 
levels. The vibration of the slab transmitted away from the train 
(due to the fact that • t_he siab is continuous) gen er ates mar-ginally 
higher in-tunnel noise levels at low frequencies tha_n other types 
of resilient. track support systems. 

More recently, the discontinuous floating .slab or "double tie" has 
been developed which combines the best features of the resiliently 
supported t:ie a_nd t'he continuous floating slab trackbed. This 
system provides equivalent or even superior performance over that 
achieved with the cont-inuous floating slab trackbed. The 
discontinuous floating slab consists of concrete blocks supported 
by resilient pads. The rail is attached to th!;! slabs using 
procedures sil)lilar to t_hose used for continuous ftoating slabs. 
Figure 4 .. 6 show·s this discontinuous floatirig slab as used at the 
Toronto Transit Commission (TTC). 

The advantages of t_he discontinuous floating slab is that the 
system can be constr,ucted using pr-e:-cast rather than c_ast-in-place 
concrete inertia masses, the resilient elements can be easily 
replaced, and standard rail flxation hardware can be used. • The 
discontinuous floating slab has been used at TTC (Toronto) , MARTA 
(Atlanta), ~_qR!,,A (Melborne), NFTA (Buffalo) and MTRC (Hong Kong). 
These installations have all been quite successful. 

Audible noise perceiyed insige bui+dings adjacent to the subway is 
usually the primary forl)I of intru.sion from transit train 
operations iri subway. Most floating slab designs focus on 
controlling ground-borne noi.se in the audible f.requency range. 
However, recent experience at WMATA, MARTA and NYCTA indicates 
that ground-borne vibrati,on of a perceptible level can be a 
significant problem. This phenomenon seems to be a particular 
problem in situations whe1ce the trans.it vehicle's primary 
su_spensio1:1 has a high vertical stiffness. This is further 
aggravated by the fact t_hat many wood frame structures have 
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fundamental resonances which are also in the same range as the 
floating slab r-esonance. It is important that the slab resonance 
frequency or car primary suspension resonance frequency be low 
enough to avoid coincident amplification of ground-borne 
vibration. 

To optimize performance, the vertical motion resonance frequency 
of the floating sla_b m_11st be lower than the dom_ina_nt fi:-equency of 
the ground-borne vibration. This frequency is a function of the 
truck design, the subway construction, and the soil parameters. 
Most of the lightweight flo.ating slabs such as tl:_lose used in 
T.oronto, Washington and At_lanta have been designed to have a 
vertical motion natural frequency of the slab-support system lower 
than 15 Hz when loaded with the weight of the transit car body and 
truck. 

The lOwer the vertical natural frequency, the more effective the 
vibration isOlation. Increasing the mass of the floating slab 
lowers its frequency, however, cost and space considerations often 
limit tl:_le amount of ma_ss that c:an be used on the floating slab. 
Soft supports would also provide a low natura_l ;requency, however 
limitations on allowable rail deflection preclude the u_se of ve,_ry 
soft supper.ts. Thus the floating slab system for the Metro Rail 
System must be designed with a compromise between the. rail 
deflections, produced by the static load of the trains, and the 
floating slab mass acl:_lievable in the space ayai.lable i_n tl:_le e;ubway 
str·uctlire. These factors can b_e determined during final design 
once the final tunnel and vehicle conf igur-ations are determined. 

4. 1. 5 General Discussion 

Table 4.1.indicates, in general terms, the relative acou_stical 
performance of the rail fixation systems discussed. Although 
Table 4 .1 qualitatively indicates the car interior noise levels 
expected for operation on various types of track, the actual level 
ins·ide the cars is highly dependent on the car design.. Different 
types of cars will have d_if_ferent levels of interior noise, 
depending on the degree of sound in:sulation provided by the ca_r 
body walls, ceiling and floor. The lowest levels of interior 
noise are for operatioi:i on ballast and tie track. With proper 
design to meet the vehicle noise specifications, (see Chapter 8) 
the inte_rior noise experienced by patrons should be generally 
acceptable on all types of track. 

W.ith the addition of sound absor·pt-ion material to the .. side walls 
of t_he subway structu_i:e, for track support systems which utilize 
concrete invert, the in-tunnel noise level is reduced to be 
comparable to that for operation on ballast and tie tra_ck_. Note 
that very little additio'nal s.ound reduction would be obtained 
through the addition of sound absorption with ballasted track. 
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In estimating and evaluating the ef-fectiveness of variou_s rail 
fixation types, it is aJso necessary to consider the rail weight 
and fastener spacing bec_ause the_se factors affect the overall 
performance. In order to gain maximum acoustic_al performance wi-th 
any of the resilient support systems for the track it is necessary 
to use rail of at least 115 lb/yd weight and fastener spacing of 
at least 30" center-to-center. Even bet:ter opt-imization of the 
acoustical performance would be achieved if a rail weight in the 
range of 120 to 130 lbs/yd and a fastener spacing of 36" could be 
used. 

The wider fastener spacin_g _results in an effectively lower rail 
suppor.t modulus, giving a more· fleidble system in terms of 
transmission of vibration to the subway structure, all other 
conditions being equal. The heavier .rail weigh-t res-ults-in lower 
vibration amplitudes of the rail, reducing air-.borne noise radiated 
by the rail; and distributes the loading of the rail over more 
rail fasteners which results in lessened vib_ration forces 
t-ransmitted to the subway structure, thereby helping to minimize 
the ground~borne noise from the transit train oper.ations. 

For the type of occupancies and building usage along the Metro 
Rail alignment the ground-borne noise and vi.bt:ation diie to transit 
train operations with tqe use of resilient direct fixation 
fasteners w~ll be s·atisfactory in most of the nearby buildings. 
There are also significant portions of tJ1e a_lignment where ballast 
and tie track would be a suitable track fi_xation with respect to 
the generation of g·round-borne noise and vibration. However, we 
would not recommend that ballast and tie be the basic rail 
j:·ix_at-ion system without further investigation of ·the feasibility 
and practicality of using ballast mats to further reduce 
ground-borne noise and vibra_tion. 

Foi:: the Metro .Rail System it is recommended t_hat the basic rail 
f-ixation system for the subway .str:ucture be a resilient d_irect 
fixation j:astener as previously discussed. The fasteners should 
be installed wit_h a mi11imum of 30" center-to-center spacing and 
the rail should be 115 lbs/yd minimum weight, This system will 
provide adequate reduction of ground-borne noise and vibration to 
give satisfactory resuits alori_g most of the ·Metro Rail Alignment. 
For .some sections along the al ignme_nt near buildings which have 
spaces which have activiti.es which are more se_n_sitive to noise and 
vibration, the resiliently supported tie or a floating slab 
trackbed should be installed to reduce the levels of ground-borne 
noise and vibration. - - • 

Those locations where special measures to cont:rol ground-borne 
noise and vibration are indicated in Chapter 5. At these 
locat,ions either the resiliently supported ti.e or discontinuous 
floating s_lab cog_ld be used in most instances. At some locations 
it is anticipated that the discontinuous floating slab should be 
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used rather than the resiliently supported tie in order to further 
re.duce the ground-bori:ie !)Oise and vibrattoi:i to 111eet the required 
c·riteria since the floating slab trackbed is sOJllewhat: more 
effective at reducing low frequency noise and vibration. 
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TABLE 4. l COMPARISON OF ACOUSTICAL PERFORMANCE OF THE B_ASIC RAIL 
FIXATION SYSTEMS 

FIXATION T.YPE 

Ballast & Tie 

Resilient 
Direct Ftxation 

Resiliently 
supported Tie 
of RS-STEDEF 
Design -

Continuous 
Floating Slab 
Trackbed 

Discontinuous 
Floating Slab 
Trackbed 

AIRBORNE NOISE IN SUBWAY 

Quiet due to absorpti.on 
of ballast 

Intermediate to noi.sy due 
to rail vib_ration a_nd 
reflective concrete invert 

Intermediate to noisy dile 
to rail vibration and 
reflective concrete invert 

Intermediate to noisy due 
to reflective concrete 
invert and because 
floating slab vibration 
generates noise 

Intermediate to noisy due 
to reflective invert but 
has relatively good 
control of rail and_ s_lab 
radiation 

GROUND-BORNE.NOISE 

Noisy dile to stiffness of 
support, worsening with 
age. Inter111ediate to 
noisy with the use of 
ballast mats. 

Intermediate to noisy dile 
stiffness required for 
rail stability 

Intermediate to quiet 
depending on thickness 
of resilient pads, 
weight of ties and 
tie-spacing 

Quiet because of 
vibration isolatio:_1 
provided by mass and 
support pads 

Quiet because of 
vibration isolation 
provided by mass and 
support pads 
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4. 2 VIBRATION ISOLATION OF SUBWAY STRUCTURES 

At certain locations along the Metro Rail Alignment there are 
buildings in such close pi::oximity to the subway st-ructure that it 
will be necessary to consid_er the use of vibration isolatior:i 
materials between the subway structu·re and the building str.uctU:res 
ir, order to prevent direct transmission of noise and vibration 
from the subway structu_re to the buildir,gs. 

The main factor that must be kept in mind is that in the 
construction of the subway it is essential that there be no solid 
or direct transmission pat_h for structure-borne vibration l:>etween 
the subway structure ar,d t_he butldir,_g structure. A vibi::ation 
isolation pad or insert should be placed betweer:i the su_bway 
structure and the building .structure elements .in order to br-eak 
the transmission path for structure-borne vibration and noise. 

There are ~ 11umber of paths by which vibration and noise can be 
transmitted from a su_b,iay structure to a building. These pat•hs 
include: 

l. ground-borne transmission from the subway structure to the 
piles or platform fo~tings or below the grade sections of the 
building structure via the earth betweer:i t_he two structu_res 

2. structure-borne. transmission from the side walls of the 
subway to the walls and floors of a building which are 
directly adjacent to the subway via soldier piles, jack piles 
or other structu_ral e_lE:!lllents placed during con~truction for 
support of the excavation or u_nderpinning of the adjacent 
buildings 

3. structur;e-borne transmiss·ion of vibration by connection 
between building structural elements and the subway structure 
or any subway appendages such as ventilation shafts, 
stair"ways, entrances, etc. 

4. transmission· of vibration by coupling between building 
support piles or spread footir,gs and the soldier piles of 
other piling used for subway construction which are attached 
to or part of the subway structure and which may be near or 
in contact with building structural or foundation elements 

Providing isolation between the subway structure elements and the 
buildir,g to prevent direct transmi-ssion of the noise and vibration 
requires a resilie11t eleme_nt between the two st-ruct•ures either in 
the form of intervening soil of at least 2 ft t.hick_ness or depth, 
or the provision of an elastomer pad between the subway structure 
and the building structure. 
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Review o( the feasibility and effectiveness of vibration 
attenuation t.t)rough the use of vibration isolation elements or 
resilient elements between subway structures a.nd buildin.g 
structures indicates that i.t is not feasible or effective to use 
la.rge areas of resilient materials between the .subway structure. 
ar:id the surrounding earth. However, effective vibration reduction 
C?-t:l .be ~btained through the use of relatively thin, l" or .2.• 
thick, layers or pads of resilient material placed directly 
betwee.n the subway structure and building support or building 
structui;e elements at points where the two are in close proximity 
or would otherwise be in direct col)tac::t. This procedure provides 
the maximum possible amount of vibration reg.uction through 
reducing the vibration that would be trans.mitte'd by direct contact 
or connection. 

The amount of vil;lra.tion reduction tpat can be achieved by external 
vibration reduction elements is limited by the levels of 
ground-borne vibration that are transmitted to the buildings via 
the soil between other parts of the subway and building 
structures. It is unnecessary and il):)practical to consider further 
vibration reduction f eatui:es between the subway and building. 

The vibration isolation pads need only be capable of achieving 
similar vibrat.ion reductiol) (at a point that would otherwise be a 
direct or stiff connection) to tpa~ acpieveg. by the other 
transmission paths such as the soil supporting both structures. 
Any further vibration and noise reduction must be accomplished by 
t.he rail fixat•ion and support system. 

In locating vibr.ation reduct.ion elemel)tS • to be u.sed externally on 
subway structures, the general criterion which should be used by 
designers is that the vibration reduction pads are only necessary 
when the subway structu.re a.nd a.nY portion of the building are in 
very close proximity or directly adj a cent. In such cases, the 
design criteria sho·uld indicate that the details be arranged to 
prevent direct or rigid contact between any portion of the subway 
structure, including piling left in place, and any por.tion of the 
building supporting structure. 

At any point where vertical building elements or sur.faces would 
otherwise be .in contact with the vertical or near vertical wall of 
the sUbwa:y structure or soldier piles, a l" thick resilient pad 
should be. placed b.etween the subway structure al)d t.he building 
elements. At any point where a hortzontal or near horizontal 
element of the building would otherwise be in direct contact with 
a horizontal or near horizontal portion of the su.bway structure, a 
2• thick resilient pad should be placed between the two 
structures, 
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Th.e width or area of the resilient pad should be larger than the 
building eleme.nt dimer:isions a.long the subway structure in order to 
provide some overlap for prev~ntion of bridgtng between the 
building structure and t.he su.bw.ay structure by any rigid material. 
The resilient material should be a closed-cell expanded neoprene 
with specific limitations on the dynamic spring r,ate in shear and 
in compression to be sure of adequate vibration isolation from use 
of the material. The static spring rate in compression must, of 
course, be adequate to support the loadings encountered a.n.d the 
thickness limited to limit the deflection under load to 
permissible va.lues. Ca.lculations indicate that l "and 2" thickness 
of appropriate expanded neoprene give proper suppc:>rt and 
deflection. 

Recommendations on specific locations anq configuration.s of; 
isolation pads (if needed) can be determined once the final design 
details have been determined. 

In handling the closed-cell neoprene., no sharp tools or nails 
should be used, to avoid penetrations of the expanded neoprene 
which could cause short-circui tir:ig of the vibration isolation 
which the material is suppose to provide. A puncture of tl)e 
material caused by a sharp tool in handling could result in a path 
for wet concrete to flow into the expanded neoprene and., 
therefore, make a stiff bridge b~tween ':.l1e conc~ete subway 
structur.e and a pile. This will completely eliminate the 
vibration isolation effectiveness of the pad. 

Similarly, if the neoprene pads were to be attach.ed to timber 
lagging or structural member.s by means of nails there would be a 
direct rigid contact between the lagging or building structure 
element and the. concrete subway structure. The nail heads would 
be i.n contact with the subway structure concrete and the nail 
shafts would conduct vibration to the lagging and piles and, 
ther.efore, to the building. It is, therefore, essentiaJ t.h.at the 
neoprene sheets or pads be attached with adhesive and that no 
mechanical fasteners of any type be used. 
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4.3 SOUND. ABSORPT.ION .TREATMENT .IN TUNNELS 

The basic design of a subway structure is favorable for the 
develoJ;lllent of high noise levels and transmitting these noise 
levels from one area to another, such as from tunnels to stations, 
and from subway to surface via vent shafts. Because surf·aces on 
the interior of the s·u"i:>way are all hard. concrete or steel 
reflect-ihg surf.aces, the enclosed space. is highly re.ver.berant 
causing a buildup of sound level. When a ballast and tie trackbed 
is used this effect is considerably diminished due to the 
acoustic::al abs or pt-ion produced by the ballast layer, however, for 
tl:_le b_a_s i c type of track fixation recommended herein the trackbed 
is a !:_lard reflective surface thus eliminating the one source of 
natural sound absorption in tl:_le su_bway structure. 

Because of the desire to minimize patron noise exposure, it is 
recommended that sound absorption treatment for any subway running 
tunnels with slab tracks be considered. Sound absorption 
treatment on tu11_n~.l walls ca_n typically re_sult in reduction of car 
interior noise noise levels by 3 to 5 dBA, a substantial noise 
reduction which is quite noticeable. to system patrons. 
Investigation of the types of materials which can be applied leads 
to t_he conc_lusion that there are practical absorption materials 
available which can b_e installed easily and ec:onomically and which 
will have adequate durability to withstand the subway envir.onment. 

An appropriate sound absorption system can provide for reduction 
of noise heard by patrons in transit vehicles traveling in. subway, 
can provide for r~duct-ion of. noise caused by ti:ansit vehicles as 
heard by patrons in t_h_e stations, and can reduc::e the noise 
transmitted from transit vehicles to vent shafts. Thus, the 
application of souna···absorbing materials in t"he subway structu_res 
can result both in improving the environment presented to System 
patrons, as with sound absorbing materials added to stat ion 
interiors, a_11d :i,n reduc::t•_ion of one of the forms of noise 
transmitted to the coritinunity areas near the transit system 
facilities. 

The three basic factors to be considered in the design of a subway 
sound absorption system are (1) the location for placement of the 
material, (2) the type of material to be used and (3) the extent 
or a_rea of coverage at each location. 

In subway structures the best location for the sound absorbing 
material is on the trackbed or the lower portions of tl:_le side wall 
surfaces. Application of sound absorbing material at these 
locations can accomplish both the reduction of reverberation in 
the subway and, becau_se most noise sources on a transit vehicle 
are in the spac·e beneath the car, such locations for the sound 
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absorption minimize the reflection of sound and, therefore, 
optimize the efficiency of the sound absorption material in 
reducing noise. Placing the. sound absorbing mater-ial on the 
trackbed presents problems of maintenance and durability and, 
therefore, the recommended locati-on for the sound absorbing 
materia_l is t_he sidewalls ~ concentratcing on the lower side walls. 

Th_e requirements on fire resistance, mechanical durability and 
cleanability for the sound absorption materials to be used in 
subways place ex>nsiderable limitations on the choice of materials, 
however, there are a number of spray-on mineral fiber materials 
which have satisfactory properties. The recommended absorption 
material for u·se in the subway is spray-on mineral fiber applied 
at a thickness of 3/4" to l".. This fo"rm of material has been 
demonstrated to give adequate durability and cleanability in 
existing subway installations and the sound absorption data and 
calculations indicate that substantial noi.se reduction can be 
obtained. 

The extent of coverage of the sound absorbing material depends on 
the degree of noise reduction desired. There are some practical 
limitations on the maximum amount of noise reduction which can be 
obtainE!d by the 1.1se of sound absorption treatment. Estimates of 
the noise reduction as a function of tota_l a_rea of coverage 
indicate that there are some optimum ranges of coverage extent 
which g"ive the maximum return in ter·ms of noise reduction per sq 
ft of material installed.. There are two gener,al ways in which the 
materials can be installed: 

1 .. Application of sound absorbing materi.al to the. entire length 
of subway structures which would reduce the car interior 
noise, t·he noise on station platforms, and the noise 
transmi-tted. to vent shafts. 

2. If economi.c ex>ns ider at ions prohibit continuous treatment, 
then relatively short sections of structure at. the ends of 
stations oould be treated - an arrangement which will not 
reduce the in-car noise experienced by patrons but which can 
provide for ma_xtmum nClise reduction on stat-ion plat.forms and 
to vent shafts located near the e_nds of station platforms. 

For a running tunnel the most practical treatment is a spray-on 
materia_l. There are many types of spray'-on materials which are 
marketed as sound absorption materials. Some of the products are 
effective as sound absorbing materials and some are not very 
effective. The special requirements of the subway installation 
for reaso_n_able mech~_n_ical durability, fire resistance, and the 
ability to withstand waterspray for cleaning, limits the selection 
of materials even further. None of the materials described as 
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•acoustic plaster• provide satisfactory so.und absorption or 
mechanical pi::operties and, therefore, should not be considered. 
Sane of the mater.ials are mineral fiber and some are cellulose 
f 0iber. Because the cellulose fiber ·materials do not retain the 
fireproofing chemical treatment they should not be considered. 

The mineral fiber ]!laterials, Pyrok, Sound Shield "85" and Kilnoise 
have all been found by th_e TTC (Toronto Tra_nsit Commission) to be 
acceptable under the requirements of their specifications. The 
TTC spec~fications require a Noi.se Reduction Coefficient, NRC, of 
0. 50 minimum an_d i11dicate that sound absorption mater:ial .installed 
on the side walls is to be subjected to semi-annual washing. The 
washing consists c,f two pa_sses of a wall washing machine first 
with a spray of mild detergent and ?econd with rinse spray. The 
water pressure at the pump is 500 lbs/sq in, tl:le spray no~zle 
capacity is .94 gpm and the nozzle is 10" fra:n the material with 
a spray angle of 576 . The nozzle apparently produces a relatively 
fine s·pray so that there is not a great deal of force appl.ied to 
the sound absorption material. 

The area of treatment in the subways depends upon the sound 
absor-ption coefficient of the treatment, which is a function of 
the thickness for a spray-on mineral fiber material. The 
absorption coefficients achievable with spr,ay-on mineral fiber 
acoustical materials ind_icate that for achieving the maximum 
reasonable noise reduction the use of a 1/2" to 5/8" thick 
spray-on t•reatment will require covering the full height of t_he 
side walls c>n both sides of the track. The specifications for any 
materi.al selected for application should include a minimwn sound 
absorption coefficient at 250, 500 and 1000 Hz· in order to ensure 
the expected results. The application of sound absorption 
ma.te_rial should be a continuous application a_long the side walls 
of t_he subway structure and should extend from t_he invert upward. 
The treatment on the side walls should extend from the :i.nvert to a 
height approxim_ately equivalent to the top of the cars. 

The sound absorption treatment i11 station areas or areas with long 
continuous platforms should be different than recommended for the 
running tunnels. Refer to Section 4. 6 of this report on station 
acoustic treatment for information on recommended st_ation acoustic 
treatment. 

If it is d_ecided for eco,nomic or other reasons that. the running 
tunnels should not be lined for noise control, then short. sections 
of the tunnels or box structures near the ends of station 
platforms should be lined in or-der to reduce the noise transmitted 
fran the untreated tunnels to the station platfor'ms. Calculat:i.on,s 
of the noise tran_slllission in subways indicate than an application 
on both sides of tt1e tu1111el or box-section for a di.stance of at 
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least 200 ft (star-ting at the .station platform and extending away 
frQn the station 200 ft into each tunnel) is .siiff.icient to prevent 
transmission of high noise levels to the ends of the station 
platforms. If there are vent sh.aft tra11_sition sections at the end 
of the platform, which are directly exposed to the subway, then 
the walls of the vent shaft transition sections should be included 
in the.aco~stic treatment area. 
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4.4 .Fan and Vent Shaft Noise Levels 

Transit system facilities or operations which can create noise 
intrusion or annoyance include fan and vent shafts. At 
ventilatton shafts the train noise transmitted to the sur-face 
gratings a_nd t_hen to the surroy._nd_ing community areas depend on the 
speed of the transit trains and the presence or a_bse_nce of sound 
absorption 1nater.ial in the shafts and in th_e tui:i_nels nea_r th_e vent 
shaft. At fan shafts the main noise is from the fans, but the 
noise from the transit trains can also transmit through the 
shafts. It has been found that the attenuation required for the 
fan noise pfovides Jiioi:e than adequate attenuation for the transit 
train noise .. 

In gener·al, the noise from the fan shafts is dependent upon the 
num_ber of fans required in the shaft, i.e., the total volume of 
air to be handled by t_he s;h,aJt. The noise from the subway 
ventilation fan unit_s is li_lllited by a specificat•ion requiring 
certif,ied maximum sound power level_s wl:!ich is included in the 
contract documents. This specification of maximum sound power 
level from the fans determines the maximum noise .level. whi.ch can 
be expected from operation of fans at each fan ·shaft in the 
absence of a_ny attenuation treatment. 

In the absence of acoustical treatment in the shafts, both 
measurements and calculations of the sound transmission thr-ough 
the various configurations of fa_n a_nd vent shaft sllow that there. 
will be very l.ittle attenuation of the transit train noise or the 
fan noise as it is transmitted through the ducts to_the suiface. 
This is becau~e th,e s;tiafts are of concre.te., which has a negligible 
sound absorption coefficient, a)1d because the shafts are of large 
cross-sectional area. 

Reduction of the· noise from the transit trains and from t_he 
ventilation fans can be achieved through: (1) the use of sound 
absorption treatlllent i:!.pplied 1;0 the wall and ceiling surfaces of 
the shaft_s, and (2) the use of sound attenuators on the 
ventilation fans; In general, the SOU)1d absorption treatment 
appl.ied to vent shaft walls and ceilings is a 2" to 4" nomina_l 
thickness panel material of expanded celluiar glass or mineral 
fiber. The sound abs or pt-ion coef-fici ent must be at least O. 75 in 
the middle f•requency r-ange (the range included in the 500 Hz and 
1000 Hz octaves) where the maximum reduction of noise is needed to 
control the noise in accorda_nce with the requirements of the 
design criteria. 

At this; time the final locations and exact configurations of the 
f.i:!.l'.l a_nd vent shafts have not been determined, thus a gener•al 
discussion follows which indicates the design criteria which will 
be applied to achieve noise levels which are comparable to or less 
than the existing typical ambient noise levels and, therefore, 
will not contribute significantly to the noise envii:oriment. 
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The design criteria for fan and vent shafts is given in 
Table 7.7.1 of the Design Cr-iter-ia document and -is repeated here 
for convenience as Table 4.4-1. As with other aspects of the 
design· criteria, the appropriate noise ievei design goal limit 
depends on the activities of occupants as well as the background 
noise in the area. The acceptable levels of noise from vent 
shafts and fan shafts are different. This is because the noise 
fran a vent shaft is transient in nature while that from a fan 
shaft. is continuous. Transient noises are acceptable at higher 
levels than continuous noises. Thus the transient noise design 
goals apply to the train passby noise transmitted from vent shaft 
o~riings and the continuous noise design goals apply to the fan 
noise from fan shaft open-i ngs. 
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TABLE 4.4-1 DESIGN CRITERIA FOR NOISE FROM TRANSIT SYSTEM 
FAN AND VENT SHAFTS 

Commlini ty Area Maximum Noise Level, dBA 
Category. vent Shaft Fan Shaft. 

I Low Density Residential 50 40 

II Average Residential 55 45 

III High De11st ty Residential 60 50 

IV Commercial 65 55 

V Indus tr-i al/Highway 75 65 

The criteria shall be applied at a distance of 50 ft from 

the shaft outlet or sJ:.ia.11 be applied at the setback line of 

the nearest building ot occupied area, whichever is c.loser. 
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4.5 Ancillary Facility Noise 

As with the location of fan and vent shaf-ts, the final location of 
ancillary facilities has not been defined at the time of this 
study, however a general discussion of the noise from ancillary 
facilities follows, A_s witJ::i the no~se from fan and vent shaft 
openings, the noise from ancillary facilities is siibjec_t to the 
Metro Rail design criter.ia for maximum permissible noise levels. 

Ancillary facilities include sucJ::i items a_s pc,wer sub'-stations, 
emergency power generation equipment and chiller plants. The 
criteria for noise from these ancillary facilities is essentially 
the same as that shown for fan shafts in Table 4. 4-1, except that 
sub'-station and emergency power generation noise shall be limited 
to 5 dBA less sound level than given in Table 4. 4-1. This is due 
to the fact that transformers generate a continuous noise with 
tonal components whi.ch i.s more obtrusive than sound without a 
tonal nature. 

The specioficat-ion of a maximum permissible noise level from 
ancillary facilities is intended to control the leve.l of sound to 
minimize or eliminate annoyance due to noise from the facilities. 
The design of each facility is required to incorporate noise 
reduction features su.fficient to achieve tJ::ie appropriate noise 
level for the site. 

The noise reduction featur•es of typical facilities include sound 
barrier walls surrounding the noise sources; complete enclosures 
around the noise sources; sound attenuators on fans, blowers or 
cooling towers; and the use of sound absorption m·aterial, both 
inside enclosures and on the noise source side of sound barriers. 

The net effe9t of t.he provisions in the Metro Rail design 
procedures foi: reducing noise generated by these facilities is 
that, regardless of the final location chosen for the ancillary 
facilities, th_e noise generated will be compatible witJ::i the 
ambient noise of t_he su;rrou,nding area. I.n most case:;; tl:ie noise 
will b.e comparable to the pre-existing background noise. In some 
cases the noi.se will be audible but will not be intrusive nor will 
it be of a higher level than is appropriate for the nearby land 
use. The criteria is generally a more severe requirement than is 
placed on typical residential ai.r conditioning systems and other 
mechanical equipment found in residential and 
semi-residential/commercial areas. 
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4.6 Acoust-ical Treatment For Sound Control in Stations 

4.6.l Introduction 

Rapid transit system stations are often highly reverberant, noisy 
spaces where pa;ron_s ar:e e)l:posed to l:_lig_h level? of train noise. 
There is a tradition of using acoustic.ally reflecti~e l)\aterials, 
such as concrete or ceramic tile, on all surfaces of train 
platform areas for durability, abuse resistance, and ease of 
cleaning. This practice contr,ibutes to the high noise level on 
subway platforms of many existing systems since sound energy from 
train operations is not dissipated but instead is reflected back 
into the roOI)\ each t-ime it impinges on a room boundary. 

The primary means of controlling train noise in transit stations 
is to provide sufficient acoustical absorption treatment. on the 
wall and ceiling surfaces to prevent excessive build-up of 
r-everberant sound energy. The application of acoustical 
absorption material on the interior surfaces of transit stations 
and the under platform areas adj a cent to the transit cars 
substantially reduces noise from transit train operations. In 
addition, the treatment acts to reduce noise from all other noise 
sources in sta_tions, !luch as crowd noise and mechanical equipment 
noise, and the acoustic treatment resu_lts in greatly improved 
intelligibility of public address system an_nouncements. 

All of the recently constr:ucted rail transi.t subway stations in 
the United States have. incorporated, or will incorporate, sound 
absorbing material on the station interior s~rfaces ., This 
i:ncludes .stations at BART, WMATA Metro, MARTA, Baltimore Region 
Rapid Transit, NFTA (Buffalo) and new stations added to the TTC 
facilities. This design results in a muc::h better overall 
acoustical environment and much .lower noise levels from train 
operations than is found in older systems which have untreated, 
highly reverberant stations. 

For the Metro Rail subway stations the acoustical design criteria 
require that sound absorbing materials be insta.lled in 
underpla.tform areas, train room wa_lls and ceilings, and in 
enclosed concourse areas such as fare collection areas, stairs, 
escalators and ·corridors. Inciusion of these design features in 
the Metro Rail stations will create an attractive acoustic 
environment for the transit patrons. 

The inclusion of acoustical treatment in enclosed spaces of the 
stations will accomplish four major purposes. 

A. Reduction of noise from transit train operations. 

B. Control of general crowd noise. 
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C. Assistance in the control of noise from station air 
conditioning equipment ar1d otl).er mechanical equiprnent. 

D. Provision for intelligibility of an_nouncements -from the public 
address sys terns. 

These four basic goals can be used to derive the criter.ia for the 
amount, location, and proper ti es for the acoustical .. treatment. 
The Noise and Vibration Design Criteria presents criteria for 
noise levels and amounts of acoustical treatment which wi.11 result 
in a desirable acoustical environment at and around the Metro Rail 
System. Tl:_le purpose of this section is to provide a discussion of 
the acoustical treatment criteria, with specific recommendations 
on materials and arrangement and placements of acoustical 
treatment to be cons·idered for accomplishing the design 
objectives. 

4.6. 2 Criteria 

The Noise and Vibration Design Criteria document presents all of 
the basic criteria and specifications ;or the acoustic properties 
of the Metro Rail stations. This section briefly sum~arizes the 
criteria. 

.The crite_ria were developed to be consistent with the design goal 
maximurri noise levels presented in Table 4. 6.1. The noise levels 
inside stations are dependent on the desig·n of. the ttansit cars 
and station mechanical equiprnent and on the acoustic treatment in 
stations. The criteria and designs for the acoustic treatment 
take into account tl:_le gen er al a_rch_i tectu_r·al cl:_laracter is tics of the 
Metro Ra_il station_s and the e,cpected noise to be radiated by the 
transit cars and other noise sources. 

Table 4.6. 2 summarizes the criteria .for r-ever-beration time and 
acoustic treatment of the various areas of subway stations .. 
Compliance witl:_l the criteria for acoustic treatment assures that 
the r everber at ion time er i ter ia and the associatec'! noise control 
will be achieved. 

TABLE 4.6.1 DESIGN GOAL MAXtMUM NOISE LEVELS 

Level - dBA 

On platform, trains entering and leaving ............... 80 

On plat.form, trains passing t•hrough ................... 85 

On plat-form, trains stationary .......................... 68 
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on platform Or in mezzanine areas witl:,J or:,.ly 
sta~i<;>n yentilatio~ .system and other 
aux•1l1ar1es operat·1ng .................................. 55 

On platforms or otl:,Jer public areas witl:,J turinel 
ventilation system and/Or underplatform exhaust 
operat-ing at any norma:l level ........................ 55 

On platforll)S or otl:,Jer public;: areas witl:,J tunnel 
ventilation system operating in ell)ergency statu_s .... 70 

In station attendants' booths or office_s ..•........... 50 

TABLE 4. 6 .• 2 SUMMARY OF STATION ACOUSTIC CRITERIA 

Maximum Reverberation 

Areas Exposed to 
Street Traffic 

Time (500 Hz) .............. 1.2 to 1.4 sec. 
sec. 

Maximum Mechanical 
Equipment Noise ............... . 

Treat111er:,.t: 

Minimilm wall/ceiling 
area .. " .................... . 

Minimum ceiling orily 

Treatment Properties: 

.Minimum 500 Hz 

20-25% 

70-100% 

absorption coe_ff-icient O. 6 

M inimtnn NRC .. •· . ,. . . . . . . . . . 0. 6 

1 50 dBA maximum in station attendants' booths 

2Including at least 50% of ceiling area 

Enclosed 
Concourse 

Areas 

1. 2 sec. 

55 dBA 

0.6 

0.6 

Train 
Rooms 

1.5 

35% 3 

0. 63 

0.63 

3underplatform treatment als.o required - minimum absorption 
coefficient at 250 Hz= 0.4, at 500 Hz= 0.65 (3" to 4" thick 
material) 
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4.6. 3 Absorption Treatm.ents for Sound Control - General 
Discussion 

The basic designs of subway stations are very conducive to the 
development of high noise levels a_nd the effictent t_rani;Jl)ission of 
noise frClll one area to a11other, for example, along platfoi:ms or 
from platforms to mezzanine areas. Tl:,Jis is because interior 
surfaces of subway structures are generally concrete, steel or 
other hard surfaces with little ability to absorb sound energy. 
Without sound absorption treatment the result is high noise levels 
due to reverberant build-up of sound energy, efficient 
transmission of sound e,nergy over long distances in the enclosed 
space and Poor speech intelligibility for public address system 
announcements. 

In su.bway stations, train noise can be controlled with appropriate 
placement of sound absorbing material. The noise sources on a 
transit car are pr-imarily located in the confined space beneath 
the transit cars. Hence, sound absorbing materials on the walls 
nea.r the undercar space are very e-ffective at absorbing the sound 
energy and reducing the levels of tcrain noise on the station 
platform. In effect, suci1 treatme.nt reduces the reverbeI'a_nt 
build-lip of sound energy. 

Obtaining maximum benefit from acoustic treatment requires that 
the material be installed in the proper locations. With 
appropriate design of the sound absorption treatment, the same 
material will substantially reduce noise from trains, patrons 
(crowd noise) and stat-ion mechani.cal equipment along with 
controlling reverberat-ion time which provides for good speech 
i nteil igibili ty of public address sys tern announcements. However, 
it is possible through inappropriate placement of treatment to 
control revei;beration without obtaining .satisfactory or efficient 
reduction of train noise. 

Figures 4,6.l a_nd 4.6.2 present e_xamples of the effects of sound 
absorbing material in subway stations. Figure 4.6.l shows typical 
noise levels measured in two TTC subway stations, the fi;i::st 
station with sound absorption treatment on the underplatform 
surfaces· only (an insufficient amount. to control· reverberation), 
and the second s ta ti.on with so.und absorption treatment on the 
entire ceiling along with the underplatform area.. The sound 
absorption at the ceiling is provided by a suspended acoustical 
tile ceiling, an arrangement that gives neaI'ly uniform absorption 
and noise reduction across the frequency range. The range of 
levels shown in Figure 4.6.l are the typical maximum levels that 
occur as train_s arrive ~nd depart. 

As show·n in Fig·ure 4.6.l, the absorption treatment is very 
effective. the average difference between stations with little 
absorption a_nd stations with a large amount of absorption is 13 
dBA - a sufficient reductio.n to create a dramatic subjective 
difference. 
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Figure 4. 6. 2 illustrates the effectiveness of under plat-form 
treatment on reducing train noise. Two BA..RcT stations are 
compared; both have ceiling sound absorption treatment and about 
the .same reverberation time, but only one has significa_nt 
underplatform treatment. The underplatform treatment at the Lake 
M·erritt Stat:ion i.s a complete, continuous layer of 4" thi.ck 
glasswool cover.ea with sheet plastic. At the time these 
measurements were taken, the 19th Street Station had almost no 
acou_s ti cal t_reat1_11ent under the platform, only one row of 
acoustical tile units placed about 2 ft on center. In both 
stations the acoustical treatment .is sufficient to reduce 
reverberation time to about 1.2. seconds. 

Figure 4. 6. 2 .shows that the continuous underplatf orm treatment in 
the Lake Merritt Station additionally reduces train noise by 4-5 
dBA witl:l an even iarger reduction, 5-8 dB, in the middle and .low 
f.requencies. This result points oµt the importance of proper 
placement of sound absorbing material. Because the train noise 
largely originates from under the. train and is partially con_fil'led 
to t.he underplatform area, underplatform acoustical treatment is 
very effectt ve at reducing levels of train noise. In fact., 
without underplatform treatment it is impossible to obtain the 
full potential for limiting train noise on the platform. The 
noise reductions that have been obtained at BART, WMATA Metro and 
'l'TC statiops a.re dependent on the use of. continuous acoustical 
treatment in the under platform areas. 

One important point that should be made regarding use of sound 
absorbing material is the "law of diminishing retur11s". 
Intuitively, it is logical to think that .if some. acoustical 
absorption material provides good results, more treatment will 
provide even better results. However, only a limited amount of 
noise control can be achieved with the application of absorption 
t•reatment, and beyond a. certain point it becomes very uneconomical 
to use more absorption material to achieve a given amount of noise 
control. Beyond th_a_t point othez: noise control procedures must be 
used. The recommendations in th.is report and the guidelines in 
the Criteria Document are designed for efficient use of ll)ate_rials 
iil_nd account for the diminishing returns of excessive sound 
absorption treatment. The recommended amount of treatment will 
control reverberat•ion and maximum levels of train noise to the 
optimum extent achieval;>le with appropriate use of sound absorption 
mater.i al. Further, noise and reverberation control could be 
achieved by using greater amounts of treat1_11ent. However, to 
obtain significaritly or even noticeably greater effect the added 
treatment required would be substantially greater - more than 
double the recommended a,mounts. The small improvement in noise 
i:,eduction which would be achieve4 would have only a small effect 
on the acoustical environment and certainly wou_ld not justify the 
added cost. 
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Figure 4. 6. 3 presents comparative noise levels for similar train 
oper at:i,ons :i, n s ta_tions without acoustic treatment and in stat ions 
with acoustic t_reatme_11t comparable to the a_rr angements recommended 
herein. Note the large reduction in platform noise levels with 
the acoustic treatment. Also note the. similarity of levels .in two 
acoustically treated stations of very different overall design, 
BART and WMATA Metro, but with similar acoustical design 
parameters. Wc1yside r:ioise test_s for identical operating 
c_onditions indicate that t_he BART, ~'l'A Metro a.11d CTA cars, used 
in the test of Figure 4. 6. 3, all produce about the saine noise 
power (source levels) so that the differenc:es on Figure 4. 6. 3 are 
primarily due to differences in station acoustics. 

4.6. 4 Metro Rail Station Acoustical Treatment 

This secti.on presents spe.cific guidelines that can be used to 
desig·n appropriate acoustica_l treatment for th_e va_x:ious enclosed 
areas of the Metro Rail stations. The Noise and Vibration Design 
Criteria includes criteria for reverberation time, percent 
coverage of surfaces by acoustical treatment, and minimwn 
absorption properties of t_he treat_ment. The purpose of this 
section .is to relate the Noise and Vibration De_sig11 Criteria to 
the station designs. 

The design of absorption treatment for ehclosed areas consists of 
four basic steps: 

A .. Determine required reverberation times and_quantities of 
absorption 

B. Deter111_i_ne locations that will provide maximwn control of noise 
. . 

C. Select appropriate absorption coefficients for the treatment 
lllateria_ls 

D. Select acoUstica_1 111aterials and design material installations 

This section discusses these four steps as they apply to the 
enclosed areas of the Metro Rail stations. 

4.6. 4.1 Rev.er.beration Time and _Absorption Quantity: As 
summarized i~ Ta_ble 4.6.2, the acoustical criteria for stations 
includes maximum reverberation time at 500 Hz, minimum areas for 
treatl)tent, and minimwn absorption properties. Following these 
general guidelines will result in sufficient absorption to control 
reverberant noise .levels and to provide good speech 
i ntell igibil i ty for the PA sys terns. 
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Analysis of the underground train rooms in_dicate that optimum 
treatment is obtained with a rever.beration time of about 1..3 
seconds. This reverberation t-ime will provide goo_d speech 
intelligibility while acting to efficiently control noise. Use of 
more absorption material to further reduce the noise levels would 
i:e<;!t:iire large addition.al amounts of absorption material. The 
amounts of treatment to reduce reverberation time to 1. 3 seconds 
will reduce the noise by ab.out 9 dB compared to the untreated 
space. Increasing the amount of acoustical. treatment material by 
50% (that :is, increasing the absorpt-ion by 1.5 times) will reduce 
reverberation time to less than 1 second but will give only a_bout 
1.5 dB additional noise level attenuation - clearly an ineffective 
and uneconomical use of material. 

Thi:! design goal for reverber·ation ti111e in the train rooms should 
be 1. 2 to 1. 5 seconqs, a sufficient range to allow -fiexibility in 
the architectural design of the stations. 

For enclosed concourse areas such as mezzanine, fare collection 
areas, and corridors, fc,r appropriate noise coritrol tl:_le 
reverberation time .. should riot exceed 1. 2 seconds. The appropriate 
reverberation time for these areas is 'lower than for the train 
rooms because the enclosed volume of these spaces is significantly 
less than for the train rooms. 

In station areas directly connected to the street level and 
exposed to street tr-a_ffic, noise control is less critical because 
of the_ presence of street noise arid t_he s_hort periods of time 
patrons normally spend in these ar.eas. As a result, less noise 
reduction is needed and the design goal for the i:ever.beration time 
in areas exposed to street noi.se can be increased to .1..2. to 1. 4 
seconds. 

In t_he statiC:,n plat-form areas the acoustical treatment. should be 
continuous and uniform for the entire length of the enclosed 
space. Since the train rooms have a relatively constant _ 
cross-section, it is most appropriate to define tile quai:ttity of 
treatment in terms of treatment per lineal foot of station 
platform. Fran this, it i.s a simple matter to determine the width 
of treatment that is required as a function of the absorption 
coefficient of t_he materia_l. 

The following is an example of this approach which is bai:sed on 
consideration of the voll.llDes, the .surface areas and the natural 
ab_sorption of the finish surfaces of a typical subway station. If 
the added absorption needed at 500 Hz i_s 23 u_nit~ (in sabiris (sq 
ft units) pet foot of structure) then the equivalent width of 
continuous treatment would be: • 

35 ft for material with an absoi:pt-ion coefficient of O. 65 (at 
500 Hz), 
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29 ft for material with a:n absorption coefficient of o.ao, and 

26 ft for material with an absorption coefficient of 0.90. 

This same approach can be used with a com bi nation of materials 
that have different absorption coefficients. 

4.6. 4. 2 Lo.cation of Abs_orption _Mat_er_i_al: The location of the 
so1µ1_d control mat~rial is an important consideration in the 
arc_hitecturi:\_1 _ d_esig11. of tl:!e stat:_iOl)S. The i:\PPropriate loci:\tions 
for acoustic_a:i, t_reat:m~nt: ii) typical ~Ubwi:\Y §ltations are indicated 
by Figures 4.6,4 and 4.6.5. rhe preferred locat•ions for the 
acoustical treatment are listed in Ta_ble 4. 6. 3, ii) tl:!e order of 
priority. As indicated above, continuous treatment of the 
underplatfotm surfaces is essential for effective control of train 
noise. It is also very effective to treat the side walls opposite 
tl:!e pli:\tform, however except for very large stations, as long as 
t:l:!e u_nderplatfor:m i:\_rea_s l?,ave conttl)uous treatment, tl:!e s•tde wall 
treatment is not required to obtain good resuit_s. Experience with 
other transit systems has shown that except for very large 
stat-ions, omitting the side wall treatment has economic and 
arch_itecturi:!l aqvant!l,ges i:\_nd Ol)ly 111inor acoustical disadvantage. 
ThU:s, for most stations, satisfactory acoustical resuits c·an be 
acl,ieved without the side wall tr.eatmeht. 

Figures 4.6.4 and 4.6.5 .show typical cr,oss-sections of the two 
general types of subway stations along with recommended locations 
for acoustical absorption material. The. amount of treatment 
recommended for eacl:! typica_l station type is summc!_rized ii) Table 
4.6. 4. 

The criteria call for cover-age of 35% of the wall and total 
pr;ojected.ceiling area with c1coustical treatment in addition to 
the U:nderplatform treatment. For the two typical station types 
shown it is possible to suitably control reverberation 
char·acteristics and noise without placing acoustical treatment on 
tl:!e side wal_ls, • For the side platform type station, if the side 
walls are not t_reat:ed it wil_l be nec~ssary to il)cJude acoustic!il 
absorption panels in all of the c:eiling coffei:s. This arrange1nent 
will comply with the acoustical design ci::i.tetia with a small 
margin of safety. If mor-.e than 10% of the coffers are used for 
light fi.xtur,es, the coffer absorption should be supplemel)ted by 
absorption plac:ed o'ri. the sides or lower edges of the coffers or on 
the side walls. In this analysis it has been assumed _that the 
platfotJI! overhang wil:l be 3 ft or more so that treatment can be 
placed under the overhang providing a total underplatforin arec1 of 
8 sq ft per foot of station for: tr-eatfnent. If only a small 
platform overhang is utilized, then the underplatform acoustic 
treatment can only be applied to tl:!e ul)derplat:(:oi::m vert:ic:a_l wall. 
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TABL~ 4 .. 6. 3 PRIOR_ITIES FOR LOCATIONS O_F so~.D CONTRPL 
TREATMENT 

A. Platform Areas - Subway statio11S 

1. Underplatform overhang surfaces 

2. Trainroom ceilings 

3. Side walls 

B. Mezzanine and Cor.ridor Areas 

1. Ceili_ngs .,. between structural members or directly on the 
ceiling surface for flat ceilings 

2. Walls - using appropriate panel assemblies or direct wall 
mounted materials 

TABLE 4.6.4 

Station 
Type 

Center 
Platform 
Station 

Side 
Platform 
Station 

ACOUSTICAL TREATMENT FOR TYPICAL SUBWAY STATIONS 

Acoustical Treatment per ft 
of Station Structure 

Location 

Total 
Under platform 
Ceiling and Walls 

T.otal 
Under platform 
Ceiling 

Coffers 
Coffer bottoms 
(beams) 

Walls 

Available. Required 
_ Area* Ar-ea* 

140 
5 

80 

160 
8 

27 

12 
22 

35.0 
5.0 

30.0 

35. 0 
8.0 

27.0 

*Since the station cross-sections are relatively uniform, 
the area for treatment is effectively in tei:ms of t_he peril_l)eter 
of the typical cross-sections as shown on Figures 4. 6. 4 and 
4.6.5. 

The typical side platform station has a mezzaniJle level overpass. 
In the region of the overpass the ti:ai.n room ceiling height 
increases from approximately 11 ft to 21 ft above platform level. 
With this increase in cross-sectional area the treatment in the 
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ceiling coffers over the platform and trainway ar.ea should be 
sµpplemented by sound absorption treatment on other sur-faces, 
either other ceilings or on wall surfaces. The additional 
treat111e11t cou_ld be accomplished by adding acoustical panels to the 
sloping ceiling sections at th_e sides, llihere the ceilir:ig is of 
greater width and by providing sound absorption panels on the 
bottom surfaces of the mezzanine and overpass areas to the side of 
above the platform. Figure 4. 6. 6 indicates some possible 
locatiollS for the additional treatment. For opti111um cor:itrol of 
the train noise in this central area of the side platform station 
at least 50% of the underside of the overpass and mezzanine floors 
(exposed to the platform area) should be covered with sound 
absorption treat111ent or panels. 

In addition to the subway station platforms, acoustical absorption 
material will be required in all other enclosed spaces that will 
be occupied by pat•rons or employees. This includes (but is not 
limited to) corridors, escalators, mezzanines, entrance areas, and 
fare collectior:i areas. No acoustical treatment is required in 
areas with open roofs or walls. The general guidel:i.J:1es are th_at 
enclosed areas should have a minimum Of 35% of the wall and 
ceiling projected area covered with acousti.cal treatment. At 
least 50% of all ceiling areas should be covered. Entrance areas 
should have acoustical treatment on a minimum of 25% of the wall 
and ceiling area· .• When the enclosed areas h_ave large openings for 
corridors, escalators, etc., the area of these openings can be 
counted as treated area. 

In enclosed areas of small cross-section, it is best if the 
acoustical t_i;eat.ment is applied to both the wails and the 
ceilir:igs. When the sound absorption is located primarily on the 
horizontal or vert.icai surfaces, the effectiveness of the 
absorption m,;1terial is reduced by the reflections between the 
untreated parallel surf aces. For example, in rectangular spaces 
application of absorption material on the. ceiling only can 
sometimes resu_lt in noise and reverberation reductions of only 20% 
to 30% of the expected reduction. Th_is is becau_se full e_fficiency 
of the. absor'ption material depends upon good diffusion and uniform 
dist-ribution of the sound energy. However, generally most of the 
enclosed spaces in_ s.ubway stat·ions have a number of openings and 
obstructions at elevator.s, escalators, an_d stairways, which should 
provide sufficient sound diffusion to compensate fer placing all 
of the material on one surface. If material is to be put on one 
sur-face only, it i.s preferable to place the material on the 
ceilings, except in the train rooms. The ceiling treatment can be 
3/4" to 1 • thick sound absOrbing material such as acOustical tile, 
acoustical ceiling board, or other acoustical absorption assembly. 

4.6. 4. 3 Sel.ection of Acoustic.al Material: Acoustical treatment 
for tra_llsit system stations consist basically of three elements: 
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1. The sound absorption media or material, 

2. a protective covering, and 

3. an architectural or trim facing .. 

For some treatlllent.s eacl:l of tl:lese eleme_nts is an individua_l 
mater:ial. and for others the functions are COlllb_ined. For ex_alllple, 
g.lasswool blanket.s encased in plastic bags with a pe_rforated or 
expanded metal covering .is one type of treatment with i n_di vidua.l 
materials for each flll'lction. Actiustical tile with painted or 
vinyl facing is an example of treatment with combi.ned functions. 
Another element which must be considered in the overall desig·n i.s 
the fastening or mount:ing procedure since each type of treatment 
requires a different fastening system. Finally, the acou_stic 
treatment should be of non-flammable materials to comply with 
safety criteria. 

It. should be noted that certain flammable materials are effective 
f'or sound absorption, however, other non-flammable materials are 
available and every effort should be made to use non-flammable 
materiaJ.s for the stat,ion acoustic treatment. The following 
discussion includes comments on both flammable materials and 
non-flammable rr,ateriais and their effectiveness in order to 
provide designers with suffic°f.ent in.formation to make effective 
material selections. 

For a number of reasons it i.s advisable that sound absorption 
treatine_nts with low frequency absorption coefficients of high 
value b.e used in transit systetn station plat:form and mezzanine 
areas. This requires that the absorbing media or material be 
relatively thick, however, it also minimi.zes the total area of 
treatment required. 

One of the most econol!lical l!laterials for sou_nd absorptj.on 
treatment is glasswool or glass fiber boards or blankets. 
Unfortunately, many of these materials are flamma_bl~ becau_se of 
the binder used. Howeve_r, the.re are varieties of gla.sswool 
available that are nor:i-flamma_ble, u_sua_lly because no binder 
material at all is used in the specific prodµct~ Gl_a_ss ~iber is 
available in a number of different forms including flexible, 
semi~rigid and rigid boards (ordinary duct liner for example). 
Table 4. 6. 5 i.nd_icates the 5.ound absorption coefficients that can 
be expected for various thicknesse_s of glass fiber. For 
acoustical treatment, the recommended density for glass fiber is 2 
to 6 lb/cu ft. Tl:lis cler:isity range is <;1ssumed in rable 4. 6. 5. It 
is often most economical to use mult_iple layers of l" th_ick 
mate~ial for the thicker treatments since l" thickness is a high 
volume product, more readily available. than single layers of 
greater th_ick_nesses. 
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A disadvantage of glass fiber materials, particularly the 
non-flammable products, is that a protective or retaining cover,ing 
and facing are generally required. Some other non-flammable 
materials - such as cellular glass blocks - can be used for some 
applications with no protect•i ve covering or -facing. 

TABLE 4. 6. 5 

MATERIAL 

l" thick G.lass 

2" thick Glass 

3• tt_iick Glass 

TYP.ICAL SOUND ABSORPTION COEFFICIENTS 
TO BE EXPECTED FROM GLASS FIBER SOUND 
CONTROL MATERIALS MOUNTED DIRECTLY 
AGAI_~ST A CO~CRETE SURFACE 

Sound Absorption Coefficients 

FreSl!,!encies in Hz 
125 250 • 500 1000 2000 

Fib.er .08 .30 .65 .80 .85 

Fiber .20 .55 .80 .95 .90 

Fiber .45 .80 .90 .90 .90 

Most transit system structures are all-r.:onc·rete with the result 
that they are highly reflective at low frequencies. For this 
reason it is important tha_t the sound absorpt•ion treatment have 
substantial low frequency absorption. As sUI11marized in Table 
4.6. 2, the Noise. ahd Vibration Design Criteria_Document specifies 
the minimum sound absorption properties of the acoustical 
treatment that ~ill be used _in tt_ie Metro Ra_il l?tations. Al_thougll 
l" thick glass fiber meet_s these criteria, to insure th.at there is 
suf-ficient l.ow frequenc·y absorption .in the station areas it i.s 
recommended that the treatment in the subway station platform 
areas be made up of 2" to 4" thick absorption material. For 
platform ceilings and mezzanine areas 2" thickness is adequate. 
Treatment l" thick will be sufficient in other areas of the 
statio11s suet_) as entrances, corridors, etc. For the subway 
stati.on applications it is necessary to provide a facin_g a_nd to 
enclose glass fiber absorption material in a film or wr,apping to 
prevent ~cc~ulation of dust and to permit washing of the facing. 
This type of covering slightly decreases the high frequency 
absorption and slightly increases the mid and low frequency 
absorption. The net effect is a slight improvement, compared to 
the bare material, in reducing the overall levels of train noise. 

Since there are fire resistance requirements for the acoustical 
treatment material, the use of both plastic film for protective 
covering and glass fiber materials with a resin binder may be 
prohibited for specific applications. Alternate materi.als are 
available. An alternate for plastic film covering which gives 
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good performanc_e against water and dust is close weave glass fiber 
cloth. Because of sur-face tension a water spray will generally 
riot penetrate the glass fiber cloth. The Owens-Corning Fiberglas 
Company provide~ a f'ireproof gla_ss fiber materiaJ, denoted TIW, 
Thermal Insulating Wool, which has no binder. This is a 
multi-purpc;>se material for industrial applications at temper,atures 
up to l000°F and is also denoted M-1000 Insulation for marine 
appi~cation. Since this mater-ial does not have a binder, its use 
requires mechanical retention, for example, a fiberglass cloth bag 
a·nd metal screen. 

For underplatform overhang treatments a recommended matet.i.al 
assembly is a 3" to 4" thickness of non-flammable glasswool with 
an appropriate non-flammable plastic film cover, of not more than 4 
mils thicknef?,S or a glass cloth covering and a facing of expanded 
metal or hardware c_lotl:l. For pl?,t_forrn areas and mezzanine 
ceilings the recomme·nded design i.s 2" glasswool with appropriate 
covering and either perforated sheet metal or slit-and-slat 
configuratic,n facings. Such treatment can be arr-anged in panels 
of appropriate size and shape to fit t_l:le arcbi,tectu_ra_l 
requirements. 

An alternate recommended material for underplatform overhang 
treatment - a material which does not require a protective 
co·vering or- facing and which is non-.flammable - is the cellular 
glass block material made by Pittsburgh Corning Company: 
Geocoustic Blocks. These blocks are an i.ncombustible, .low 
derisity, cellular glass that is rigid and self-supporting, 
requiring only a mech_anical fasteni)lg. The fac;:es of t_he bJ,ocks 
are slotted to increase the absorption. Tl:le 4" thick bloc_k_s have 
good sound absorption characteristics and transit system 
experience indicates that they require little maintenance when 
used in areas not accessible to the public.. This material 
generaily° should not be used in thicknesses less than 2" and 
should not be ·u·sed in any location subject to mechanical a_buse. 
The best applications are under platform overhangs, fan and vent 
shafts and behind architectural facings. • 

For areas other than platforms and mezzanines, ordinary acoustical 
tile or panels of 3/4" or l" thick·ness are appt.opriate. These 
materials - which may be of compressed glass·wool. or other 
appropriate fire resistant cellular mater,ial - can be of the type 
with painted or vinyl facing. Also, as for mezzanine areas, 
pariels of glasswool blankets with perforated metal facing can be 
used. 

4. 6. 4. 4 Recommended Installation P ro.ce_dur es_: The recommended 
acoustical treatment ·111ateri·a1 for ·t_tfe subway station ceilings and 
walls is the cellular glass block material, such as the Pittsburgh 
Corning Company Geocoustic Blocks. The material should be of 2" 
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or 4" thickness in platform areas, 2" thick"r1ess in mezzanine areas 
and at other locat-ions. This mater,ial is recommended because of 
the non-flammability and lack of need for a protective f-ilm or 
cloth covering or f'or mechanical protection in many applications. 
For economy and acoustical ef-ficiency, the alternate material 
req::>mIDel'.lded is glasswool without binder using a glass cloth 
covering or bag. Th.is material should be of 2 to 6 lb/cu ft 
density and of 2"to 4" thick·ness in platform areas, 2" thic_kness 
in mezzanine areas and l" thickness at other locations. 
Mechanical protection facings of hardware cloth or expanded metal 
or arc_l:_Jitectural facings of perforated metal or slit-and-slat 
panels Should be used. witl:_1 this material. 

The expected sound absorption coefficients for glass fiber 
treatments have beel'.l givE!n in Table 4.6.5. The numbersg~ven in 
this table are, in many instances, somewhat less than will be 
found in the literature. For these mater,ials, the absorpt-ion 
coefficients given in the table are the max-imlllD that can be 
expected in a normal, practical installation. The absorption 
coefficie_ntis givel'.l for: la_bor:11,tory tests ar:e oftel'.l obtain_ed under 
very special conditions designed to ma_xim_ize thE! a_bsorpt:i,Ol'.l 
coefficient and do not always represent realistic va_lues. 

For the underplatform treatment the recommended arrangement is the 
use of either .3" to 4" thick mechanically retained glass f.iber 
material of 2 to 6 lb/ cu ft density wrapped with close weave 
glass cloth or 4" thick slotted Geocoustic Blocks. The material 
should be mounted to g-ive max-imum coverage of the underplatform 
area. At stations wit_h a sig11_ific11,_nt platfor_m ove_rhang, 
absorption material. should be placed on the underside of the 
overhang surface as well as the vertical wall. The minimum 
treatment for the underplatform area is a 2.5 ft width of 
contil'.luoue; ti;eatl!lel'.lt on the vertic~l wa_ll. 

For the underplatfor·m treatment, if glass fiber wrapped in glass 
cloth is used, the panels should be retained in place using either 
an expanded metal facing, hardware cloth facing or per-forated 
metal facing For· center platform stations the use of expanded 
metal or hardware cloth is the most economical and is satisfactory 
since the mater"ial is ·n:ot v:i,sible tc:> patron,s. For a side platform 
station wher.e. the material .is visible to patrons 01'.l tl:_Je opposite 
platform a better appearance can be obtained through the use of a 
perforated metal facing. 

Wherever perforated meta_l or slit-al'.ld-slat facin_gs are used, the 
open area should be at least 30% of the total area. With the use 
of either expandecl metal or perforated metal facing the attachment 
to the underplatform surfaces can_ be through the use o~ silllple 
metal brackets. Air space should be provided around the edges to 
allow free circulation of air to prevent loading of the acoustical 
material panels due to air pressure transients created by the 
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train movements. Panels with perfor-ated metal or slit-and'-slat 
facings, either for underplatform or ceiling a_nd wall 
installations, should have a dimpled screen placed bet,-,ee11 t;l1e 
metal facing and the. face of the acoustic blanket to establi_sh an 
a-ir space of about 1/2" thickness between the perforated facing 
and the blanl(et or glass cloth bag. Th-is air space serves two 
purppses: (1) It a_llows the sound waves to d,iffuse over the 
entire face of the acoustical material, thereby a_ssuring full 
efficiency as a sound absorber and (2) the air space allows free 
a-ir f-low for pressure equalization to help prevent loading of the 
f-acing by air pressure transients, especially if high flow 
re_sistance material is used as a cover for the glasswool. 

For the ceilings a):ld waJls of tl1e t.ra_in rooms there are a number 
of tr.eatment configurations availa_ble. Table 4.6.6 indicates some 
of the basic materials. Mater.ials equivalent to the glass fiber 
products -in Table 4. 6. 6 are marketed by other companies such as 
tl1e Manville Corporation and Pittsburgh Plate Glass Company and 
should be given equa_l consideration. The list is only intended to 
be repr.esentative. 

For treatment on flat, continuous .surfaces and for platform or 
mezzanine ceiling areas the use of sect_ioned or continuous panels 
consisting of a metal or plastic slit-and-slat system or a 
perforated metal facing with fiberglass or cellular glass blocks 
between t_he faci11g a):ld the concrete surface is appropriate. 
However, it should be remembered if a continuous panel system or a 
suspended acoustical tile ceiling type of system is used, that it 
is essential that gaps or openings be p·rovided _ to permit free air 
flow between the acoustical treatment pan.els and the concrete 
surface behind in order to prevent lo.ading of the acoustical 
panels by t_he air pressure transient created by train movements. 
If pressure .equaliz?,tion provisio_!l_S are not provided, it has been 
found that in some instances the loading due to the air pressure 
transients does eventually cause fatfgue failure of the 
fastenings, allowing the panels to come loose f.rom the mounting 
surface and fall. 

TABLE 4.6.6 SOUND ABSORPTION MATElUA.LS RECQMMENDED FOR 
CONSIDERATION AS ACOUSTICAL ABSORPTI~~­
TREATMENT IN METRO RAIL STATIONS 

Material 

4" Thick Geocoustic Blocks, 
12" x 18" - Slotted: 

'Onspaced 
Spaced 2" in both directions 
Spaced 6" i_n both direct•ions 

Approximate sound Absorption 
Coefficients with Rigid Backing 

250 Hz 

LO 
0.90 
0.60 

50.0 Hz 

1.06 
1.06 
0.66 
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4" Thick Geocoustic Blocks, 
12" i 18" ~ ~erforated: 

Unspaced 

'4-43 

Spaced 2" in both directions 
Spaced 6 • in both directions 

2" Thick Geocoust-ic Blocks, 
.12" Xl8" - Perforated: 

Unspaced 
Spaced 2" in both directions 
Spaced 4" in both directions 

2" Thick Plain Glasswool of 
2 to 6 lb/cu ft density 
wrapped with glass cloth 

2 • Thick Owens-Cor-ning Aeroflex 
Duct Liner (3 lb/cu ft density) 
or Type i02 Bl_an_ket faced with a 
vinyl or neopre_ne coating . 

2" Thick Owens-Cor,ning Glass Cloth 
Faced Boards backed with Type 703, 
704, or 705 Boa.rd 

SCRTD Metro Raii Project 

0.79 
0.82 
0.53 

0.79 
0.74 
a. 42 

0.60 

0.55 

0.55 

0.84 
0.94 
0.59 

0.73 
0.71 
0.60 

0. 80 

a.so 

0.85 

The last 1;.wo .materials listed -in Table 4. 6.6 are recommended only 
for applications where flammable materials are acceptable. Note 
that several com_bil)ations of spaced a:i:id u:i:ispaced Geocoustic Blocks 
are listed. The absor.ption coefficients for the spaced 
configurations are based on the g·ross area of the treatment, i.e., 
the block area plus the area of the spaces between blocks. Use of 
spaced configurations can result in material economy, however, to 
avoid loss of low frequency absorption the 4" thick units should 
be spaced not more than 6" ~:i:id the 2" thick units not more than 4" 
apart. For lowest cost;. a:i:id for non-f-lamm~bility, Geocoustic 
Blocks should be speci:f:ied to be unpa-inted and without surface 
coating or wrapping. 

Sane materials, such as vinyl or neoprene coated or glass cloth 
faced glasswool board, can be painted or are availa_ble with 
appropriate surfaces so that no .further facing is required, 
pa_rtJcularly for a ceiling application. However, the flammability 
of the material must be considered for each type of application. 
As discussed above, an alternate arrangement is the u_se of plain 
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glass fiber boards or blankets wr,apped .in a close weave glass 
fiber cloth and faced with a per-forated sheet metal, slit-and-slat 
system, or other facing. With this latter arrangement the facing 
mater-ia-1 must have at least 30% open area to avoid degradation of 
the sound absorption coefficient. 

The recommended c_overing for any side wall treatment is perforated 
sheet metal with at least 30% open area. Per,foration patterns 
such as 1/16" diatneter holes staggered at_ 7/64" center, 1/8" 
diameter holes at 3/16 • centers, and 3/16 • diameter holes at 5/16 • 
centers provide adequate open area. Ther,e are, of course, other 
cc,i:nbination_s of equivalent performance. 

The acoustical material applied to t_he coffer ~.rea_s cou_ld be of a 
pre-formed perforated metal panel with glass fiber behind. The 
material can be applied directly against the face of the concrete 
ceiling. This is similar to the design used for the WMATA Metro 
system stations and does provide a durable installation with 
excelle_nt sound apsorption characteristics. The minimum thickness 
of the glass fiber materia_l should be 2". 

A basi.c panel system for c_eilings and, possibly, walls, for the 
mezzanine and corridor areas can be arr,anged to provide the 
acoustical a_bsorpt-ion very simply. The panel may be of per-for-ated 
metal,· and sl it-and-s_lat conf igu_ration of boa_rds or metal or some 
form of architectural tr.iin which has at least 30% open area and 
no biirs or sections that are greater than 2" width between 
open_in_gs. Such an arrangement will provide for a completely 
transparent acoustical face. Ac_oustical material can t_hen be 
located at 1/2" to 6" distance behind the face and could be 
cellular glass blocks or non-flammable glasswool of 2" thickness. 

For cotriqot.s and entrances the sound absorption treatment can 
consist of wall or ceiling treatment as descr:.ibed above for 
platforms and mezzanines, or the absorption could be an 
application of 3/4" to 1• thick acou_stical tile, acoustical 
ceil.ing board, cel_lular glass blocks,_ or sound a_bsorption a1;1sembly 
such as perforated sheet metal with fiberglass bla11ket_s behind the 
sheet metal facing. The absorption coefficient should be at least 
the value listed in the Noise and Vibration Design Cri.teria for 
each type of space, considering the type of mounting used. 

For any ancillary spaces two ba_sic types of materials are 
recommended. For spaces with equipment which ra_diate_s relatively 
low noise levels or-.in which the noise is intermittent, such as in 
switchgear rooms or shops, the recommended acoustical treatment is 
a l • ~h_ick glass f,iber application. An alternate could be the use 
of 3/4" or l" thick acoustical tile, acoustical ceiling board or 
painted duct liner boa.rd for the absorption material. In spaces 
with noi_s·y equipment such as fans, pumps a_nd chJl:Lers, the 
acoustical treatment material should be of 2 • minimum thickness. 
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In such spaces the mater,ial need not have an architectural trii_n 
racing. Application of 2" thick (two layers of l" thick:ness) duct 
liner blanket to the walls and ceiling, perhaps with hardware 
clot_h facing for 11techa_nical protectiori, gives an economical sound 
absorption treatment that has appropriate absorption 
characteristics. 

In the a11cillary spaces with the higher noise level equipment the 
treatment area required is 30% of the wa_l_l a_nd 5CJ% of the ceiling 
area and the i;ound ab_sorption matei:ial mµ_st be distributed 
reasonably uniformly over the ceiling in panels or patches a11d tl:_le 
wall material must be di.sti::ibuted over at least two adjacent 
walls. That is, the material should not be concentrated on one 
part of the ceiling or concentrated on two opposite walls but 
rather must be distrit;>uted between the ceiling and walls with the 
wall treatment located to give approximately equal division of 
area on walls located at tight angles to eac_l:_l otl:_ler. 

4,6.5 Summary 

The recommendations for the acoustical treatment of stations can 
be swnmarized as follows: 

A, Sou_nd absorption treatment is required in the underground 
station platfor11t_ areas, a11d in the J!lezzanine, corridor, and 
entr.ance areas for control of reverberatio11 and noise from 
transit train oper.ations and other noise sources. 

B. The sound absorption treatment in the U:ndei::grourid platform 
areas sl:_lould consist of: 

1. CompJ,.ete _ coverage of the underplatfopn edge J::iorizontal and 
vertical surfaces with either low density c_ellular glass 
blocks of 4" thickness or 3" to 4" thick glasswool panels. 

2. 30% to 40% coverage of t!Je cei:Ling and side walls of the 
platform area with 2" thick cellular glass blocks or 2" 
tl:_lick glasswool with glass fiber boards or blankets with 
appropriate a_rchi, tectural facing. If the treatment is 
placed on the ceilings only, 60% to 70% of tl:_le ceiling 
should be. covered. 

C. If glass fiber is used in tl:_le underplatform areas, it should 
be wrapped in close weave. glass cloth and should be 
mechanically retained with hardware cloth or expanded metal 
facing for protection. 

D. Absorption panels for wall and ceiling treatment s_hould be: 

1. Cellular glass blocks behind perforated sheet metal 
f·acings or slit-and-slat system facing. 
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2. Glass f.iber blankets that are wrapped in close weave glass 
cloth or other non-f-lammable sheeting not to exceed 4 mils 
thic~ness and placed behind perforated sheet metal facings 
er slit-and..-slat system facing. 

3. For areas where non-flammability is not required, the 
rnater.ials couid he either duct liner materi.-al sprayed wi.-th 
vinyl or neoprene surfaces and protected witl:,l perfoi:ated 
metal or other architectur,al facing that is acoustically 
transparent, or a painted, vinyl or glass cloth faced 
rnater ial without other facing. 

'l'he use of ordinary acoustical tile, ceramic tile, or 
ether materials of this nature i.s not r.ecommended in 
platform or 111ezza.11,i11e areas because of the lack of low 
f.requency absorption characteristics of these ma.terials. 

E. Typical mezzanine, corridors, and other enclosed spaces should 
have a minimum of 30% cover.:1ge o; the total wall and ceiling 
areas. The treatment should be divided between the walls and 
ceilings such that there is approx}mately 50% covera.ge of the 
ceiling area and no directly opposing set of walls without 
treatment on at least one of the walls. In areas where it is 
architecturally necessary and in narrow corridors the 
trea.tment can _be concent-rated on the ceiling covering 70% to 
100% of the ceiling. 
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4, 7 Noise Contr.ol at Yards and Shops 

The activities in a storage and maintena_nce yard resu_lt in noise 
due to a number of sources, as given in the following listing of 
the major sour.ces. 

Wheel squeal on curves, 

Clicks and pings as wheels pass over rail 
joints an_d through switches 

Train rolling noise, 

Transit car auxiliar"y equipnent operation, 

Coupl il)g a_nd decoupling of cars, 

Train horns, 

Workm_e_n_ shout•ing, and 

Telephone or warning buzzers or horns, 
announcement or call loudspeakers and 
noise created by ml!intenance work. 

There are two addi.tional sources of noise that have been 
encountered in yard operations but that. ate not included in the 
above list and they wil-1 not occur with the Metro Rail Cars: The 
sound of bra_kes squeal-ing and the sound of air. release frequently 
encounte_red with ~.ir brakes or dumping cycles of air compressor 
and air brak_e sy~terns. Both of these sou_rces of noise. are not 
present as significaQt noise sources on inoderl) tran_sit vehicles 
because of tl)e use of quiet operating brakes an_d t_he use of 
systems which do not require dumping of air in the operating 
cycle, thus eliminating the characteristic ai.r release sound. 

The principal noises which have been found to create annoyance in 
residential areas near transit system yards are the noise from the 
transit cats: 

(1) The noise from auxiliary equi:i;xnent on the cars, 

(2) Th,e n:oise from car propulsion systems and the wheel 
and rail interaction when the ca.rs are 111oving on the 
track., 

( 3) The pings, clicks and bangs which occur as wheels pass 
through switches al)d over frogs and joints in the 
special. t·rackwork included in the yard and, 
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(4) The wheel squeal which results when the cars move on 
short radius tracks entering the yard or on the 
turnaround track. 

These sou.roes produce randomly occurring noises which are of 
considerably different character tlla_n typical co111111unity background 
noise and, therefore, if of sufficient level they ca_n _be 
noticeable and intrusive. Most of the nqise produced by tile 
transit vehicles themselves is controlled (due to tile 
specificat-ion requirements for in-car noise and subway station 
platform noise) to a level that will avoid impact on adjacent 
areas unless the !Separation distance from the yard and the 
residential or othe_r noise critical area is very small. 

All auxiliary equiplile't1t on modern transit cars is required to meet 
a specification of 68 dBA at 15 ft from each individual .item. 
With all equipnent operattng the maximum allowable noise level is 
60 dBA 50 ft from the center of the vehicle. With older vehicles 
it has been found that ai.r compressors ·and 0th.er items which 
operate either constantly or cycl ic:ly can typically produced noise 
levels as high as 75 to 80 dBA at 15 ft from the car. With some 
veh_icles the air release noise has been even greater. The noise 
limit specificatioi:is on auxiliary equipnent for the Metro Rail 
transit vehicles wi.11 e_liminate these noises as sources of impact 
in the community near the system yards. 

Train speeds in yards are gener.ally limi.ted to the range of 15 to 
20 mph maximum so th.at noise from the trains rolling is generally 
a maximum of 70 dBA at .50 ft and usually is consideraj:)ly less - in 
the r~nge of 60 to 65 dBA at 50 ft. Because of the noise limit 
specifications on vehicle auxiliary and propulsion equipnent and 
because of 1-ow speeds of operation in yard_s, tile general rcolling 
noise due to train operations does .not result .in any impact in 
adjacent commun_ities and is comparable with and compatible with 
typical community background noise. 

For this first phase of the Metro Rail Project, there will be only 
the main yard and shops 11ear tile l:111.ion Station, with only minor 
storage faci],ities _near the North Hollywood Station at the other 
end of the line. The main yard a_nd shops will be located in an 
industrial area near the Santa Ana Freeway and Sant·a Fe Railroad 
freight yard. Thus there is already a high am_bient noise leve.1 
existing in the area with no near.by residential or critical noise 
receptors. For tllese reasons no special noise control features 
will be necessary to reduce the noise levels from y~rd activities. 

In order to create a plea; sant working environment for yard 
personnel and ensure t_hat th_e California Standards for 
Occupational Noise Exposure are not violated u_nder the worst 
conditions, it is recommended that sound absorbing materials be 
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added to the ceiling a_n,d wa_ll areas of the m~Jn work_ areas, 
including he heavy repair shop, service and i11spection shop, wheel 
shop, general repair area and automotive repair area. 

Location of an efficient sound absorbing material on the walls and 
ceiling will help control the reverberant build-up of sound within 
the space and will help mini111ize tile d_irect reflections of noise 
pr,odilced by the various activities in the shops. Betw~en 50% and 
75% of the ceiling area and 50% of the wall area should be treated 
with a mater-ial having a minimum NRC (Noise Reduction Coefficient) 
of 0.95. Specific materials can be determine during final design 
once the final oo'nfigU:ration of the main yard and shops have been 
determined. 
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Chapter 5 

~.STIMATE OF NOISE AND VIBRATION LEVELS 
FROM TRANSIT TRAIN OPE.RATIONS 
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5. ESTIMATE OF NOISE AND VIBRATION LEVELS FROM TRANSIT TRAIN 
OPERATIONS 

s .1. Introduction 

Underground operations of rail rapid transit systems do result in 
ground-borne vibration a_n_d noise wl:_licl:_l is transmitted from the 
subway structure to adjacent buildings via the intervening 
geologic strata. The ground-borne vibration originates at the 
wheel/rail interface and is due to vibration and noise generated 
by the wheels rolling on the rails. The level of this vibration 
at the source is influenced by the degree of roughness or 
smoothness of the wheeis and rails, the speed of tl:_le traii::i, and 
by the type of subway structure and geologic strata in which the 
structure is founded. 

Tl:_le vibration which can be perceived from t_he operation of 
transit ttains in subway is generally perceived as a low pitched 
rumbling noise r-adiated inside nearby buildings due to the 
vibration of the building structure induced by the ground-borne 
vibration ar:id. noise. 'l'he vib_ration I!lay al_so be perceptib:Le ~s 
mechanical motion, alt_h<:>ugh tJ::ie usual sensation, if perceived, is 
that of a low frequency rumbling noise. 

It should be noted that the vibration is of such a low level that 
there is no possibility or potential for str-uctufal damage due to 
the ground-borne vibration transmitted to buildings near the 
subways. It should a}so be noted that trains operating on aerial 
structure if an aerial structure alignment j,s e_ver i_mplemented in 
the future will. ptoduce vibration levels which will b_e lo_w enough 
in level that they will not be felt by nearby occupants of 
buildings. Thi,s is due primarily to the. fact that the airborne 
noise from tra_ins traveling on aeri_c;i.l stru_cture generally 
overpowers the perception of ground-borne noise and vibration if 
there .is a perception of the train passby. 

The transmission of the ground-borne vibration and noise to 
buildings near the· subway structure is af--fected by a number of 
factors, primari],.y th_e type of interveni11g strata between the 
subway and builq.Jng, i.e., rock or soil, and by th.e type of 
building and building foundations. In general it has bee_n found 
that the var,ious factors can be generalized to reduce t_he number 
of variables sufficiently to define classes of situations where 
the noise. can be predicted with a reasonable degree of 
confidence. 

For the distances over wl:_licl:_l ground-borne vj,brat-ion from transit 
trains is of concern, the small vai:iations in soil or rock strata 
(which can have an influence in vibration transmitted over long 
distances) are insignificant. Therefore, the only significant 
factor with regard to the strata, as far as transit system 
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gr-ound-borne vibration is concerned, is whether the founding and 
intervening _media are rock or earth. Buildings near a subway 
structure can be classified either as small, lightweight 
buildings - such as one- or two-story brick or frame single 
f a!l)_ily dwellings or small commercial buildings and large, masonry 
buildings - sucl:i as multi-story office, commercial, hotel or 
apartment buildings.· There i~ a gray area between the two 
categories, however, most buildings can be a~sumed to be within 
one of the two categories. Using these simplifications .i,nd ttie 
considerable amount of data from the TTC facilities and some data 
from the BART, WMATA Metro and MARTA facilities, as well as some 
limited propagation d.i=!.t~ obtained near the proposed Metro Rail 
alignment, it is possible to derive expected gi:ound-borne 
vibration levels in the occupied spaces of buildings near the 
subway structures. 

There is a considerable amount of background information 
available which perm.its predictio!1 of the noise levels to be 
expected frcim ground-borne vibratio.i:i due to transit trains. The 
measurements which have been accomplished at TTC, BART, WMAT_A 
Met,ro and MARTA facilities provide a relatively well founded 
empir-ical basis for determining the expected nOise levels. The 
ineasurements have in.eluded evaluations with different types of 
subway structur.es and with different types of foun¢!ing ~nd 
intervening geologic strata, including rock and soil. Data for 
both types of configurations have been obtained at the T-TC and 
WMATA Metro facilit_ies. Tl:_le data provide a basis for evaluation 
and ver,ification of theoretical estimates of the difference 
between ground-borne vibration f..rom earth founded _and rock 
founded subways. 

The evaluations of subway oper-ations have also included the 
determination of the effects of resilient rail fasteners, 
resiliently supported ties and floating slab trackbeds for 
reduction of ground-°t:)Orne vibration as discussed in detail in 
Chapter 4. These evaluations have shown t_h_at resiliently 
supported ties generally reduce th_e ground-borne noise and 
vibration by 6 to '10 dB, while floating slab trackbeds can reduce 
the ground"-'borne noise and vibration by as much as .15 to 20 dB. 
These reductions are relative to the ground-borne noi.se and 
v·ibration that transit tra_i11s produc~ when operating on direct 
fixation resilient r,ail fasteners which already reduce the 
ground-borne noise and vibration a signif,icant amount over the 
d_irect fastening systems which have been used on older systems. 
The reduction of ground-borne noise a_nd vibration attributable to 
these special design features occurs in ttie frequency range where 
rumbling noise is most predominant and audible in the buildings 
near the .subway structure. 
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5.2 Expected Noise and Vibration Levels 

As pr,eviously indicated the Metro Rail System has adopted strict 
design criteria for ground-borne noise and vibration 
(Section 7.4.2 and 7.4.3 of the "Noise and Vibration Design 
Criteria for the Metro Rail Project" included a_s Chapter 3 of 
this report). Estimates of the expected g·round-borne noise 
levels from the operat-ions of Metro Rail trains were included in 
our report, "Noise and Vibration Study - Alternative Route 
Alig!lments !;or the Metro .Rail Project," datE!d November 1982. 
This analysis ind_i.9~ted the est_im_ated grco~nd-borne noise levels 
in all of the nearby structures and showed a com~risol) of the 
expected performance for three methods of track fixation 
(resilient. direct fixation fasteners, resiliently supported ties 
and floating slab trackbeds) with the appropriate criterion. 
These comparisons provide a means for determining those areas 
where spec::ia_l design features (i.e. resiliently supported ties 
and floating slab trackbeds) are needed to reduce th_e noise and 
vibration to levels below those for the standard design 
facilities. 

Since those ground-borl)e noise predictions were made, a final 
route has been adopted. Although m·al)y of the ground-borne 
predictions made at that time. are still accurate, some may no 
longer be accur:.te due to even a slight change in the alignment 
plan, profi-le, vehicle speed or vehicle type. The final 
configuration of. these parametercs will be developed during final 
desigl) at wh_ich ti,me new ground-.borne noi_se predictions will be 
made in order to determine the exact location a11d extent of eac_h 
track fixation type .. 

Review of the expected levels calculated during our earlier 
analysis ind_i.cates tilat resilie11tly supported t-ies orc floating 
slab trackbeds should be used to reduc.e the levels of 
ground'-borne noise in buildings adjacent to the subway alignment 
along signif·icant portions of the route. In addition that 
analysis ind_icated that there are several locations where the use 
of resiliently supported ties or floating slab trackbed!! will not 
reduce the gtou:nd.:.oorne noise from transit train operations to 
acceptable levels when compared with the appropriate ctiter.ion 
for the particular building use. The somewhat higher noise 
levels expected in these buildings are due primarily to a very 
shallow tunnel (depth to top-of'-rail of 30 to .40 ft) and/or to 
the presence of a crossover in the tunnel which raises the 
expected n_oi. se level on the order of 10 decibels. These 
locations will be reanalyzed during final design to d_etermin_e 
specific measures which will further reduce the ground-borne 
noise. The:se include such measures as minor alignment 
relocation, crossover relocation, subway structure mociif 0ication, 
train speed modification and non-standard (heavier weight) 
floating slabs. 
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During final d_esign a.1.1 residential buildings adjacent to tl:le 
alignment will be re-examined in detail to determine what, if 
any, mitigation measures will be needed to ensure that the 
ground-borne noise from transit train operations will not exceed 
the li.l!lits set by the appropriate criterion. In addition Table 
5.1 indicates particular buiidings among others which will be 
re-ei;camined dqi:ing fini:l._l design in the same manner as the 
residential buildings. 
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TABLE 5, l PARTICULAR BUILDINGS TO BE RE-EXAMINED DURING 
FINAL DESIGN·- WITH GENERAL LOCATION BETWEEN 
TRANSIT STATIONS 

Transi.t Station Building 

Union 

Civic Center 

5th/Hill 

7th/Flower 

Wilshire/Alvarado 

Wilshire/Vermont 

Wilshire/Normandie 

Wilshire/Western 

county Court House 
Law Library 

Pershing Square Theater Building 
ciar·k Hotel 
Wilshire Grand Building 
Parson's Building 
Hyatt Regency HoteJ, 
Central Bank Building 

Roosevelt Building 
Barker Brothers :Bµi:lding 
Global Marine Building 
Hilton Hotel 
Travelodge Motel 
Mid-Wilshire Convalescent Hospital 

Otis/Parsons Art Gallery 
Sheraton. West Hotel 

Southland University Building 
Gaylord Hotel 
IB.M Bui+ding 
Atlantic RichfieJd Buildin_g 
Wilshire Christian Church 

Wilshire-Hyatt Hotel 
St. Basil Roman Catholic Church 
Wilshire Boule'vard Temple • •• 
Ahmanson Center 

McKinley Building 
Wiltern Theatre 
union Bank Buildirig 
Pierce National Life I.n.surance Building 
Christ Church 
Wilshire Professional Building 
St. James Episcopal Church & School 
Theatre of Arts 
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TABLE 5.1 (continued) 

Transit Station 

Wilshire/Crenshaw 

Wilshire/La Brea 

Wilshire/Fairfax 

Fairfax/Beverly Station 

Fairfa:,_c/Sa11ta Monica 

La Brea/Sunset 

H ollywood/Cahuenga 
Hollywood Bowl 

Universal C'ity 

North Hollywoog 

Building 

Swett & Crawford Group Building 
Wilshire Dunes Motel 
Scottish Rite Temple 
Wilshire United Methodist Church 
Farmers In_surance Building 
Leona School 
Burroughs Jr. High School 

Mutual of Omaha Building 
E_l Rey Theater 
Museum Square Buildings 

Los Angeles County Art Museum 
Gu_a_rdia_n Co_nvale_scent ii_ospital 
Hancock Park School 
Farmer's Daughter Motel 

CBS Television City 
Great Western Savings 
Fairfax High School 
King Solomon Home for the Elderly 
Country Villa Convalesce_nt Hospital 
Garden of Pal ins Rest Home 

Fairfax Tower Elder·ly Housing 
St. Ambrose School 
Motel 

KRLA Television Building 
MOtel 
Hollywood High Sch_ool 
Blessed Sacr ainent School 

Hollywood Pacif'ic Theater 

Cainpo de Cahuenga 
Recording Studios on Lanker-shim 
st., Ch_a_rles Borromeo Church 
Guild Theatre 
El Portal Theater 
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Chapter 6 

CONSTRUCTION NOISE AND VIBRATION 
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6. CONSTRUCTION NOISE AND VIBRATION 

6.1 INTRODUCTION 

One of the impacts associated with a rail rapid transit system 
project is the short-term noise and vibration impact of 
construction activities.. As with any large project, the 
construct_ion of a i::apid tr,msit system involves the use of 
machines and procedures whicti, in t_he pa_st, have res,ulted :i,n 
intense noise levels and, occasionally, high vibration .levels in 
a_nd around the construction site. The Metro Rail system way 
structures wil_l b~ prim_arily s11bway. Construction ~ctivities 
will include demolition, clearing, gr·adil'lg, excavating, pile 
driving, drilling, materials handling and placement, erection and 
finish work, and will involve. the use of all of the var-.ious kinds 
of machines and procedures which are associated with these 
activities. It is also possible that blasting will be used for 
excavation and tunneling in roc_k. 

In .recent years considerable progress has been made in the 
reduction and control of construction noise through modifications 
of 1:he equipment to reduce noise generated at the source,_through 
modification_s ot co1_1struction procedures a_nd by selectio1_1 of 
those construction procedure alt_ernates which are less noisy. 
Also,· in many areas and for man:• types of constructicn projects 
there have been noise limits or noise standards included in the 
co!_lS tructi_.on con.tracts or appl ieq by governmental agencie,s in 
order to limit the noise impact from t_he con:struction. Ttlese 
efforts at reducing consti:uctioh noise have produced considerable 
success. With new construction projects the wOrk can be and is 
accomplished with considerably less noise impact than is 
tradi tiona_lly expected. 

For subway construction tl:le acou_stica_J. impacts can be of tw,o 
different characters. In the areas where tunneling is used the 
only impact due to the construction activities (except at access 
sl:la_f ts) will be the ground-borne vibration due to the excavation 
process, either the tunne_l boring machine or blasting. Also, 
there may be some ground-borne vibration due to the vel:licles used 
to remove material. Fot c'i1t-and-cover subway and station 
construction there will be impacts due to ground clearing, 
excavation, erection and finishing activities. 

6.2 Construction Equipment NOis_e L.evels_ 

There is con_siderable information available on the typical noise 
levels created by modern constr_uction equipment and there is a 
growing body of information on lower noise levels whicl:l ca1_1 be 
achieved with modified equipment or equipment which is designed 
with noise reduction and control as one of the design parameters. 
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Measurements made at transit system construction project sites 
provide the best infoqnat:i<:m re.lative to expected noise :Levels 
from the type of construction activities llihich are a~s,ociated 
with the Metro Rail system. Table 6-1 presents a series of noise 
levels observed for various ty-pes of machines and activities 
a_ssociated with the WMATA Metro and MARTA com;truction pr-ejects. 
These dat.a are for construction activities using standard present 
day equipment with little or no noise contr.ol or noise reduction 
modifications to the equipment. The WMATA Metro data were 
obtatned before noise restrictions and limits had been applied to 
the cc:rnstruction activities on t_he Metro project. 

Typical noise levels at construction sites, c1s indic::ated l;>y Ta_ble 
6-1, do result in substantial ae<:>ustic impact on neigh_borin•g 
communities and in new and futu.te projects most of these noise 
leve-ls are considered unacceptable.. There are many techniques 
availa_ble for reducing the noise, some of which involve little or 
no cost and some of wh_ic_h involve con_siderable cos,t. In some 
instances modifications of procedures or use of different 
procedures and equipment can result in much lower noise levels 
and impact. For the Metro Rail project, a very effective 
procedure will be to inciude noise lilJl_it specification_s .i.n the 
construction contracts in order to reduce or limit acoustic 
i1J1pact due to construction activities. 

6.3 Ground-Borne Noise and Vibration from Construction 

Because of the nature of some construction act.ivities, high 
amplitudes of ground-borne vibration may result in some impact in 
neighborin_g community areas. Blasting and impact pile dri.vi.ng 
are two types of c1ctivit-ies traditionally associated with high 
levels of gr<:>und-borne vi_bration. It is also possible that some 
types of heavy vehicles and excavation activities can generate 
suf;icient ground-borne vibration levels to be perceptible or 
notic.eable in nearby buildings. 

The vibration levels created by the normal movement of vehicles 
including graders, loaders, dozers, .scr-apers and trucks generally 
are of the .same order of. magni tilde as the ground-borne vibt at ion 
created by heavy vehicles running on streets and highways. Large 
trucks and buses operating on city streets and on highways 
generate ground-borne v'ibration due to wheel/roadway interaction 
and particularly high vibration levels can be ass.ociated with 
truck and bus opera.tions on rough or pock-marked streets. In 
general, the ground-borne vibration f•rom vehicle operations on 
streets, even ver:y rough streets, is not sufficient to create 
noticeable impact on adjacent community areas. This vibration is 
of a leve.l tJ:iat is genl:!ra,lly imperceptible or barely perceptible 
and is considered acceptable, producing little or no i_1"\pa_ct. 
Thus, it can be expected that the normal vehicle activities at 
the con_struction sites will riot generate su-f-ficient ground-borne 
vibration to result in significant impact. 
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Blasting, drilling and excavation procedures for the short 
segments of cut-and-cover subway and stations can result in 
grou_n_c;! .... bornE! vibration levels which are perceptible or noticeable 
in adjacent _community areas. The amplitudes of vibration from 
such activities are limited for _safety reasons by procedu:ral 
techniques. _For excllllple, t_hrough t_he use of tim_e delay charges 
in blasting the maximum amP,litude of tl:_le ground-borne vibration 
is limited to a level well below the criteria for structural 
damage to adjacent facilities. Impact pile drivet.s, which create 
considerable noise and vibration, also produce vibration levels 
which are wel,l be:i:,ow the intensity required for structural damage 
to adjacent buildings and other facilities. 

In conjunction with rock blasting, rock drilling is the standard 
method of inserting the blast charge. Drilling can also be a 
technique which can be used during excavation of small areas of 
hard rock. The projected vibration levels from rock drilling are 
shown in Figure 6-1 a:i:,ong with some additional structural and 
l:_JUJ)lal'l respon_se criteria. 

The possibility of noise intrusion from rock drilling would be to 
people inside nearby buildings, similar to the possible noi.se 
intrusion from operations of transit trains in subway. Dui:ing 
dril_l.ing it is likely that the ground-borne noise may be audible 
and may be not-iceable to people in buildings with a low level of 
background noise. 

The r-elative noise and vibration impact or intrusion during 
drilling .should be minor at most since the time Of drilling in 
close proximity to any single building will be ·ver-y short, a few 
days at i:nost. 

Pertinent criteria for maximum noise and vibration due to 
blasting has· ·been developed and are contained in Sections 7 .12. 4 
a_nd 7 .12. 5 of the Noise and Vibration Design Criteria Document 
and are based on the result_s c,f measure)'.llents a_nd 5.u_bjective 
evaluations at construction sites around the world. Noise and 
vibration levels from biasting are dependent on tl:_le charge size 
and location. Thus the noise and vibr.ation .levels can cover a 
wide range depending on the procedures of the contractor. 

The contractor must locate t_he charges arid gauge the size of the 
charge in Order to meet the criteria. Figure 6-1 indicate_s the 
typical vertical. velocity level expected at approximately 200 ft 
from a blast if the vibration and noise criteria are not 
exceeded. 

The possibility of noise and vibration intrusion during blasting 
will be minimized if the criteria are not exceeded and because 
the proximity. of blasting near any single building will be very 
short and only duriilcj the blast .itself. 
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Tunnel bor.ing machines also create ground-borne vibration a_nd 
noise, however, experience to date indicates that the vibration 
from the use of such machines is considerably less in intensity 
tha_n that fr:-om blasting or pile driving and that it is not 
significantly greater tha_n the vibration created by heavy trucks 
traveling on city streets. 

The probable method of excavation for most of the subway will be 
with the u_~e of a tunl)el boring machin~ (TBM), As indicated 
above, with the use of .a TBM the po;ential noise and vibration 
impact is consider ably lower than if traditional blasting 
techniques are used. As for transit tr-ains operating in .subway, 
the possibility of noise and vibration .impact f.rom the operation 
of a TBM is to occupants inside buildings adjacent to the new 
su_bway alignment. Outside of a building, there is no possibility 
of noise or vibration impact from TBM operation. 

Use of a TBM will cl:.eate vibration levels wh_ich are genera_lly 
imperceptible at distanc.es greater than 75 to 100 ft from t_h_e 
operating TBM. Even at a distance of 50 ft, the operation of the 
TBM will create vibr.ation levels which are just perceptible. The 
projected vibration level_s frOl!I tile operation of a TBM along the 
proposed alignment ate shown in Figure 6-2 at a near dist.ance and 
two further distances. The latter two distances correspond to a 
tunnel· depth of appro~im<1tely 35 ft and 125 ft wit·h the nearest 
building being approximately 100 ft horizonta_l distance from the 
alignment.. These data ate based on a ser.ies of vi.btatioh 
measurement!I made by WIA in 1980 in Buffalo, New York, during the 
tunnel bor-ing oper.ations for =nstruction of the NFTA light rail 
transit i;;ystel)I. A_lthough the TBM was operat•ing in hard rock, we 
have projected the probable vibration levels for the type of soil 
which will be encoul)tered <1_long the Metro Rail alignment. 

Figure 6-2 aiso shows the response of persons seated or ~tanding 
to building vibration to allow for a comparison of the vibration 
levels whicl) wil_l be produced by the TBM with the typical human 
perception of vibration. The response of persons i;;eated or 
standing is the same information presented in Figure 2.4-1 in 
Chapter 2 of this Final Report. 

As previously stated, the possibility of noise impact from the 
TBM wil_l be to occupal)t;s in.side of buildings, stmtlar to the 
possible noise il)lpact from opei:ations of tra_nsi t trains. in 
subway. For:. deep tunnel loc_ations (approximate_ly 125 _ft below 
grade), the ground-borne noise from the TBM should be 
unnoticeable in buildings which are 100 ft or more in horizontal 
distance from the alignment. If the tunnel is approximately 35 
ft below grade, then there is some possibility that the 
groul)c'.l,,.borne noi~e would be noticed by building occupants at 
buildings which are approximately 100 ft i_n horizontal distance 
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from the alignment. The relative noise levels would depend on 
the type of building structure, and type of. activities in the 
building. However, the· grou_nd-bor11e noise a_nci vibration from the 
tunnel bor-ing machines is of very short duration since th_e 
machine passes by an area in, at most, a few days, so that there 
should be no significant impact. 

6. 4 Construction Noise SJ;>ecif ications 

There ar.e numerous procedure_s available for r4:!ducing the noise 
generated by construction equipment and activities. One of the 
most effective methods of assuring controlled noise and minimum 
acoustical i_mpact is the inclusion of noise limit specifications 
in the construction contract documents. Recent construction 
projects of the New York City Transit Authority, the W:Mll.TA Metro, 
MARTA and NFTA systems have included noise restrictions in the 
contract specificat-ions. The experience with these noise limit 
specifications and with the contractors working with th4:! 
requir-ements is that considerable success in th_e reduction of 
construction noise has be.en r-ealized. 

For e_ach design section of the Metro Rail system the construction 
contracts will include a section on permissible noise limits. In 
many instances noise sta11dards 6r i i1_11i tat ion~ applied to 
construction or other noisy type activities h_ave been based on 
average conditions in a community or, alternatively, on the most 
severe or critical conditions. The noise limit law or standard 
has tl:!en been written with one set of restrictions which apply to 
ever:y area. This procedure is not cons:j.ste11t with best economy 
or best benefit to the community. In many instances this results 
in either excessive noise in quiet residential areas or excessive 
cost for noise reduct,ion in commercial or industrial areas where 
there is no J:>enefit to be gai11ed frOII\ the noise reduct-:i,on. The 
noise .limitation specifications for the Metro Rail project will 
be based on the character of development and land U:se in each 
are« where construction is to be accomplished. Thus, the noise 
lim_its applied will be consistent with the type of community area 
in which the construction takes place. 

Table 6-2 indicates construction noise and vibration level 
limitations from the Metro Ra_il project design criteria Section 
7. l:l which is repeated here for convenience. This provides an 
indication of the degree of noise impact expected from the Metro 
Rail system construction activities. 
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.TABLE 6-1 TYPICAL NOISE LEVELS OBSERVED AT RAIL 
TRANSIT SYSTEM CONSTRUCTION PROJECTS 

Equipment or 
p·rocess 

Air Hammer Cutting concrete 

Crane & Pile Drilling Rig 
Moving Drill 
El)lptyirig Auge:,r 
Idling 
Drilling 
Placing Ptle 
Setting Pile 

Concrete Mix Truck 
Placing Concrete 

Diesel Hammet Pile Driver 

Compressor 

Hydraulic Cranes 

Derrick Crane 

Tamper 

Scraper 

Rock Drill 

Trucks 

Paver 

Crawler Tractor (Dozer) 

Vibratory CC>ll!pactor 

Normalized Noise 
Lev·e1s @ 50 ft 

85-90 dBA 

90 
86 
82 

83-88 
74 
88 

81-85 

90-100 

77-84 

82-84 

88 

88 

88 

94-98 

85-91 

89 

88-92 

81-84 
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TABLE 6-2 NOISE AND VIBRATION LEVEL RESTRICTIONS 

I. NOISE LEVEL RESTRICTIONS 

A. NOISE LEVEL RESTRICTIONS IN ALL AREAS 

In no case. e,t'pose the public to construction noise 

levels exceeding 90 dBA (slow) or to impulsive noise 

levels with a peak sou_nd pressure level e~ceeding 140 

dB as measured 011 an impulse sound level meter or 125 

dBC maximum transient level as measured on a general 

purpose sound level meter on "fast• meter response. 

B. NOISE LEVEL RESTRICT.IONS AT AFFECTED STRUCTURES 

Con.duct con_struction activities in such a ma_nner that 

the noise levels 200 feet from the Construction Limits 

or at the nea_rest cl.ffected building, whichever is· 

closer, do not exceed the levels listed in the 

following schedules: 

1. Continuous Noise: Prevent noises from stationary 

so·utces, parked mobile sources or a,ny sou_rce or 

combination of sources producing repetitive or 

long-term noise lasting more than a few hours from 

exceedirig tt:ie following limits. 
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LIMITS FOR CONTINUOUS CONSTRUCTION NOISE 

Affected Structure or Area 
Maximum Allowable 

Continuous Noise Level, dBA 

Residential Daytime Nighttime 

50 single family residence 60 

along an arterial or in multi-
family residential areas, 
including hospitals 65 

in semi-reside11tia_l/conunercial. 
areas, including hotels 70 

commercial 

in semi-residential/commercial 
areas, including schools 

in commercial areas wit.11. no 
night t.i.me res itiency 

Industrial 

all locations 

55 

60 

At All Times 

70 

75 

• 80 

2 .. Inter:mittent Noi.se: Prevent noises from 

non-stationary mobile equipment opetated by a 

driver or from any source of non-scheduled, 

intermittent, non- repetitive, s_hort~term noises not 

lasting more than a few hour.s from exceeding the 

following limits. 
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LIMITS FOR INTERMITTENT CONSTRUCTION NOISE 

Af-fected Structure or .Area 

Residential 

Single family residence areas 

along an arterial or in multi­
family residential areas, 
including hospitals 

in sell)i-re_sidential/commercial 
areas, including hotels 

Commercial 

in semi-residential/commercial 
areas, including schools 

in commercia-1 areas with no 
nighttime residency 

Industrial 

all locations 

Maximum Allo,wable 
Intermittent Noise Level, dBA 

Daytime 

75 

80 

Nighttime 

60 

65 

85 70 

At All Times 

85 

85 

90 

C. SPECIAL ZONE OR SPECIAL CONSTRUCTION.SITE. 

In. areas outside of Construction Limits but for which 

the Co_n_tractor has obtained designation as a Special 

Zone or Special Construction Site from the agency 

having jurisdiction, the noise .limitations for 

buildings in i ndus trial areas apply. 

In zones designated by the local agency having 

jurisdiction as a special zone oi;, specia-1 premise or 

special facilities, such as hospital zones, the noise 

level and working time restrictions imposed by the 

agency shall apply. These zones and work hour 

restrictions shall be obtained by the Contractor from 

th_e local agency. 
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D. MORE THA.N ONE LI~IT APPLIC.11.BLE 

E. 

Where more tha.n one noise limit is applicable, use the 

more r estt.i ctive reqili rement for determi11.i11g 

compliance. 

NOISE EMISSION RESTRICTIONS 

Use only equipment meeting the noise emission limits 

listed below, as measured at a di.stance of 50 f.eet from 

the equipment in substantial conformity with the 

provisions of the latest revisions of SAE J366b, SAE 

JBS, and SAE J952b (Refs. 7, 8, 9) or in a.ccordance 

with the measurement procedures specified herein, 

NOISE EMISSION LIMI.TS ON CONSTRUCTION NOISE 

TYPE OF EQUIPMENT MAXIMUM NOISE LIMIT 

Date Equipment 
Acquired 

Before 
1-1-1983 

On or After 
1-1-1983 

All equipment 0th.er t.h,m 
highway trucks; including 

85 dBA hand tools and heavy equipment 

Highway trucks in any 
operating mode or location 

90 dBA 

Date Equipment 
Acquired 

Before 
l,-·1-:-1983 

83 dBA 

On or After 
1-1-1983 

80 dBA 

Peak levels due to impact pile drivers may exceed the above noise 
emission limits by 10 d,BA.. 
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II. VIBRATION LEVEL RESTRICTIONS 

A. Vibration Limits in All Area.s: Con.duct construction 

activities in such a manner that vibration levels at a 

distil._nce of 200 ft from the Construction Limits or at 

the nearest affected building, whichever is closer, d_o 

not exceed root-mean-square (rms) vibratio~ velocity 

levels of 0. 01 inches per second in any direction over 
the frequency range of l to 100 ffz. 

B. Special Zo.ne.s: In zones designated by the local agency 

having jurisdiction as a special zone or special 

premise or special facilities, the vibration level and 

wotking time restrictions imposed by the agency shaJ.l 

apply. These zones and work hour restrictions shall be 

obtaine_d by t_he Contractor from the locaJ a_gency. 

III. NOISE .. AND .VIBRATION CONTROL. REQUIREMENTS 

Notwithsta.nding t_l:,Je specific ~oise a_nd vibr·il.t•ion level 

limitations specif,ied herein, u.tiliz.e the noise and 

vibrat.ion cont•rol measures listed below to minimize to the 

greatest eiftent feasible the noise and vi.brat.ion levels in 

a-11 areas outside the Construction Limits. 

- Utilize shields, impervious fences or other physical 

sound b_arriers to inl:,Jibit transmission of noise. 

- Utilize sou·nd retardant housings or enclosures around 

noise producing equipnent. 

- Utilize effective .intake and exhaust mufflers on internal 

combustion engines and compressors. 
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- Line Qr cover hoppers, stor.age bins and chutes with sound 

deadening material. 

- Do not use air or gasoline driven saws. 

- Conduct truck loading, unloading and hauling operations 

so that noise a.nd vibration is kept to a minimum. 

Route construction equi.pment and vehicles catr,ying s:poil, 

concrete or other mate.ria.ls over streets and routes that 

will cause the least disturb.ance to residents in the 

vicinity of the work. Advise the Engineer in writing of 

tJ1e proposed haul routes prior to securing a permit from 

the lQcal government. 

- Site stationary equipment to minimize noise and v.ibrat:ion 

impact on the community, subject to approval of the 

Engineer. 

- Use vibratory pile drivers or augering .for setting ·pfles 

in lieu of impact piie drivers. If impact pile drivers 

must be used, their use is restricted to the hours from 

8:oo··a.m. to 5:00 p.m. weekdays in residential and in 

semi- residential/ co1_1tmerc~a_l areas, 
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Chapter 7 

PRESSURE TRANS.IENTS 

MTA LIBRARY 
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7.. PRESS.URE TRANSIENTS 

This chapter concerns the prediction and alleviation of subway 
dynamic pressure transients at the Metro Rail system. Such air 
pressure tr-ansients, which occur during operations in subway, can 
adversely affect passe11ger comfort a11d can cau_se significant 
dynamic loading of subway structure C:omponents such as walls, 
doors, vent dampers, and ceilings. Car interior pressure 
transient magnitudes and rates of rise are predicted for trains 
passing the f·an and vent sh_afts proposed along line sections of 
the subway tunnels. Pressure transients created at these 
locations will be the most severe of all transients generated 
within the system, and as such, will be the determining factor 
regardJng criteria. Porta_ls a_re not considered within this 
analysis since revenue operation will b_e confined entirely within 
the line subway tunnels. worst case desig·n pressure loads are 
given for fan and vent shaft dampers and cross passage doors. 
Fina:),ly a comment is incJ,uded rega_rding suspended ceiling design 
within stations. Criteria for car interior and tunnel pressure 
transients are discussed. 

Estimates of the subway wall friction and tr.ain skin friction are 
based on the literature contained in the "Subway Environmental 
De?ig11 Handbook, Pr-inciples and Applications,• Volume l, 2nd 
Edition (1976). A discussion of tl:_le nat,.;re of pressu_re 
transients, their magnitudes, and c:Ontrol techniques is presented 
in the Handbook of Urban Rail Noise and Vibration Control, 
pu_blished by the U. S. Transportation (1982). This latter work 
forms the st9-_rting point for the prediction techniques used for 
the Metro .Rail system. Much of these techniques are based upon 
measurement data collected at BART and at the Washi11gton 
Metrcopolitail Ti:.ansit Authority over the past several years by 
Wilson, Ihrig_ & Associates. 

This chapter is organized in foilt: parts, the first part disc·usses 
the nature of pressure transients, including significant 
parameters a_nd the significance of pressure transients for the 
Metro Rail system.- The second part presents the i_nput parameters 
used for predicting exterior and interior pressure transients 
within the subway iiystem duting fail and ve·rit shaft passage. The 
third part concerns estimated car interior pressure magnitudes and 
rates of rise, and the fourth part concerns the expected maximum 
design ·1oad_s for fan and vent shaft dampers and partitions between 
tunnels. Also contained in Section 7. 4 is a note regarding the 
design of station ceilings located over the trackway. 

7. l Nature of Pressure Transients 

The nature of pressure transient generation within su:bway systems 
is discussed in detail in the "Handbook of Urban Rail Noise and 
Vibration Control,• Chapter 13. The pressure transient phenomenon 
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is distinct from the pressures normally associated with a_i rf low 
within ducts because the transients are of significantly higher 
magnitude than would be estimated on the basis of pressure due to 
fiow. A.s a t;-ain enters ~ Sllbw_ay tunnel, or passes a fa_n or vent 
shaft, th_e "piston-action" of the train induces a pressure wave 
which propagates ahead of the train at sonic velocity and is 
reflected by cross passages, vent shafts, stat ion structures, or 
otl:_Jer discontinuities in. the subway geometry. The stiffness of 
the air ah_ead of tl:_Je tra_in prior to i?.rrival of a ref:lected wave :i,s 
extremely high, deterll)ined prii:narily by t,l:_Je acoustic iJnpedance of 
air, which may be derived from linearized gas la:ws for 
compressible flow. As a result, most of the air displaced by a 
train entering a tunnel is forced 9u·t through the train-tunne.l 
annulus, resulting in very hi_gh relative velocities between the 
annular air and train. The high relative velocity, in turn, 
produces a very high pressure transient ahead of the train. 

The most severe pressure tra_nsie.n.ts will be those generated du.ring 
passage of l.iile fan and vent shafts. Experience of WMATA and BART 
indicates that these transients are similar if not equivalent to 
those predicted for a train e,citing a tu_nnel a11d immed_iately 
entering a second tunnel as though the second tunnel had a blunt 
portal.. Thus the lead car interior transient consists of two 
parts. One part is the pressure rise to atmospheric as the lead 
car enters the fan or vent shaft area, followed by an additional 
and more severe rise as the lead car enters the next tunnel 
section. The subsequent d.se conti_nues until the train tail 
enters the tunnel or until a reflected wave arrives back at the 
train from a .. f'ar:..field cross-passage, station, or portal. 

Two factors should be remembered when considering intet.ior .lead 
car pressur-e t•ransients during passage of a fan or vent shaft. 
One factor is. t_h_at if the tun11el is of sufficient length suc_h that 
no reflected wave from the other end of the tunnel or c·ross 
passage arrives at the train before the train enters the. subway 
tun_nel, then the tunnel c,m be considered as infinite in length, 
throughout the du_r at ion of ti:ain entry. Secondly, the lead car 
inter.ior pressure during train entry into a portal is primarily 
due to the effect of skin friction of the train and tunnel wall 
friction. If these two friction factors were zero, lead car 
interior pressures would be minimal, although some. relatively 
minor varj,atio11 of pressure would be experienced.. Thus, 
minimization of train skin friction and to a lesser extent tunnel 
wail ··friction is of great value in subway structure design where 
high speed train_s witl:_1 high l;llockage ratios are encountered. 

Other parameters which are significant include the blockage ratio 
or the ratio of the train cross sectional area and the tunnel 
cross sectional at ea. Generally, pressure transient magnitudes 
increase as the cube of the blockage ratio. Thus pressure 
transients are of critical importa_nce witl:_lin tunnels of blockage 
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ratio in excess of about o. 4. Train speed is probably the next 
most important factor in pressure transient generation. Pressure 
transient magnitudes vary as the square of train speed, while the 
rate of pressure rise in_cr.ea_se~ as the cube of train speed. Thus 
train speed reduction, although not attract;ive to t_he subwiaiy 
systein desig·ner., .is one of the most effective means of c_ontrolling 
car inter-ior pressure transients. 

The tunnel and train designs proposed for the Metro Rail system 
offer t_he potentia1 for very high pressure transient magnitudes 
and rates of rise, due to a number of factors. One factor is that 
the tunnel lengtps betweeI?, stations may be as high as three miles. 
ventilation requirements dictate that line fan or veri_t shafts be 
located along these tunnel sections, and fire control requirements 
require tJ::iat the cross passage doors be kept closed during subway 
operation. The resu_lt is that tJ::ie trains wil·l be passing fan and 
vent shafts at speeds of as high as 70 mph within tu_nnels of 
uninterrupted lengths on the order of about l mile. Secondly, the 
straight sides of the BRRT/Miami vehicle which has been proposed 
for the syste_m, offers a relat•ively high blockage ratio compared 
to that of the BART vehicle operatin_g wi thip tu11nel_s of compa_i::able 
diameters. Note that the BART vehicle has sloping sides so that 
the cross sectional area of the BART vehicle may ·be somewhat fess 
than the Baltimore/Miami vehicle. 

Two precast concrete tu_n_nel liner designs are proposed for t-he 
alluvial soil and Fernando Puente formation. Prec_ast as well as 
cast~in-place concrete tunnel liners are also proposed for the 
rock t un11els, both with the same cross-se.ctiona1 area and a smooth 
surf ace. Some. of these long earth tunnel sectiqns will evidently 
be constructed of precast concrete tunnel liners, with recesses 
for l:_largwa_re, which pecessarily of-fer a higher friction 
coefficient than the smoother cast-in-place concrete liners. 
Furthermore, the blockage ratio of the precast tunne.l designs for 
the Fernando Puente formation and alluvial s.oils will evidently be 
0,52 to 0.54 as compared with o. 49 for the rock tunnels. Although 
this difference in blockage ratio appears to be small, the cubic 
dependence of pressure magnitude on blockage ratio significantly 
compou11d_s the pressure transient generation problem within the 
precast: tunnel designs for soil. Thus, unless pressure transient 
control strategies are incorporated within the Metro Rail system, 
train speed will l:_lave to b~ limite<J to 50 mph or less during fan 
or vent shaft passage within the high blockage ratio tunnel 
sections to maintain car. inter.ior pressu·re transient magnitudes 
within appropriate criteria. Such controls may include opening of 
cross pia!.S!lage doors during operation, and, possibly, provision of 
a transition section within the line tunne_ls to J::ielp reduce t:he 
pressure transient magni tildes. These types of control procedures 
are discussed below. 
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Finally, cross passage doors and line ventilation shaf.t dampers 
will have to be constructed to withstand significantly higher 
pressu_re loca_ds for the precast tunnel sections proposed for 
alluvial soil and Fernando Puente formation than for the 
poured--in-place circular rock tunnels. • •• 

Although pressure. transients are created as the subway trains 
enter tunnel sections from station areas, train speeds are 
generally low at these locations, and, secondly, the time duration 
is sprecad out over the period of time required for acceleration of 
the train so that tl;le severity of pressure transients a_re 
gener.ally insig·nif.icant in the t:egion of the stations. Bec·ause of 
this, the detailed analysis presented herein does not consider 
pressure transients generated at station entrances to subway 
tWlnels .. 

7_.2 Predict•ion Data Used for the Metro Rail Project 

The input parameters used for prediction of the fan and vent shaft 
passby pressure transients for the Metro Rail system are based on 
transmittals from SCRTD dat•ed January 7, 1983 and March 10, 1983, 
on data given in the Su_bway Environmental Design Handbook, and 
data collected at BART and WMATA Metro by WIA. These parameters 
a_re presented and di.scussed below. 

7.2,1 Train Parameters 

All of the predictions of subway pressure transients presented 
herein are based on the Baltimore/Miami vehicle which has b_een 
proposed f'or use on the Metro Rail .system. Estimates of blockage 
ratio and wetted perimeter were determined from the clearance 
diagram given in Drawi-ng No. AC--16AAA~C-008, sheets 4, 5 and 6. 
The train skin f ri ct ion was assumed to be O. 02, which is 
comparable with the factor· 0. 021 given in the Subway Environmental 
Desig·n Handbo.ok fot the BART vehicle and with the factor 0. 018 
estimated by WIA for the WMATA vehicle.. The train parameters are 
given in Table 7-1. vehicle length is assumed to be 75 ft, and 
the l_l!a_ximum consist is assumed to be 6-cars. Predictions were 
done fot both 2-car trains and 6-car trains. 

7.2.2 Tunnel Parameters 

Three basic tunnel designs were considered in the prediction of 
pressure transients for the Metro Rail system. These are the 
1 iners proposed for the: 1) alluvial soils, 2) Fernando Puente 
formation, and 3). rock:. A:lt_h_ough the tunnel diameters are 
comparable, the slight variation in tunnel diamete_r results in a 
significant change in blockage ratio, and, secondly, the friction 
factors associated with the precast tunnel liners proposed for the 
alluvJ.cil soils and Fernando Puente formation, will be 
significantly higher than for the rock tunne_ls. Tl:_le parameters 
associated with each of these basic subway designs are listed .in 
Table 7-2. 
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Additional tunnel parameter data are presented in Table 7-3 for 
the train/tunnel annulus. Because of the presence of the train, 
the effective hydraulic diameter is reduced, thus requiring 
r~evaluation of relative wall roughness height and related 
parameters. Blockage ratios are als·o presented in Tab)..e 7-3. 

7.2.2.1 Alluvial Sofl Tunnel 

The cross sectional area and wetted perimeter fqr the tun_nel liner 
proposed for the alluvial soils were estimated from drawing No. 
AG-16AAA-C,-Q05. This tunnel liner consists of precast concrete 
sections bolted toge.ther with recesses in each of the precast 
segments to accommodate ttie bolts. Based 011 this d_rawing _ the wal_l 
roughness height was assumed to be about Os 4 ft with an effective 
rib separation of about 1. 3 ft, although these liners are not 
ribbed in the sense of the steel tunnel liners used on may 
systems. The tunnel parameters for the alluyia_l soil tu_n_ne.:!,s are 
given in Table. 7-2 together with estimates of relative roughness 
height, relative rib .separation., and an overall tunnel friction 
factor. These latter estimates ar-e based on procedures given in 
the Subway Environmental Design Handbook. 

The blockage ratio for· the alluvial soil tunnel is O. 54 and the 
hydraulic diameter for the a_nr.iu)..us is estimated to be 6. 8 f,t for 
purposes of computation of relative wall rough_ne_ss height and 
relative rib separation in the annulus. The resulting overall 
friction factor for the annular tunnel wall fr U::tion ·is O. 1, 
considera_bly h_igher tha_n the friction factor estimated for the 
subway tunnel without train. 

7.2.2.2 Fernando Puente Formation 

The second tunnel liner design considered in the prediction of 
pressure tr-ansients is that proposed for the Fernando Puente 
formation. Estimates of cross sectional area and wetted perimeter 
were based on Drawing No. AC-16AAA-C-006. Since the tunnel liner 
includes recesses for bolts, a roughness height of about 0. 4 ft 
was assumed together with an effective r,ib separation of .1. 3 ft, 
as was done for the alluvial soils tunnel. I"nspection of the 
drawings .i.nd_icates that the Fernando Puente formation interior 
surf aces are perhaps smoother than the alluvial soil tunnels, so 
that the estimate of overall tunnel friction of 0. 042 may be 
ei:cces s ive for this tunnel. 

The blockage ratio is 0 .. 52 with a hydraulic diameter of the 
annular cross-section of 7.3 ft. Again a wall roughness height of 
0.4 ft gives an overall annular tunnel wall friction factor, 
including trac·k fixation and miscellaneous hardware, of 0.1, the 
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same as for the a_lluvial soil tun_nel. As noted above, tl:_Je 
friction factor fot the annulus in the case of the Fernando Puente 
formation tunnel is relatively high, compared with the tunnel wall 
fr-iction factor in the absence of trains. 

7. 2. 2. 3 Rock Tunnel 

The estimates of cross sect•ional area and wetted peri-meter for the 
circular rock tunnels were based on drawing AC-16AAA-C-003 which 
shows two basic tunnel designs. One design is a circular 
ca,st~in-place concrete tunnel and the other design is a precast 
concrete liner which evide_ntly l:_11:1s a SJ\IOOt_h tnterior surface. In 
both cases a wall roughness height of 0. 003 ft was assumed and the 
overall tunnel friction factor was estimated to be o. 028, 
con_sistent with that given in the Subway Environmental Design 
Handbook for a typica::!, srnootl:_J bore tunnel. 

For the estimation of annular tunnel wall friction, the wall 
roughness height fot the concrete is again assumed to.be O. 003 ft 
and the hydr-aulic diameter of the annulus is estimated to be 8 ft. 
'i'he resulting overall friction factor, including that due to the 
track fixation and miscellaneous hardware, is estimated to be 
0.03. The r.ock tunnel exhibits both the lowest frictio,;i factor, 
as well as the lowest blockage ratio of all three subway tunnel 
designs, and thus we predict that the pressure transients created 
within 1:he circular rock tunnels will be the least severe of the 
three designs. 

7. 2. 3 Miscellaneous Factor-s 

For estimation of steady state pressures prior to vent shaft 
passage, air-flow loss factors of O.O and 1.0 were estimated for 
air entering and leaving the subway tunne.l sections, respectively. 
These factors are lo.sses due to turning of air as it enters ai:id 
leaves the subway tunnel through the vent shafts at either end of 
the tun,;iel section. They have not been estimated by detailed 
study of vent or fan shaft design, since such designs are 
presently not availabJ.e, and since the turning losses associated 
with these f.an and vent shafts ate less si.9nificant than the 
overall losses due to friction along the tunnel. Finally for 
esti111ation of the pressure transient rise following the passage of 
the vent shaft, the l_Oss factor for air exiting the train annulus 
and venting through the vent shaft is assumed to be 1. O. 

For estimation of the .steady state pressure prior to passage of 
t..he line vent or fan shafts, the train nose and train tail loss 
factors were assumed to be 0.1. For the post passage pressu_re 
ti.se, the train nose loss factor was assumed to be 0.0 since it 
contributes negligibly to the overall pressure transient; _Since 
the train tail is not considered i.n the prediction Of tunnel entry 
pre_ssure transients, no loss factor is required for the tail. 
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7.2.4 Tunnel Configuration 

Estimates of tunnel lengths for use in prediction of fan and vent 
shaft pressure tra_n_sients were based on the Metro Rail starter 
line schematic diag·ram Drawing AB-14AAA-C-103. Based on this 
drawing, and on line vent shaft location information supplied by 
tl:_le SCRTD letter dated March 10, 1983, the pressure transients 
created at each of the line vent or fan shaft structures will be 
essentially similar in most respects. -Thus a typical -
configuration was assumed for prediction purposes, consisting of a 
line vent or fan .shaft positioned midway within a tunnel of 10,000 
ft length, 'l'hus, for modeling purposes, we assumed t•hat the train 
leaves a 5,000 ft sect-ion, passes the shaft, and enters the second 
5,000 ft tunnel section beyond the vent shaft location. 

Further infot!itation supplied by SCRTD indicates th_at cross 
passages will be located at approximately 500 ft intervals within 
each of the tu11nel sections. Prediction of car interior pressures 
were developed for two cases. The first case was i.ritl:_l a_ll c::ross 
passage doorways closed., and the second case was with the cross 
passage doors nea_rest the fan and vent shafts open, al-1 other 
cross passage doors being cios.ed. The purpose in investigating 
the latter case was to investigate a practical and inexpensive 
pressure transient control strategy for the Metro Rail system. 
All of the cross passage doors are intended to be kept closed for 
fire and smoke control purposes. However, open_ing a cross passage 
at approximately 500 ft from the fan ot vent shaft will be one of 
the most effective means of controlling air pressure within the 
subway car during passage of the fan or vent shaft., and it will be 
the 011ly effective method for controlling such pressure if speed 
restriction:s are not imposed. 

7_. 2. 5 Train Speed 

A speed profile was included with the letter from SCRTD dated 
March 10, 1983, indicating that the maxil!lum train speed during 
passage of the line fan or vent shafts wil_l be 70 mpl:_l, tl:_le maximum 
speed projected for the system. Pressure magnitudes tend to vary 
as the square of train velocity, thus the associated pr.essure 
transient magnitude will be extreme. Sinc::e an effective means for 
controlling the pressure transients includes speed restrictions at 
fan or vent shaft locations, speeds of 50 mph and 60 mph were also 
considered in addition to the speed of 70 mph for the purpose of 
pr edi ct-ion. 

7.3 Car Interior Pressure 

This section presents estimates of car interior pressur.e transient 
magnitudes which may be experienced by people riding the Metro 
Rail trains. Although a num_ber of sign_ificant causes of pressure 
transients are considered in th-is section, the. emphasis is placed 
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on the pressure transients occurring during fan and vent sl:_laft 
passage. Detailed predictions are thus given only for these 
events. Note that portal entry is not a signif.icant. concer.n for 
the Metro Rail system since revenue operation is not anticipated 
at portal locations. This section also includes criteria for car 
iriter.ior pressure, a listing of the signi._fica_nt c~uses of prei;;sure 
traris.ients, and results of pressure transient predictio_ns at fan 
and vent shafts. • 

7.3.l Criteria For Car Interior Pressure Transients 

The recolllillended criteria for rapid pressure changes, applicable 
when the change in pressure is greater than 0.1 psi, is tl:_lat _no 
person, patron or employee shall be subjected to a rate of 
pressure change gr·eater tlla_n 0. 06 psi/sec. Slightly more 
restr.icted criteria have been applied to the BART system du.ring 
the 1960's and early 70's. The criteria stated above have been 
applied to most of the transit systems curr-ently under design 
within the U_nited States, and as of this wr-iting, we ar-e unawar.e 
of any recommended changes in the criteria. 

An exte_nsive discussion of the criteria and the relationship to 
aircraft pre:ssure cr-iter-ia are presented in the Subway 
Erivirorll!le_ntal Design Handbook. The criteria are also discussed in 
the Handbook of Urban Rail Noise and Vibr·at-ion Control, where it 
is pointed out that "the rise rate criterion is difficult to apply 
to certain complex pressure transients. The reason fo_r this is 
that the pressure transient .signature can be very complex, 
extiibit-ing mult-iple peaks, so that the actual rate of. rise. is 
difficult to determine. Finally, a_s poi_nted out -in the Handbook 
of Urban Rail Noise and Vibration Control, these criteria are 
exceeded on almost every moder.n transit system with high speed 
trai_ns a_nd high blockage ratios. The criteria will also .be 
exceeded on th_e Metro Rail system at the fan and vent shaft 
locations without some provision for air pressure control, either 
in the way of a far-field open cross pa_ssage, speed restriction, 
or both. 

7.3.2 Significant Causes of Car Interior Pressu_re Tra.1'.lsients at 
the Metro Rail System 

This section prese_nts a short q._iscussion regarding each of the 
anticipated significant causes of pressure transie_nts o_n the Met·ro 
Rail system, together with an estimate of their relative 
s{gnifica_nce, Note that portal entry pressure transients are not 
considered, since portals will _not be located along revenue 
sections at the system. 
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7. 3. 2 .. 1 Fan and vent Shafts 

As previously discussed, by fat the most signifiCant pressure 
transients will be created at the f-an and vent shafts.on the line 
sect-ions of the subway tunnels. The nature of the pressure 
transients created at these locations is discussed in detail in 
Appendix C. 

7.3.2.2 Cross Passages 

Sign_if-icant cat interior pressure transients will be created when 
tr.ains encounter cross passages betweer,i subway tunnelis. However, 
our experience is that these pressure tr.ansient magnitudes are 
gen er ally below O. 1 psi, provided that tl:_le cross passage cross 
sectional ar-ea is relatively small. compared to the subway tunnel 
cross sectional area so that frictional losses through the cross 
passage will be high enough to induce or maintain si.<;j"nificant air 
velocities a.head of the cross passage location prior to train 
passage. In this regard, large open cross passages between 
tunnels should be avoided, Note that for the Metro Rail system, 
the cross passages between tunnels will be kept closed primarily 
for fire and smoke control. Since no pressure transient will be 
created if the croi;s pa_ssage is closed, these types of tra.nsients 
have not been considered in detail .. 

7. 3. 2. 3 Tunnel Entrances at Stations 

Relatively minor pressure tran_sients are created as train_is enter 
tunnel sections from subway platform areas. However, at these 
loca.tior,is, train speed is generally low, although increasing at a 
constant a9celeration. The result is that the pressure transient 
due to trair,i entry at tl:_le station is reduced in magnitude and 
e.xtended over, a much longer time period than tl:_lat which might be 
normally associated with a high speed entry into a blunt portal. 
Measurement data collected at WMATA suggest that pressure 
traI)._sients at station entrances do not exceed criteria. 

7.3.2.4 Otl:le.r Trains 

Other trains operating in the subway will have negligible effect 
on car inter-ior pressure transients. This is because the entire 
subway system is proposed to be built with single track tunnels 
witl:_lout adjoining open cross passages. Even at line vent 
structures, no cross passa.ge is proposed. The only area where 
some possible interaction may occur exists at locatior,is wl:_lere 
double crossovers are positioned. However, since these are 
located near stations, train speed should be low, and resulting 
pressure transients should be minimal. 
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7. 3. 2. 5 Speed Variation 

Speed variation will have a minimal effect on car interior 
pre_ssure 1:ransients d_ue to th_e long time pei:iod_s required for 
acceleration and/or deceleration of the train. 

7 . .3. 3 Predi.cted Cat. Interior Pressure Transients Diiring Fan and 
vent Shaft Passby 

Th.is section concerns pr edict ion results for lead car and tr-ailing 
car interior pressu_re tra_nsie_nt magnitudes and rates of rise 
during passage of the .l.ine vent structures on the Metro Rail 
system. The predictions are for three train speeds of 50, 60 and 
70 mph, the three proposed tunnel designs: for the alluvial .soils, 
the Fernando Puente formations, and the rock tu_nnels, and for 
two-car and six-car trains. Predictions are given for two cases: 
the first case with all cross passage doors closed, the second 
case with th_e first cross passage door beyond the fan or vent 
shaft open. 

7.3.3.1 Lead Car Interior Pressure 

Lead car interior, pressure magnitudes and rates of rise, generated 
during fan and/or vent sh_a_ft passbys, c!lre presented in Ta_ble 7-4 
for two and six--car tra_in_s. TIJ.e computecl lEa!ad car i_nterior 
pressure transient signatu_res for eacl:_l of the t-h_ree ba_sic tunnels 
are plotted in Figiltes 7-1 through 7-3 for 70 mph train speeds. 
The time 0. 0 seconds corresponds to the time at which the lead car 
enters the tunnel beyond the shaft. The lead car interior 
pre_ssure_ transient consists of a pressure rise as the lead car 
enters the fan or vent shaft area, followed by a fu_rther rise a_s 
the lead car penetrates the tunnel section beyond the fan or vent 
shaft. The d.se continues until the tail of the train passes the 
vent shaft, (these times are indicated in Figures 7-1 through 7-3) 
or unti:L a reflected wave from a far field cross passage ahead of 
the train arrives back at the train nose. 

The maximum predicted pressure transient is for a six-car train 
passing at 70 mph within the alluvial soil tunnel, with the cross 
passages closed.. The predicted total rise is approximately o. 5 
psi, with an overall rate of rise of 0 .. 12 psi/sec .. The 
corresponding pressure for the two-car train is significantly 
lower than for the six-car train. However the rate of rise is 
higher. ·Altl:_lougl:_l the length of the two-car train compared with 
the six-car tr.ain results in a significant lowering of the overall 
pressure rise, the shorter train length decreases the effect-ive 
duratiol), of the pr-essure transient, thereby increasing the rate of 
rise. At . .50 mph, the overall r:ise within the alluvial soil tunnel 
will be O. 2 and 0. 29 psi/sec for two-car and s-ix-car trains with 
an overall rate of rise O. 09 and O. 05 psi/sec. Note that the car 
interior pressure transient criterion is t_h_at t_he rate of rise 
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shall not not exceed 0.06 psi/sec for a transient in excess of 0.1 
psi. Thus, lead car interior pressure transients within the 
aliuvi~_l soi_l t1.m_nel_s w_il_l be near cri teriOJ'.l for tra_in speeds of 
about 50 mph. 

The overall mag·nitudes and rates of rise for lead car interior 
pressures for two and six-car trains operating within the Fernando 
PueJ'.lte tu_n_nels will be slightly less than those predicted for the 
allu·vial soil tunnels, primarily due to a slightly lower blockage 
ratio for the Fernando Puente t'imnel, compared with the alluvial 
soil tunnel. Again, speed restrictions of approximately 50 mph 
will be required in the neighborhood of the fan or vent shafts for 
the Fernando Puente tunnels if the cross passages remain ciosed. 

The lead car interior pressure transient for two and six-car 
trains operating within the rock tunnels are pr.edicted to be very 
much lower than the pressure transients for the alluvial and 
Fernando Puente tunnel designs. This is due to both a 
sigl'.lifica_ntly _lower block1ige ratio compared with the former two 
tunJ'.lels, together with a lower tunnel wall fr-iction factor, ·which 
results in l.ess severe steady state negative pressures prior to 
vent passage. However, the effect of tunnel wall friction .is less 
than the effect of the blockage ratio for this type of pressure 
traJ'.lsient. 

The overall predicted magnitudes for the trains operating in the 
rock tunnels are consistent with observed pressure transient 
magnitudes measured at the WMATA Metro System for trains operating 
within a rock tunnei with 0.47 blockage ratio. Judging from the 
predicted pressure transient magnitudes and the· rates of rise 
given in Table 7-4, the overall rate of rise for the six-car train 
operating at 70 mph will be just above criteria, although tile 
t_otal rise wi;Ll be O. 31 psi. The two-car traiJ'.l ll_owever will 
produce a car _il'.lterior pressure rise of significantly lower 
magnitude b_ut higher average rate of rise, as computed over the 
duration of the tr.ansient. However, the pressure transient 
predicted for the two-car train will b_e much less irr.itating to 
passengers than that predicted for the six-car train, primarily 
because of the much lower amplitude. For the six-car train at 70 
ll'ph the rate of rise is determined by dividing the overall rise by 
the duration of the transient, and because of the length of the 
transient, the overal_l rate of rise is a.bout 0.07 psi/sec, The 
initial part of the pressure transient for the six-car t-rain, will 
actually have significantly higher r-ate of rise than that given in 
T.able 7-4, and will be comparable with that given for the two-car 
train. 

Lead car interior pressure transients are predicted for the case 
of two car and six-car trains passing the fan or vent shafts with 
the first cross passage beyond the fan or vent shaft open. 
Opening the cross passage door will cause a wave to be reflected 
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back to the train nose, thus helping to reduce the pressure 
transient magnitude. The initial shape of the pressure transient 
signature will remain essentially unchanged until the arrival of 
tl:_le r e_f lected wave.. For all three s1,1bway tunnel desigris, the 
effect of opening t_he cross passage door is very significant. The 
reduction in over-all pressure tt-ansient magnitude for the two-car 
train achieved by opening the cross passage is about twenty 
percent, whereas for the six-,.car train the reduct•ion is about 
f.ifty-si:it percent. For the two-car train, the average rate of 
rise is also .increased significantly due to shortening of 
transient duration. For the six-car train, the average rate of 
rise, calculated _over the now shortened duration of the overall 
tran:sient, is higher tha_n that ca'.i.culated f.or the case with the 
.cross passages closed. However this again is due to the method 
for which the overall rate of rise is computed. Th_e i11_itial rate 
of rise over the .f.itst O. l psi change in pressure will not be 
effected by the cross passage opening, sirice the .iri1t1al part of 
the transient is not affected until the reflected wave ar.rives 
from the cross pa_ssage, The time of arriva_l required for the 
cross passage reflected wave is approximately l second, since the 
cross passage is assumed to be about 500 ft f-rom the fan or vent 
shaft. 

The prediction data given in Table 7-4 indi.cate that the lead car 
interior pressure transient magnitude will vary less .severly than 
the square of the train speed by a small amount. The pressur-e 
transient magnitudes for 50 mph are about forty percent les.s than 
those given for the 70 mph speeds. The lowest pressure transients 
predicted for either two or six-ca-r trains, are for train speeds 
of 50 mpl:_l with the f·irst cross passage beyond the fan or vent 
shaft opened. Under these conditions, the car interior pressure 
transient should be generally close to the acceptability cr.iter.ia 
for the rock tunnels. 

Although the opening of the first cross pa_ssage beyond the fan or 
vent shaft significantly reduces the car interior pressure 
transient magnitude, the additional effect achieved by opening 
additional cross pa_ssages beyond the first will be of marginal 
sigriificanc:e, with respect to the transient g~nerated during 
passage of the vent shaft. This is because of the way that 
pressure waves interact and reflect at the second cross passage. 
In effect, the wave generated by the train passing the fan or vent 
shaft encounters the f.irst cross passage and equal wave amplitudes 
are induced in both tunnel sections beyond the first cr.oss 
passage, so that t•heir effect is to cancel each other at. the 
second cross passage. However, this is only for the first few 
seconds of the pressure transient. The opening of the second 
cross passage, will result in a reduction of the pr.essiire 
transient crea_ted within the :J:ead ca_i: as the lead car passes the 
f.irst open cross passage, although the pressure transient created 
dur-ing passage of the first cross passage should be milch less 
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significant than that generated during passage of the fan or vent 
shaft. Nevertheless, opening of the second c_ross passage would be 
of overa:J.l benefit for car interior pressure transients, 

7. 3. 3. 2 Trailing Car Interior Pressur.e Transients 

Trailing car interior pressure transient magnitudes and r.ates of 
rise are presented in Table 7-5 for the alluvial soil, Fernando 
Puente formation,, and rock tunnels. These trailing car interior 
pressu_re transients begin as the train nose passes th_e fan· or vent 
shaft, a11d continue until the train tail completes passage of the 
fan or ·vent shaft. Prior t:o passage of the f,an or vent shaft, the 
steady state pressure within the trailing car is depressed below 
atmospheric by an amount consisting of the sum of the Bern_ou_lli 
drop at the t_rain nose and _the pressure due to frictional losses 
along the train in the annu.la_r space. As the train progresses by 
the fan or vent shaft, these pressure drops i:nust be overcome, so 
th_at as the trailing car passes the fan or vent shaft, the 
pressure rises to about atmospheric level. As the trailing car 
enters the tunnel section beyond the fan or vent shaft, the 
trailing car pressure d_ecreases due to a Bernoulli drop associated 
with the air leaving t_he an_nular space at the train tail, 
effectively terminating t}:ie pre_ssure transient. 

The highest pressure transie:its are predicted for the alluvial 
soil tunnel while t_t1e lowest are predicted for- the rock tunnels, 
because the al1u·v1a1 soil tunnels will h_ave the highest blockage 
ratio and tunnel wall friction. Whereas tunnel wall frict·ion is 
not of great import·ance f.or lead car interior pressure during 
tunnel entries, the trailing car interior pressure prior to a fan 
or vent shaft or for a train leaving a tu_n_i1eJ, are strongly 
influence by the tunnel wall f!'iction in addition to the train 
s.kin friction. The tra_iling car interior pressure transient 
magnitudes are almost exactly proportional to the square of the 
train speed. 

The. pressure transient magnitudes predicted for the six-car train 
a.re only slightly higher than that predicted for the two-caJ 
trains. The rates of rise for the six-car trains are much lower 
than those· predicted for the two-car trains. The l..ower r·ate of 
rise predicted for the six-car train is due to the much longer 
time period required for the six-car train to pass the fan or vent 
shaft as compared to that for the two-car train. Thus, for all 
three tunnel designs, and for all three train speeds, the pressure 
transient i_n the trailing car will be similar to or less than the 
rate of rise of 0,66 psi/sec, even for pressure rises of as much 
as 0. 3 psi as predicted for the alluvial soil.. tun_nel for 70 mph 
train speeds. However, for the two-car trains, the rates of rise 
wil_l exceed the cri ter-ion at all speeds greater t°t1an 50 i:npl),, For 
the rock t:unnels, operation at 60 mph will result in a predicted 
rate of rise of only about 0. 08 psi/sec for an over.all magnitude 
of 0 ... 13 psi. Although thJs pressure transient is somewhat in 
excess of the criterion, it is not particularly severe. 
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No distinctior_1 was lll_ade betwee_n tun_nels with c_ross passages 
nearest the fan or vent ·sh_aft open or closed since t_he e>penir_lg of 
those c"ross passages closest to the fan or vent shaft will 
probably have only a small effect on the trailing car interior 
pressure transient magnitudes. The geher-al effect would be to 
redu_ce the pressure transient magnitude and also reduce the rate 
of rise. _ If all of the cross passages were kept open, trailing 
car interior pressure wou_ld probably be signi-ficant-ly reduced, 
because of reduced drag on the train. 

7. 4 Subway Design Consider at-ions 

Estimates of maximum loads due to pressure transients within the 
subway system are pr-esented in this section fo·r fan and v:ent shaft 
dampers a_nd part-it-ions between li-ne tunnels. Partitions between 
line tu_n,nels may consist of cross passage doors or concrete 
masonry walls erected !l,t 1 i_r_ie f·an or vent shaft locations. An 
additional cortllilent is included regarding the design of su_spended 
ceilings within the stations. 

Historically, fan ar_1d_ vent shaft dampers and partitions between 
tunnels, specifically cross passage doors and concrete ma_sonry 
walls, have suffered damage due to pressure transi.ent loading and 
h_ave requ:j,red redesign and retrofit. The estimated maximum loads 
given herein are worst case maxilll_um loa_ds, so t_hat no ad_dJ tior_1a_l 
margin of error is required for design purpc:>ses, other than safety 
factors associated with component fatigue and reliability. 

7.4.1 Vent and Fan Sbaft Damper Loads 

Maxi_mum anticipated loads for fan and vent shaft dampers are 
presented in Table 7--6 for three configurations. These include 
vents located_ near statior_1s, single fall or vent shafts located 
within line tunnel sections, and finally mu_ltiple fan or ver_1t 
shafts located within a single tunnel section. Here a tunr_1el 
sect-ion is a tunnel terminated at either end by stations. 
AlthougJ;l portals are not •included in the analysis, a line vent or 
fan shaft located witl:!in a subway SE!Ction terminated at at least 
one end by a portal, should be considered as a multiple far_1 or 
vent shaft tunnel section. All maximum loads are estimated for a 
train speed of 70 mph. Should higher train speed be anticipated 
in the future, th_ese magnitudes should be -increased by a factor 
proportional to t_he square of t-rain velocity. 

The maxim1J111 anticipated damper loads for fan or vent shafts 
located within line tunnels wit_h two or more fan shafts are based 
on the maximum predicted static pressure developed ahead of the 
trair:i as it passes a fan or vent shaft at 70 mph. In this case 
the dampers of the fan or ver:it sh_a_ft being passed are assumed to 
be open, while the dampers of the fan or vent shaft a_head of the 
train are assumed to be closed. This may or may not represent the 
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a_nticipated operating condition, but it does reflect a possible 
mode which can result in significant damage to the dampers of the 
closed fan or vent shaft located ahead of the train. If the 
dampers of the fan or vent sl:_l_a_ft being passed are also closed, 
then no pressure transient would be generated d'.urin:g train 
passage. 

For tunnel sections with a single line vent or fan shaft be.tween 
stations, tl:le 1_1taximwn damper load is difficult to predict, since 
the magnitude depeng_s on train speed variation as the t 0rain enters 
the tunnel section from tl:_le station area. However, as the train 
passes the line vent, the steady state pressure in t_he 
neighborhood of the train as the train passes tl:_le f·a_ll or vent 
shaft will result in .significant pressure loads at high speed, 
especiall,y for two--car trains. For tunnels with single line vent 
or fan shafts, the m_a_xi1_11um damper loads are simply estimated to be 
about 60% of the maximum estimated pressure for the multiple line 
vents. 

The maxi_m_um estimated damper loads for vent shafts located at 
station ancillary areas are a.bout 20 lb/sq ft, and are b_ased on 
measurements at the WMATA. These maximum loads for station vent 
shafts ar.e also r.ecommended in the Handbook of Urban Rail· Noise 
and Vibration Control. 

7.4.2 Partitions Between Tunnels 

Maximum pressure tra_n_sient loads for inter-tu:i:inel partitions and 
cross passage doors are presented in Table 7-7 for anticipated 
train speeds of 70 mph. The term "inter-tunner partitions" in 
this case refers to structures such as CMU (concrete masonry unit) 
walls at 1 ine tunnel locations, such as at a fan or vent shaft 
location. Si;nilarly these maximum design loads are for ctoss 
passage doors located within line tunnel sections. Pressure 
transient loa_ds for CMU walJ.s a_nl;l/or cross passage doors loc::ated 
at tunnel ancillary facilities adjacent to station·s will suffer 
much lower pr.essur·e transient loadings. 

The maximum design loads given in Table 7-7 are based on the 
pressure differential produced by a train passing a fan or vent 
shaft in one tunnel and the negative static pressure at the train 
tail of a train passing the cross passage do.or or partition in the 
adj-acent tunnel. Thus, the maximum anticipated loads for the 
inter tun11e_l pa_rti ti oils or cross passage doors are significantly 
greater than the loads anticipated for t_he fa_n or vent shaft 
dampers. For tunnels without. line fan or vent shafts, the maximum 
anticipated loadings are anticipated be about one-half those given 
for tunnels with li11e vents or fa_n shaft_s, a_lthougl:_l detailed 
es ti mates have. not been made for these C:orif igur at ions. Should a 
train speed in excess of 70 mph be anticipated .in the future, the 
design load given in Table 7-7 should be increased by the square 
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of train velocity. Finally, the predicted pressure transient 
loads for inter-tunnel partitions within the alluvial soil tunnels 
"7itl:_l line f·an or vent sha-fts are approximately 50% higher than the 
design _loads recommended for the rock tunnels. This is due to a 
combination of higher- blockage ratio and higher tunnel wall 
friction factor for the alluvial soil tunnels. 

F.inally, sliding doors may be preferable to hinged doors since 
hinged doors, if the hardware is broken, may slam open arid closed 
due to pressure transients and air flow within the tunnels. 
Slid_ing doors would be less prone to this problem. 

7.. 4. 3 Stations 

The only critical design consideration in station construction 
concerns the pressure loading of suspended ceilin_gs directly over 
the track. Generally speaking, suspended ceilings should be 
avoided over the track since the passing train. induces a positive 
or upward pressure load against the bottom of the ceiling, 
followed by a rapidly decreasing pressure as the head of the train 
passes the location. If i:ln air volume exists behind the suspended 
ceiling, the suspended ceili_ng wi!l be subjected to a significant 
transient load as the train travels do"7n t_he track. Tl:_le 
Washington Metropolitan Transit. Authority has experienced 
s•ignificant problems with suspended ceilings over the trackways. 
T·he measureinents at WMATA _Metro ind_icated tha_t for train speeds 
normally encountered at stat ions, .i.e. 40 mph or less, the dynamic 
pressure loads acting on the station ceilings are less than 15 
lbs/sq ft. Based on this experience, suspended ceilings should 
either be entirely avoided or the ceiling .elements shoqld be 
desig·ned. to withstand a pressure transient load of 15 lbs/sq ft. 

7.5 Recommendations 

7.5.1 Alternative Vehicle Designs 

The proposed vehic_le for the Metro Rail system is the existing 
Baltimore/Miami vehicle, manufactu_red by BUDD, which has vertical 
sides. The blockage ratio for this type of vehicle operating 
within the tunnels proposed for the Metro Rail system is high 
comparei:l'i:..ith the block.age ratios at the Bay Area Rapid Transit 
system. BART vehicles have sloping slides which result in a lower 
cross-sectional area for the vehicle than would be the case with 
vehicles with vertical sides. Typical blockage ratios on the BART 
system are 0. 43 for the four-mile-long Berkeley Hills tunnel. The 
blockage ratio for the B_ART vehicle in the transbay tube is about 
0. 49. These figures may be compared wit_h the blockag~ ratio 
anticipated for the Metr.o Rail systein with the BRRT/Miami veh_icle 
of 0.49 to 0.54 for the proposed tunnel designs. Sinc::e the 
magnitude and rate of ri.se of pr.essure transients varies strongly 
with blockage ratio, the conclusion is that the use of a vehicle 
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with sloped slides will result i_n significantly lower pres~ure 
transient magnitudes. Since it is proposed to operate trains at 
maximum speed within the. line subway .sections, and Since these 
subway sections are very long, attention should be focused upon 
reduction_ o:f blockage r.atio by vehicle selection. 

7 .5.2 Contt61 of Pressur,e .Ttansient Generation at Fan and Vent 
Sha-fts 

Since high speed passage of fan or vent shafts is esti_m_ated to 
produce car interior pressure transient magnitudes in excess of 
the criteria, attention should be focused on some type of pressure 
transient control strategy, especially if speed restrictions are 
not included. One such strategy essentially consists of the 
provisi.on for an open cross passage between the tunnels at about 
500 ft beyond the fan or vent Shaft. Since the proposed tunnel 
designs include provi.sion of cr-oSs pas·sages at about a 500 ft 
separation, this type of pressure transient control technique can 
be easily accomplished simply by opening a cross passage cioor. 
However, the fire and smoke control techniques currently 
considered require the cross passage doors be kept closed. Thus, 
some alternative procedure for controlling pressure transients is 
required, i_f speed reductions are not incorpo!'ated. 

One possible technique for reducing the pressure trarisient 
magnitude and rate of r-ise during passage of a fan or vent shaft, 
is to include some type of active control of the fan or vent shaft 
dampers during the passage of the train. Specifically, .if. the 
dampers we.re closed approximately ten seconds prior to passage of 
the. fan or vent shaft by the ti:ain nose, air flow would be induced 
in the tunnel ahead of the train prior to passage, thus resulting 
in a lowering of the pressure transient. magnitude and a 
lengtheni_ng oj: its duration. The dampers could then be opened as 
soon as the train tail passes the fan or vent shaft. This ty.pe of 
pressure control strategy has hot been used on any transit system 
in the U.S.A. The prediction of the pressure transient which 
occurs during passage of the vent shaft with this type of active 
damper co_ntrol is riot possil;>;Le l(l'ith th_e current models in use. 
Howeyer, the pressure transient magnitude should be reduced and 
its duration Should be increased so that the overall rate of rise 
will be significantly reduced relative to those.transients 
generated during passage of a :fan or vent shaft with dampers open. 
If this type of pressure transient control strategy can be 
incorporated on the Metro Rail system, additional analyses are 
recommended to determine the most appropriate timing for the 
closing ?(_nd subsequent opening of th_e dampers. Note that the 
actual timing can also be evaluated in the fie],d and adjusted to 
achieve acceptable car interior pressure transients. 
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A third pressure transient control strategy for the fan or vent 
shaft passby consists of the provision of a flared transition 
section ·within the subway.· This would extend t·he duration of the 
pressure transient and provide a delay of car interior pressure 
transient ri.se dur,ing penetration of the tunnel beyond the shaft 
until a reflected wave from an open cross passage arrives at the 
lead car to help reduce the pressur,e transient rnag·nitude. Since 
this type of control provision necessarily involves significant 
cost due to enlarging the tunnel bore, this type of technique has 
not bee_n considered in detail. However, it has been used for 
cpntrol of portal e11try pressure traJ'.lsients at the Baltimore 
system, as well as at WMATA Metro, where measurements l:_lave been 
performed to document the character-.istics of portal entry pressure 
transients at flared portals. 

The effect of flared transition sections will be relatively small 
if a cross passage door cannot be maintained open to provide a 
reflected wave which will reduce the car interior pressure 
transie_nt magnitude. ~perie_nce ha_s shown that flaring of a 
tunnel portal has little effect on car interior pressure for 
trains entering very long tunnels. The interaction of the tunnel 
flare with the cross passage is necessary to achieve a reduction 
of car interior pressures. If the use of flared transition 
sections at the fan and vent sha-ft locations can be accommodated 
on the Metro Rail system, ac.'lditional analyses are recommended to 
define the appropriate lengtl:_l of the trar:isition sect-ion a_nd flare 
rate tog·ether with the distance of the cross passage from. the end 
of the transition -flare to achieve an optimum control technique. 

Fina_lly, maintaining a_ll cross ~.ssage doors open ·will" reduce 
pressure transient magnitudes and rates of rise in a general way 

• simply by reduction of tunnel viscous lengths, and thus trai.n _­
dr·ag. Since t;r-active energy requirements may be significant, SCRTD 
may be interested in maintaining all cross passage doors open to 
reduce train drag as well as transient magnitudes, fire and smoke 
control requirements 11qtwi th_st~nding. 
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TABL_E 7.,.1 TRAIN PARAMETERS (BALTIMORE/MIAMI VEHICLE) 

Cross Sectional Area 

Wetteg Perimeter 

Skin Frictian Factor 

Vehicle Length 

Consists 

107 ft 2 

42 ft 

0.02 

75 ft 

2- and 6-car 



- - - - - - - - -
TABLE 7-2 TUNNEL PARAMETERS 

Open Wetted Hyd,aull.c, 
Tlinnel Internal Area Perimete [' Diamete[' 

Type Diamete[' .ill.l (ft) (ft) 

Alluvial 
Soil 17 1 -2· 200 54 14 .e 

Fe['nardo Puente 
Po['mation 17 '-4" 205 54 15 .2 

Rock 1e • -o• 220 56 15 .,7 

- -
Relative 

Wall 
Roughness 

Height 

o. 027 

o. 026 

0.00019 

- - -
01/e['all· 

Relativ.e TunnE_!l 
Rib F['iction 

Sepa['ation Facto[' 

0.09 0.04 2 

0.09 0.04 2 

0 .028 

- - - -

.__, 
I 

N 
a 

V, 

n 
:,:, 
-; 
CJ 

3: 
ro 
.-+ .... 
0 

-0 .... 
0 

c...... 
ro 
n 
.-+ 
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TABLE 7-3 ANNULUS DATA (FOR TUNNEL ENTRY)• 

Tunnel 
Type 

Alluvia-I 
Soil 

Blockage 
Ratio 

o. 54 

F-erpardo Puente 
Formation 0.52 

Rock 0.49 

Open 
Are·a 

.till 

92, 

98 

112 

Wetted 
Perimeter 

(ft) 

54 

54 

56 

Hydraulic 
Diameter 

(ft) 

6.8 

7.3 

8.0 

- -
Relative 

Wall 
ROucjhness 
Height 

0.06 

0.05 

0.0004 

* Based on train cross-section of 107 ft-2 (Baltimore/Miami ·vehicle) 

- - -

Relative 
Rib 

Separation 

0.19 

0.18 

Overall 
Tunnel 

Friction 
Factor 

0.1 

0 .03 

•Ref, Subway Environmental Design Hardbook·, Volume l·, Principles· ard Applications, 2nd Ed. ( 1976'! 

- - -

V> 
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T~LE 7~4 LEAD CAR INTERIOR PRESSURE 

2-Car 6-Car 
Average* Average 

Tunnel Speed Cross Rise R~te R:ise Rate 
Type (mph) Passage (psi) (psi/sec) (psi) (psi/sec) 

Alluvial 50 Closed 0. 20 0.09 0.29 0 .. 0 5 
Soi.l 60 Closed 0.26 0 .14 0. 39 0.08 

70 Closed o. 35 b. 22 o. 52 0.12 

50 Open 0.13 0 .. 13 0.11 0.11 
60 Open 0.19 0.20 0.17 0 .. 17 
70 Open 0.27 0.29 0.73 0.24 

Fernando 50 Closed o. 17 0.08 0.26 0.04 
Puente 60 C_losed 0.24 0.13 0. 35 0.08 
Formation 70 Closed o. 31 0.19 0.45 0.10 

50 Open o. 12 0.12 0.12 0 .. 12 
60 Open 0.18 0.18 0.15 0.15 
70 o·pen 0.25 0.26 0.2i 0.22 

Rock 50 Closed 0.11 0.05 0.17 0.03 
60 Closed o. 16 0. 0.9 0.24 0.05 
70 Closed 0.17 0 .13 0 . .31 0.07 

50 Open o. 09 0.99 0.07 0.07 
60 Open 0 .. 13 0.13 0.10 0.11 
70 Open 0.18 0 .19 0 .. 15 0.15 

*Average Rate Of Rise Calculated Over Transi.ent Duration 
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TABLE 1~5 

Tllilnel Speed 
Type (mph) 

A-lluv-ial 50 
Soil 60 

70 

Fernand_o 50 
Puente 60 
Formation 70 

Rock 50 
60 
70 

7-23 SCRTD Metro Rail Project 

TRAILING CAR INTERIOR PRESSURE 

2-Car 6-Car 
Average Average 

Rise Rate Rise Rate 
(psi) (psi/sec) (psi) (psi/sec) 

0.13 0.064 0.15 0.024 
0.18 0.11 0.22 0.043 
0.25 0.17 0.29 0.066 

0.12 0.059 0 .. 14 0.023 
0.17 0.10 0.20 0.039 
0.23 0.16 0.27 0.062 

0.09 0. 04 0.10 0.016 
0.13 0.076 0.15 o. 029 
0.14 0.096 0.20 0.046 
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TABLE 7-6 DESIGN LOADS FOR FAN AND VENT SHAFT DAMPERS 
TRAIN SPEED = 70 mph 

Station 
vents 

Tunnel Type .(psf l 

Alluvial 20 
Soil 

Fernando Puente 20 
Formation 

R_ock 20 

Single Line 
vents 
.(psf.) 

50 

40 

30 

Multiple Line 
vents 
(psfL _ 

83 

77 

58 
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TABLE 7-7 DESIGN LOADS FOR INTER-TUNNEL PARTITIONS AND 
CROSS-PASSAGE DOOR-TRAIN SPEED = 70 mph 

Tunnels with 
Line vents 

Timnel .. Type _(psf) 

Alluvial 120 
soil 

Fernando Puente 110 
Fo!'mat,ion 

Rock 78 

' 

Tunnels Without 
Line vents 

. (psf) 

60 

55 

40 
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Chapter 8 

VEHICLE NOISE AND VIBRATION 
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8. VEHICLE NOISE AND VIBRATION 

8 .. 1 Introduct,ion. 

The specifications for the proposed Metro Rail transit vehicle 
have been developed by Kaiser Engineers .. Rather than prepare 
separate noise and vibration specifications .for the transit 
vehicle, WI_A' s d_~f,ined task ii; to review the previously prepared 
noise and vibrat.ion specifications for the transit vehicle. 

The recommended revisions that are presented a_:s part c,f this 
chapter are based on over 15 years of practical experience in 
preparing the noise and vibration sections of transit vel:_licle 
specifications, in measuring the noise and vibration produced by 
the transit veh_icles and in designing noise control techniques for 
reducing the noise produced both inside and outside the transit 
vehicle. WIA has been involved in the area of transit vehicle 
acoustics for a number of transit systems, in.eluding BART, CTA, 
W_MATA, MARTA, BRRT, MBTA, NFTA, Vancouver ALRT and Detroit CATS. 
Thus the changes to t_he vehicle specifications recommended in this 
chapter are based on experience with noise and vibration levels 
which can be practically achieved by vehicle manufacturers and 
which provide for a pleasant env.ironment for patrons, employees 
and the wayside community. Section 8.2 presents Sections 3.19 
NOISE CRITERI-A AND CONTROL, 3.20 RI-DE QUALITY and 3.21 VIBRATION 
AND SHOCK CRITERIA of the vehicle specifications with recommended 
changes indica.ted. Section 8. 3 presents a brief discussion of 
each of the recommended cl:_langes. 

8.2 Vehicle Specification .Sections 3..19, 3.20 and 3 .. 21 With 
Recommended Changes. 

(Edited sections begin on following page.) 
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Annunciators and reset functions as specified in 

Section 13. 

Ex·te'fior lights as specified in Section 8. 

Auxiliary system on-off control as specified in 

Section 13 and as indicated. 

Parking brake control as specified in Section 15 and as 

indicated. 

3.18 PASSENGER CO~lFORT ENVIRONMENT 

The vehicle s·h.ell eatry the passenger in a comfortable envir.onment as 

.specified b)" the noise, ride, vibration and .shock criteria in this 

Section as well as in a eontr.olled ambient air environment as speC::if.ied 

in Seet:ion 18. 

3.19 NOISE CRITiRIA AND CONTRC~ 

3.19.l General 

The fol 101.•.ing eon.:ains the general requirements for maximum allo,.,able 

. sound pressure levels in passenger spaces, train operator locations and 

at the "'eyside. The Contractor sha.11 devoi::e particular attention to th.e 

design of the transit ve.hiele and equipment: t.o ob.:.ain quiet operation. 

Enclosures, baffles, seals, aeoust:ieal absorpti5bo.ci;· panels ••ith ade· 

quate sound transmission ·loss, or other methods shall be incorporated 

in~o 'the 'trer..si't vehicle design 'to adequs'tely S.'t:'tenua'te noise anC vibre.~ 

tion generated by 1,•heels, rails, wind, mo.:.o:rs, and aD elements Bll.d 

eqiiiP.men_'t 't.o eIJ,siire 't~.a't 't}:ie lirni'taiioIJ,_s O:'l in'te:-ior a_nd \.S)'side noise 

and vibration shall not be exceeded. The C.on'tr,aetor shall submit a 

repor~hieh shall include engineering estimates of all specified noise 

levels inside and outside of the ear Bild the engi11eering basis (peni· 

nent structural data,. tests, ealeulations, ete.) for sueh estimates. 

~ 1 "-e...~ a-~~,,_...~~ 
~ _.(.,..., ~ t. (;< ,.,. .. £ • 

SCRT05El07625 3·25 
03-31-83 
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3.19.2 Definitions 

a. So.und Pre_ssilre L_evel 

b. 

C. • 

The sound pressure level in decibels is defined as 20 log 

p/po, where p is t_he measured rms sound pressure and po is the 

reference pressure, 20 mic.ropascals. 

Measurement 

For acoustic.al tests and measurements, the Contractor shall 

use a sound"measuring system meeting the reguirem.erits 
7'/'1-G 1..,ti"TES°T l<E:Vt,; /0/ol O!= 

Type I instrument, as defined in,(~.NSI Standard Sl.4. 

for a 
,'here 

octave band or l/3 octave band measurements are ·specified, the 

Contractor shall use an ana-1:,zer meeting ·the requiremen_ts fot 

Class II filters, as defi_ned in the latest revision to ANSI, 

Stan_dar·c Sl. ll. Narro,, b.and noise or pure tones .shall be . -
identified using filters "'i.th a band i:id.:h not exceeding 1/3 

oc.'tave. 

Environme_nt 

Noise criteria specified herein for the stationary car are 

based on measurements taken in an essentially free.•field en\•i· 

ronnient, such as outdoors, a"'iY fr·om any reflective surfaces 

other than ballast and tie trackbed upon 1,:hic.h the transit 

vehicle is parked and the adjacent flat, clear ground, 

Auxiliary Subsystem 

AIi auxiliary subs)'s·tem is any mechanism or structure other 

than the c.arbody, traction motor., or propulsion system gearing 

"'hic.h performs a function at some time during the operatioi:i. of 

the car, e.g., heating and air conditioning system, pumps, car 

SCRTb5El07626 
03-31°8·3 

3-26 
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door opera'tors, mo'tor al'te~l}_a'tor, air c.o:mpress·or or hydrau·lic 

po1o1e:i:- uni't, fluoresce_,:i't .lamps and ballas-c, and braking sys• 

-ce._ms, Noise cr·ea:-ced momen'tarily by ·emergency brake ven't 

valves and ..-heel slip con-crol valves shall no't be inc_iuded i;_, 

any ~ar noise measuremen'ts. 

Pure Tone. or Narroi.•-Band 

If -che sound pressure level of c.:hy 1/3 6c-ca·v·e ban_d from -che 

31_5-J:'.,z band 'to 't_he 4,000-Hz band exceeds 'the average of levels 

in -che 'two adjacen't 1/3 oc-cave bands by 4 dB or more, 'tba-c 

ba.'!d shall be considered 'to con'tain pure -cone or narroi.•-ban_d 

componen'ts. 

3.19.3 Requiremen-cs for Noise Con-crol 

11.. ln-ce:rior Noise 

The 11o~se level along 'the car longi'tuciinal cen-cerl:ne 4.5 f't 

above -che floor and 2 f't or more from 'the end i.•alls sb.a_ll n_o{ 

exceed 't·he limi'ts se't for-ch belci.;•. 

Condi.'tion 

In open on dry, level -cangen-c bal­
las't and -cie 'track a:-c any speed up 
-co 60 mph in any normal mode of ac­
c.e l e:ra'tio:l, dec.eler.a'tion, or c.oas:t_ .. 
ing ,:i'th all auxiliaries opera.cir:g. 

On ~angen't 'track on c.onc.re'te in· 
ver't in cci,:icte'te horse_sho<1 'tunnel 
sub.:.ay ,_.-i'th direc't fixa-cion i.•i'th 
no sound absorp-cion and a't any 
speed up 'to 50 mph in any mode 
of accelere-cion, decelera-c•ion or 
coasting ..-i'th all aux_iliaries 
opeta-cing. (See Figure 2-12 for 
'tU.'Ulel de-ca·ils.) 

SCRTOS:E:107627 
03-31-63 
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Noise Level 

69 dBA 

76 dBA 

✓ 
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Condition 

Ca.I' s'ts'tiqnarY in open on 
ballan and tie track ••ith all 
auxiliaries operating simulta­
neous l.Y a't maximum capaci 'tY, 
including any propulsion system 
c.ofnponents ca·peble of operating 
~i~h 'the car s'tationary. 

Wayside Noise 

tla.x.imlllll 

Noise Le,•el 

~8 
,.e,dBA and 

go _;pr dBC 

Sound pressure levels at the .•ayside shall not exceed the 

values shos-n belo,' for the specified test condition, for a 

married pair on dry, level, 'tef18¢n't 'track. nea_suremez:rtS Shall 

be made H t.J:ie indicated .distance f:rom the t:rack centerline 5 

ft above top of rail. 

Co'ridi'tion 

All auxiliaries operating s imul • 
'taneous ly, car s't·a:t-ionary 

Ea_c;.h a_Ujfiliarj Sys'tem alone, car 
s'ta'tionaey 

60 
Tl.,o·-car train at .:.e- mph on ballast 
and tie track 

Equipment Noise 

~l.a.xfmlllll 

Noise Level 

60 cl.BA at 
50 ft 

65 cl.BA at 
15 ft 

~o 
~ dBA (fast) 

at 50 ft 

L Traction Motors f~ ~llitf,.,.,_ CT" c..,,,.._ 

Tne noise produced by the traction motor alone or by the 

tractio·n motor and gea.rbox a_sse_mbly alone sl)_all n.6t 
87 

exceed ~dBA 15 ft from the center of the motor .·bile 

the equipment is operating at any speed from z.ero to the 

eq"iiivalent of 70 mph ttansi t vehicle speed, a.nd at load.s 

SCRT05El07628 
03·31·83 

3·28 
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equi.-alen't 'tO maximum elec:'tric: braking in ei 'ther direc:­

'tion. Normal cooling air £101,1 shall be provided vi!', 

duc:'t1.'ork B;l)d blo1,1ers 'tha't 1.-ill be presen't :i,n_ 'th_e fin~~hed 

is noise requiremen't rnay be relaicei:! wiih approval 

upon demons'tra'tion 'tha't 'the n_oise requiremen'ts -of in'te­

rior noi_se an_d .,·ayside 1:1oise shall be ob'tained. 

Propulsion Subsys'tern Gea_rbox 

If 'tl,_e 'trac:'tion mo'tor is 'tes'ted alone, 

alone shall no't c:rea'te noi~e levels in 

'then 'the &:earbox 
HI.. 

excess of~ dBA 

15 f't in any direc:'tion from 'the c:en'ter of 'the gearbox 
' 1od't·h 'the gears rc'ta'ting in ei'ther direc'tion a't all speeds 

fro_m z.ero 'to 'th<: equivalen't of 70 mph 'transi't vebide 

speed and a't loads equ•ivele1:1't 'to me.x_i_rn,un elec:'tric: brak-

in is ·noise requi:remen't ma:S· be relaxed 1,1ith approval 

upon demon_s'tra'tion 'tha't 'the noise requiremen'ts of_ in'te­

rior noise end ••ayside noise shall b·e obtained. 
"---------,'---__:_ ______ _ 
3. Auxiliary Equiprnen't f ~ l'.c-~ ..... c.,........ -

SCRT05El07629 
03-31-83 

The noise produced by 'the individual operaTcion ·of e_ac:h 

i'tem of auxiliary equipmen't or eac:h c:omple'te opera'ting 

subsys'tem, including refrigere'tion and air c:omp:,esso:-s, 

ven'ts an,d valves, propulsioD c:on'trol equipmen't and cool­

ing blowers, brakes, condensers, evapora'tors, mo'tor ge_z:1 .. 

era'tors, choppers and hydraulic: po;ier uni'ts bu't e:xc:luding 

'trac:'tion mo'tors !!l'ld g·earboxes, shall no't exc:eei:l 65 i:lBA 

1-.S f't in £Dy di.rec'tion from 'the cen-cer 9f 'the equipment 

••bile 't):ie eq·uipmen't is oper,a-cing a't 700 Vcic: and 66 i:lBA a 

900 Vi:!c:. All duc:'t1,1ork, baffles or appunenanc:es i::b_ic:h 

form a pan of 'the installed assembly shall be inc:ludec! 

as par't of 'the equipmen't for noise 'te_S'tS. 

3-29 
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Au.xi liar:; Equipmen't lns'talled on Car 

The noise produced by 'the i."ldi,•idual opera'tion of e..ac:h 

i'tem of auxiliary equipmen't or eac:h c:omple'te ciperning 

subsys't.em, excep't 'trac:'tion mo'tors and gearing, shall no't 

exc:eed 65 dllA a't 70.0 Vdc: or, 68 dllA a't 900 Vdc: 15 f't from 

'the c:ar c:.en'ter:line on ei'ther side of 'the c:ar, measll.red in 

'the horiz.on'tal plane passing 'th,roilgh 't·he shaf't or equip­

men't c:en'terline, i.ihile 'the equipmen't is opera'ting a't 

ra'ted c:ondi'tions 1.'i'th 'the c:ar a't res't. The equipment 

mus't be c:omple'te, installed on 'the c:~r, and all c:ompo­

nen'ts· of eac:h subsys'tem ope::a'ti.ng dur.i.ng 'teS'tS ·for noise 

level. 

Doors 

Noise produced by opera'tion of all side doors on one side 

of 'the 'transi't veh.ic:le 1 exc:.eP't i'!ie audible .. •arning 'tone, 
~7._'f-#31+(~),.,:,-,;, 8DJ..ft,A-( .•• ) • 

s}:la_ll not. exceer. -r2 s·it, die·~~ -.:.he fest e~'i, __ ..,73ense, 

a't any poin't i.n 'the c:ar l f.:. or more from 'the doors or • 

door poc:ke't.s and be't .. •een 3 f't and 6 f't above 'the floor. 

Se:::-vic:e Brakes 

The noise produced by full or pania.i applic:a'tion of 'th.e 

service brakes a't s·peeds fro.m 0 'to 15 m·ph shall n.o't 

exceed 75 dBA (fa.s't) 15 f't !rom 'the c:a:: c:en.:.erline in 'the ,,.,,--­

ho:rizon't.E.l plane pass,i.ng th.=ough 'the axles .. 

Public: Address (PA) Equipmen't 

Noise ge.ne.ra'ted by 'the PA equipmen't in 'the S'tandby c:ondi­

'tion shall no't exceed 40 dllA l f't from any loudspeaker 

'wi'th 'the elecuic:al equipmen't energiz.ed 6.'t its nomin.al 

le.veL PA equipmen't wi'th a:nplifiers unpo1,1ered exc:ep't 

SCRT05El07630 3-30 
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during annoUl'lcements shall be deemed to comply ;;ith this 

requirement unle.ss hiss or hUlll from the speakers is audi­

ble ,.ith all aU:Xiliarie.s off but t_he elecuical equipme_nt 

energized at its nominal level. 

B. .L.ighting Subsystems 

Noise generated by fluor-escent lamps, fixtures, and bal­

lasts installed in the car ,.ith all fixtures energized at 

the rated voltage and frequency shall not exceed 45 dBA ✓ 

l ft from any lighting fix,ure. 

d. Pu.re Tone or Narro.•-Band Noise 

If noise produced by traction motors or gears or awi:iliafy 

in.men't con't. e.ins pu.re _'ton_e or na:rro, • .'•band eomPonen'ts a_s 
·.,._ <1e -cZl • .._ 3. / '? .. 2.. . ..I<-,1. ~ ,-.;,-, ; • ~ ·' 'i Z.. 

A 1o11e:5.Ss- eGa shal1 be lo'"-1ered by ? dBA. 

3. 20 RIDE Q'JALlTY 

3. 20. l Vibration Leve-ls 

~'hh car in motion on uack complying •·-ith uacl< c:;uality crite .• ia 

;t)._erein, I)oor s'truc"ture accelera!..ion on car cen'terline over 'ti'Uck pivo't_s 

and at mic.po:ii:,t of car shall not exceeci the follo;;ing limitations: 

1. A~ a..~y s'teaciy car speeci up !..o 70 mph on level ~a~gen't 

track, acceleration of car floor in the ver-tical !!l'ld 

latera.1 axes shall not exceed limits sho;;n on Figure 3-3. 

2. Measurements shall be made using 1/3 octave b_ana·s, and 

lim_itations sho.'Il on Figure 3-3 at center of each 

SCRT05El0?631 
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1/3 octave band shall apply. 
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a.. -:&.c. 
3. If_. single disc:re'te f-:requency c:omponen't de'tennines,1.magni-

'tu_de of vi_b_r_aqo·n whh_in<;:r,a_nic:ula_r 1/3 oc:'tave band, 'then t:i2J2.. 
~ 

limi'ta'tion sho;.-n a't,._ vibra'toT)' freqifenc:y sh.all 'apply .. 

i.. . S'teady-s't·a'te ·ride qual-i'ty shall be measured _repea'tedly or 

c:oii'tiriu_ously wi'tll_ riifs :respc,n_ding inst:rumen'ta'tion having 

in'tegra'tion 'time o:r effec:'tive averaging 'tim:e of frol!l l 'to 

4 sec:. 

5. Ave·rage vibra'tion level during ariy lQ-s ec: period s·hall 

no't exceed 'the values sho,m on F,igure 3-3. 

b. Tr.ans i en't Cori.di -c'ions 

During any slo.., or rapid linear ac:c:eleration or deceleration, 

or ·S.'t s~·i'tc;..l:l~.s o_r c~ .. o·ssovers, maximum car f1.oor- S'truc""Cure 

,,,.../,",~e;:.:r;;'tion shalbif't exc:ee.d _0.15 g in any direc:'tion ,,hen 

.i- - -~-,foQ;:e·o.; 'to indudeAfrequenc:ies ,;,! £furn l 'to 30 P..z.~"'1~.~-

3. 20. 2 Bo_ciy R_ol l 

Bc,dy roll shall no't cause 'the vehicle 'to exceed t:lle indic:a'ted c::learanc:e 

in any c:o:nd_i't_ion.- Roll ra'te sha-11 be c:ommensura'te 1d'th ride c:6ncii'tions 

as spec:ifi_ed herein . 

. 3. 21 VI°BR.ATION AND SHOCK CRITERIA 

3.21. l General 

The general requiremen'ts for c:omponen't design ejid for maximum al°lowable 

v:i;bra'tion magni'tudes in passenger spaces and operator loc:a'tion_s of 'the 

transi't v·etic::le foliow. 

SCRT05El0i632 
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3.21.2 Component Design Cii'teria 

a. General Provisions 

b. 

All componen'ts moun'ted on 'the carbody, 'truck or axle shall be 

designed 'to have s'truc'tural in'tegri't·y ind be opera'tionally 

re1iable over 'the life of 'the 'transi't vehicle in 'the vibra'tion 

and shock erivironmen't exis'ting a't 'the poin't of anachme:n't of 

'the componen't. In addi'tion, 'these conipc:inen'ts and moun'ting · 

sys'tems shall be designed 'to pre,•en't unaccep'table vibrB'tion 

levels a't an"y loca't ion in the ce.r. 

Vibra'tion and Shock Environ,nen't 

Tne follo'-'ing "'inimum vibra'tion and shock environmen't, B't 'the 

poin'ts of auaclunen't, for -.,hich componeri'ts and moun'ting sys~. 

'terns shaH be designed, is s·pecified belo;.•. The Con'trac'tor 

sha.ll design 'tO higher values .•here experience or analysis so 

indic.c;tes .. 

l. Componen'ts moun'ted on 'the c:arbody shall be designed and 

~9~'teci 't_o \..?i'thst.and con'tinuous sinusoidal vibra'tions of 

0. 4 g rms a't any frequency from l Hz 'to 100 Hz in 'the 

'three major axes, and randomly oriented shocl< impulses of 

3sg peak l.'i.:h a duration of from 4 iailliseconds 'to 

2. 

10 milliseconds. 

Truck frame-moun'ted componen'ts shall be designed ai:,d 

mounteci 'to \,:i'ths'tan·d, \,.'i·'thou't fs..~~gue or de'teriora-;iol'l 

for 'the life of 't!Je vehicle, 't.he normally occur.ring ran­

dom shock iind vibra'tion magni'tucies present a't 'the suppon 

poin'ts on 'the 'truck frame. These magni 'tudes shall be 

considered 'tO be one g rms ;.·ith a cres't fac'tor (ra'tio of 

pe.ak 'to rins accelera'tion level) of five, ;.•i'thin 'the fre­

quency· range from 20 Hz 'tC 10 kHz in all direc'tions, and 

SCRT05El0?633 3-33 
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shocks occurring up 'to 100 'times per opera'ting day of 

40-g peak in 'the venical axis and 12-g peal\ in 'the la't­

eral e.xis .·i'th pulse durations of from 4 milliseconds 

'to 10 milH.seconds. 

Axle-moun'ted componen'ts shall be designed 'to 1.'i'ths'tand, 

as e. m~.n~_mWD, con'ti;luous re.z::idom vib_re'tiOiis of 10 g ~ms 

••i'thin 'the frequency range from 10 Hz. 'to 10 kHz in all 

direc'tions e.nd shock pulses of 100 gin each major axis, 

1,i'th dura't·ions from 0.5 milliseconds "to 2.0 milliseconds 

occurring ~pproxima'tely 100 'tim.e.s per operating day. 

Vibra'tion Levels 

Wi 't_h 'tt;le c_a.t S't·ati.o~ary, 't}:l.e .m~_:.mum permiss'ible car i..""l'terior 

levels :resul'ting from opera'tion cf all auxflia:ry equipmen't 

shall be as .specified herein. 

l. Trac'tion Mo'tors 

2. 

The vibra'tion of a 'trac'tion mo'tor, de'tached e.nd supp.or'ted 

on resilien't moun'ting provicing e't leas't 0.25-in S'tat:ic 

i:!eflec'tion, sha.11 no't exceeci 0. 0015 in peak-'to-peak dis­

placemen't a't 'the mo'tor beering housings e.:nd moun'ting 

bosses li.·hile t.be mo'tor is ro':.a'tL-ig S't any speeP. be't_Ween 

50~ e.nd 100~ of 'the maximum normal opera'ting speed. 

Auxi lia:ry Equipirien't 

Wi'ch 'the car s'ta'tionary e.nc: .·i'th eac:h individual auxi­

liary uni't opera'ting' a't :ra'teci capaci'ty e.nd •·i'th all 

auxiliaries opera'ting simul'te.neously, 'the vert:i.cal or 

horiz.on'tal vibrB't"ions of 'the floor, "'alls, sea't frames, 

or any surface i.1i'th which the passengers o:r 'the opera'tor 

SCRT05El07634 
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o-r~ 
can come in c:on'taC:'t shall no't exc:eedj 'the . folloi.•ing 

value_s. 

Displac:emen't, peak-'to-peak 0.10 ill 
.Ac:c:e lera't ion., peal:- value 0.01 g below 20 :Hz 

Veloc:i't·y, peak value 0.03 in/sec: above 20 Hz 

3. 22 tr..ECtRO~lAGNETIC IK'.!1:RFERENCE Al\'D NOISE COl'."TROL 

3 ... 2.2. l Elec:'t:ric:al • rn'terferenc:e 

Design ,;ec:hniques, c:o_nsu'ilc:'ticn me'thods, and equipmen't sha_n be employed 

'to preven't in'te:rferenc:e caused by in'ternal sources from affec:'ting p_roper 

opern ic>n of veh-i c:le sys'tems. In addi'tion 'to c:_oordina'ting fre_gueilc:ies, 

nec:essacy balancing, fihering, shielding, modulnion 'techniques, and 

·isola'tic>n shall be provided 'to main'tain signal-'to-noise :ra'tios wi'thin_ 

clearly i.•orkable limi'ts. 

s.. Elec:'t:os'tatii: and magne'tic: elec:'tric.al shielding mc.'thods shall 

be eIOployed 'to minimize effec:'t of snay signals and 'tra_,isieni 

vol'tages on loi.•-level in'terc:onnec:'ting cables. l_n'terc:o_nnec:'ting 

power and signal c:able_s shall be phys.ic:aUy. separ~'ted where 

prac:'tic:al, and magne'tic:ally shielded where necessary. Sup­

pre~sion devices shall ·be employed on relay c:irc:ui'ts where 

·necessary 'to pro'tec't lot.1-level circ"4i~_s from r"ele)· ·t:ransien-:.s. 

b. Co1:,iponents a:n_d func:'tional c:ircui.'ts shall be grouped according 

'to 'thei:: similar sensi'tivi'ties ~o e·lec'trical in'terference and 

power supply needs, and 'to reduce effec:'ts of vohage drops in 

ground c:irc:ui'ts. Po..,er and re'turn lead_s sh.all be r·ou'ted in 

same race.:ay or h_arne_ss. ·suppression devices shall be used on 

power-supply leads where necessary 'to suppress in'terferenc:e a't 

the inpu't 'to sens·i'tive circui'ts. 

SCRT05!107635 
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8.3 Discuss ion of Recommended Changes 

3 .19. l General 

Line 5 

Insert a comma after "acoustical absorption" to clarify 
t_he intent of that statement. 

Line 11 

A specific schedule for submission of the acoustical 
analysis and report early in the design cycle should b~ 
imposed to assure that a report is submitted in a timely 
manner. Past experience indicates that, although the 
requirement for sµch a report is stated in the 
specificatioi:i, without a deadlii:ie the report will.· not l::>e 
submitted and, far mote importantly, the analysis and 
preliminary engineering required to prepare the report is 
not performed. The result is that the vehicle is built 
without a.i:iY signiftcant consideration of acoustical 
characterist•ics and, by the time acceptance testing is 
perforll)eg, it is far too late ii:i the design cycle to have 
any significant influence on the vehicle noise and 
vibration characteristics. we cannot recommend a specific 
time for submission of the report because we do not know 
the schedule of submissions required for other aspects of 
vehicle design. However, in some contracts ther~ ha_s been 
a CRITICAL DESIGN REVIEW (CDR) , early in the design phase, 
at which time it would be appropriate to requite 
submission of the acoustical report. If an early design 
review period is not scheduled for other purposes, then a 
c_aler:idar ti_Il)e _like two or t_hree mont_hs following. contr:act 
signing w_ould be an appropriate time for submission of an 
acoustical design rep<:frt. 

3 .19. 2B Meas.ur-en\ent 

Line 3 

Insert immediately prior to ANSI SL 4 "the latest revision 
of". This is becius~ ANSI Standards ate continuously 
updated and it should be clear that the contempor-ary 
standard at the time of contract initiation is the 
appropriate version. 

3.19.3A(3rd Condition) 

The maximum noise level for the car stationary on ballast 
and tie track with all auxiliaries opetating 
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simultaneously may be 68 dBA in accordance with APTA 
Guidelines. 80 dBC is also aceeptable. 

3.19.3B(3rd Condition) 

The maximum wayside noise levels for the 2-car train on 
ba-llast and tie track may be 80 dBA at 60 mph which is 
equivalent in perfonnanc~ to the value of 82 dBA at 70 
mph, con,tained in the initial dra_ft. The reason for 
suggesting specification at the lower speed is that a very 
limited length of surface ballast and tie test track will 
be available in the SCRTD yatds and a lower te_st speed 
will be easier to attain within thos.e space limitations. 
The change will not influence the noise emission of the 
vehicle because it is equivalent to 82 dBA at 70 mph. 

3.19.3Cl Traction Motors 

Heading 

Add "Prior to Installation on Car" to clarify. 

Lin,e 3 

The noise produced by the traction motor alone or by t_he 
traction motor and gearbox assembly alone, should be 
specified at 87 dBA rather than 89 to l::>e in_accordance 
with APTA Guidelines. The traction motor noise is of 
crucial importance in atta_;ining satisfactory wayside noise 
levels in the complete vehicle and traction motor noise 
ex_ceeding state-of-the-art performance will be reflected 
late_r in the program in excessive wayside noise levels 
from the complete vehicle. 

Line 9 

The statement, ".This noise requirement may be relaxed .... " 
should, in our opinion, be deleted from the specification 
in this and the following paragraph on the propulsion 
system gearbox, for two reasons: The engineer always has 
the power to relax speci-f.icat-ions without stating the 
possibility beforehand in tDe specification. Making t_hat 
statement in the specification extends an open fnvitation 
to the car builders to request a variance. Invariably, 
such a request is b_ased upon the fact t_hat they woy_ld 
prefer not to perform the .noise .. reduction engineering on 
the motor and would prefer to postpone grappling with 
noise control until the motor is installed in the finished 
vehicle and they know where they stand. The request 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

WILSON, IHRIG & ASSCX:IATES, INC. 8-16 SCRTD Metro Rail Project 

rarely, if ever, is backed up by valid engineering 
estimates of the performance of any feasible noise control 
i;nea_sures intended to be applied to the completed vehicle. 
Once a co1_11plete prototype vehicle is available for 
testing, it is far too late in the program to modify noise 
emission from the motor, or vehicle design for noise 
control purposes .. 

3.19.3C3 Auxiliary Equipment 

Heading 

Add ''Prior to Installation on Car", to dif-ferent-iate it 
from the following paragr,aph foi: the same equipment after 
installation on the car. 

3 .19. 3C5 Doors 

Line 3 

A rev-iew of measured door noise levels in a variety of 
vehicles in 1980 indicated that contemporary door 
operating equipment with appropriately designed I!lounttng 
and do.or pockets was better described and controlled by 
the specification of "neither 74 dBA slow nor 80 dBA 
fast". This accounts for the short transient occurring at 
tbe moment of the doors hi tt·ing the stops without 
completeiy eliminating conttoi of the long-ter1_11, average 
door oper:ation noise. 

3.1_9.'3.D Pure T.one. or .Narrow Band Noise. 

Line 3 

Something -has been .lost in transcr.iption. The sentence 
should state" ... narrow band components as defined in 
Section 3.19.2E, the noise limits shall be lowered by 
3 dBA." 

3.20.lA3 

Line l 

This section should read, "If a single, di.screte frequency 
comp<:>nent det~rmines the magnitude of vibration within a 
particular 1/3 octave band, then t_he limitations shown at 
the vibrator:y frequency shall apply". 
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3.20.lB _Transient Conditions 

Line 4 

SCRTD M_etro R_ail Project 

Should read," •.. direction when measured to include all 
frequencies from l to 30 Hz .simultaneously ... '! This is to 
c:l~_rify t.hat this measurement should be essent-i·ally a 
wid_e-ba_nd measure:mel)t from 1 Hz to 30 Hz, not l:I n,a_rrow 
band .spectrum analysis. However, note that it is most 
likely that the resonant characteristic of the car body 
will probably result in a single spectral component 
controll-ing the peak acceleration in the l to 30 Hz band 
and that, therefore, it may be acceptable to demonst-rate 
by narrow bi:i_nd spectrum analysis compliance with this 
section. It is intended, however, that the measurement be 
performed with a f-ilter with a band pas.s extending fr-om l 
Hz to 30 Hz and a peak indicating instruments such as a 
high speed oscillograph, st:orage oscil,:Loscop~, true peak 
read-in~ and holdihg vibtation meter, ot s.imilar d-vi6e. 

3.21 .. 2C2 Auxiliary Equipmeht 

Line 6 

The l_ast portion, of t_he sentence s_hou_ld say, '' ... cont.act 
shall not exceed any of the following values." This 
clarifies wh-ich of. the l imitations controls in cases wher.e 
it may seem that more than one could contr.ol at a given 
freqii:ency, '.l'h.is chi:i_nge dc::ies not change the intent or tl)e 
meaning bf t_he specifica,tiol) as it wa_s origin:ally sta_ted. 


