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Measurement and Analysis of Ground Borne Vibrations
‘ Resulting from Railroad Operation

5 o9 2

Mok, Young Jin®

Abstract

Ground Vibrations were measured at one location near the railroad track at a
site about 3.2 kilometers north of Chapel Hill, Tennessee, U.S.A.. Measurements
were made during the passage of 18 freight trains over the six-day period. The
objective of this study was to evaluate ground vibration levels from trains and
other traffic at possible construction depths for the Superconducting Super
Collider(SSC).

The criterion with which the vibration levels are compared is the more
stringent one : that is, 0.0005 inchs(about 0.0127 mm) at 3Hz. The
measurements show conclusively that vibration levels generated by railroad traffic
in the rock at the depth of 100 ft {30m) or more are at least 10 times smaller

than the criterion.
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1.1 siA

QA vF EaAl2F o] ABEQ Superconducting Super Collider (o]& $SCa A §H-8-3)
Aje] ®atx, HdlA, obelxuF F TS Frigted €Y AL WY B A7d
(Falx FUf e, =FF AF 41 HuA3 Tennesse Valley Authority{TVA)Y $1%&
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SSCHrA HAe g v oua] Yo A6k JAF FHel g g oluiet gy

ANE g, Bk DHEZ FUFTA B2 SE g4 E AFe] SSCHuH
HlAe Sl ANY Ao AREHC UFE HJEZ "asith SSCH 2o z%E
35 (Beams)y 89 4 d2x (Hzl2 Re 44 HzAlels Fu4oa Ay 2%
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&€ 4o AR o5, Aur g 2 Fo] 3HzolM 00005214 (2F 0.0127mm)
Hot Zrejep ghoh, #HeMeo] SSC Interaction Point 2 R E] 300ft ( 914m)o]uy &
ERE GG FFeo] AT o] FE, FAF e F Ay ARl 47 7
A% A E @A oYL 2PY F A= AF AzE Aok @
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HulAIF7L Aloher SSC EuA9) ABAE AZT £Ho) o BYY EBHo|p =g
SSCA8e] 439 ©'d Ringe) xa 100ft - 400ft (30m - 120m)e] ARY JAolns, Az
Fgog A o Yold Ay AF 27|k 7Y FRE BAAlth o ol Azg
AEY 27|19 AN FHE SAR (F24 3Hzol A 00005917 oluel N wm
& 239 HuAFA A SSCREAY Y4 AFHDA @ o A3 FHE, @
2 oo 9@ A 100f(30m) ol el Au WES 27, Helg AL, @A (0.0005 2
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a9 2-13 o] HMYAS Chapel Hill 83 2v}d, 3 B2 ¥olA Ay NS A&
Rt o] A& AAE TVASGITOA A= Y=g F2an SSCHA d4HA@ 13
B AR 4 F34A 4B E A AFY JED Fo4e] FUA WHE AT
A, oW 228 o] A3 Ao FH& AYsGch AN Aol dE APAF EHE
ZAS A AE@REQZ £F 6, 12, 25, 50, 100, 200, 400ft Bl HHA A& A s}
Rk =¥ HAxeA sHAY S5fts) 66ftl T BYFE Ao go) 30ft, 1001, 200ft,
400ftol A A&Fo24, A& eold N Aw VFo AHF AR

2.2 A&%H

NicoletAl, 2@ 2090C 24d=223Xx F s} Hewlett—PackardAlel =% E4A7)
(Waveform Analyzer) 2@ HP 5423A9} HP 3562A% o|&%d ASHg 7|F89d. o
g 2 He) 102d ] AFREE FA 718Y 4 AN BE HolHe ed22mm
o A¥E4719] HAE(CRT) 44 HP& AESFE F89 27 (Floppy Diskette)el] & 23t
ek,

Mark Productsite] zr&E R)7] (Velocity Transducers)@ ©]83< 2523y ¢ &4
Ak o A&l AHEE FA 79 nf AFe (Natural Frequency)e= 1, 2 Ei= 45Hz o
% 2 FANY YL (Particle Velocity)ol wl#jste &9 (Voltage Output)€ Shaking
Tablec] A HFse], ZHE &Yooz Ry A AL AMY ¢ Y& @ Af
(Calibration Factor)@ A&stfich o] id® {AA+E ZF Fdeda 234 Heolrt g,
Z FA7Y A FEE Fue PHE ot @y

I N
1 Hz & A 7 0.1 - 300 Hz
2 Hz % A 7] 0.5 - 600 Hz
45 Hz 3 A 7] 3 - 1600 Hz

2 A9 F4 R BAAS T4 (Calibration Curvel® 29 2-33% goh. dge
o2 AAW AR/ JREY I ASE AU o AW BAV)E= 44 Wpe Aw
AE& 71887 H9 otk 1-Hz A7 4444 s &34% o $8x, 2-He
ZATIE AALYH $HLGe] VE, 45Hz BA7IE ALY ANYFE (Y, FUL,
4P & AFHed AEHRD
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23 A& A=l(zz2)

B3 A& 2229 (D 718329 g7 4%, (2) 38874 2% (AmbientVibration)
&%, 3) €42 29 ALAF &YYo o|RoHY. = o] 1-Hz ¢ 45-Hz 27|t
TVAS] "Betsy" ZF4& 4839 Downhole &% @ALE dABgu. $¥ 84 255
A FY Y AF L w1 FE Aol (0.4 - 20 sec) AEHAY. GHE 2pE
& FHEz @ 71§ FuE o FAI)E AN AEAFE 4YL oy 2AY & 9
At 2+ 1889 g A7t FHY o e AFS 2FHAG. 7B} d_NE, 319
A, @2 BAAE F F €39 7|2 % 217 gy,

3. KUIE A

- L

31 89

AP Fold A FHL2A F} G FAEo] FYY) FHels F4F Fu
Agko] A& weh M2 FHo|AY, Aol FEHAY, ol FREo] e TEaE A
3% Ze AAYH, €43 A8 8 Aol AEAn Y. EW ANuR, 23 S A
AE, AEA T, ¥ e AUUETH BUE B 229 dHME o] Egax 3
o GYSYAE, o AWAF 27 QR Fon AT 2o 7A@ B
odobdt =7 4 ok B3 A AFe] AM FZEOY Mo HHE § Aol Fo
H EAZ dFH1n o

3.1.1 &I AZt ¥ J|& (Time-Domain Records)

¥ 3-1& 93 A wAe A A% EHe V)Rt o] 7|2 HYF 17
BHF 2 Uel 428 (29 2-2 =) 1-Hz @A 7oA doj olh, o] Z7|e] YA
18R AFHE AW PAYGRFIY &g Y9 WF&E(Particle Velocity)olth. o
¥ 24714 o] 718L HE s AW U WY 2L P 5 UAd. 2y 32= 2
¥ 319 JA & v|Boz R Ao =9 W4 (Particle Displacement) 71So|h. o]
¥ HEYASEER FH dAEH)S QASEY] 7123 ) A9 FdY BASE YFEn
A PRAG. W] BE A 7B BF dALEe] AH WEE Jehy: 7| 8g.
o] 71§& 4t Yad foist 2o UiY F& &L ol yoh
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Table 2.1. Summary of Railroad Trains for Which Vibration Measurements
Waera Performed at Test Site

Tratn Date Time Engine Direction Duration Number | Approximate Speedt | Type of
Number Number* of Travel {sec) of Cars {mph) Load®
1 July | 12:45p 8142 North I u u v
2 July 1:10p - 8328 North 90 U U U
3 July 5:25p 3251 South 90 113 43 1]
q July 8:45p B092(?) South 35 U U 1]
5 July 9:37a 805 Nerth 150 137 31 L-M
6 July 9:10a 8117 South U 121 u M
? July 9:25a U South 240 U u u
a July | 12:12p 8069 North 120 115 KR/ M
9 July 6:34p 5791 South 15 104 47 L-M
10 July 7:20a 8218 South 198 132 23 L
11 July 8:28a 1210 North 140 126 i1 L
12 July 9:06a 5576 South 132 110 28 M
13 July | 10:10a U South U U u H
14 July 12:09p 5320 North 123 17 21 H
15 July{ 12:26p 6747 South U 112 1] L
16 July 3:16p BO82 North 80 107 46 M
17 July 1:58a 5549 Nerth 90 91 34 M
18 July 11:02a 7566 North 80 106 45 M

[ngine Number is from the lead engine

U = unknown

Based on an assumed freight car length of 50 ft

Load simply estimated by the observer:

L

= light, M = medium, and H

22~

= heavy




Time Record 1

0.001

T 'y T

De'pm: 30 ft
DiTtanco from Track: 551t
o
in/sec 0
b
-0.001
o Tima, sec 20
Time Record 2
0.001 Depth: 200 ft '
Distance from Track: 55ft A
1
in/sec g
-0.001
0 Tina, sec 20
Time Record 3
0.001 Depth: 400 A '
Distanca from Track: 65 ft
iN/SEC 0 |ovipbek =
-0.001
0 20

Time, s8¢

Fig.3.1 Particle Velocity Time Records of Ground Vibrations from Train 8
Geophones: 1 Hz Vertical
Distance from Track: 55 ft/ 55t/ 65ft ; Depths: 30 #/ 200 f/ 400 #t
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Time Record 1

S
Depth: 30 ft
DlTance Ifrom Trlads: S5t

| 3

[

Tima, sec

Time Record 2

20

Depth: 200 ft
Distance from Track: 554 A

L

Tima, sec 20
Time Record 3
Depth: 4COft '
Distance from Track: 65/t
=Y
i
20

Time, sec

Fig.3.2Displacement Time Records of Ground Vibrations from Train 8
Geophones: 1 Hz Vertical

Distance from Track: 55 #/ 55ft/ 65ft
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a) Z1& (Amplitude)
g 3 FHAZUA A A5 Hoh(Peak) & & L3, W9, = T FlEE

o 298 & £ UG (AeEF FA7Y FRS dole A deol wd). HRE G E
KR AME 48, 5, 7i&42e] IAFE dER &e A7 AT

W o$=A
£ ¥ =(27x0A
ThE = (2xDA

A7)A, fie AEZo|n, AF WYY Peak A Zejrt, HE9 U EE Yojg) Algkez o}
i (o, ¥8E inchesol &5+ @9 29 inches), dojz WA (Decibel)s] G & A
L8t} o] FAYNIB)Y A oA} @t o

Lw = 20log{W/Wo)

W Peak 7l&E, 28, Ei= ¥HYoln; Wo £ J|&Fo|tHo] EFdAM = ¥4 10
inchol® x4 %= 1.0 inch/sec o]t}).

b} F3}4 (Frequency)
@8 At A& AFHFe. FHee BE HEz2 (Hz)e 998 AH83ed 1Hz
= 127 1283 (1 cycle per second) ¥ mer|g gudct. AFF7|(Te o F3
Go 94 A &, T = ! o]z gee A3l

c) A %2t (Attenuation)
AE Y (Source) 2 2 28 Art B o} AF FFo] F2d= WS BEH.
A A%y FAe AFYe2 B qUAst HE & Aol & (Geometrical Damping) =
3, Auke YRt AR Ao)e] wme s flAEYR BHA = oA &4 (Internal Damping)
o 9§ oy V@

d) 3H%A X7 (Anbient Level of Vibration)
Adx YA £33 GEo) o LA=E= AFH, A& A AANH 2&(Noise
floor)@ #¢ A% Z7]& Sv¥

3.1.2 £I}4 A8 (Frequency-Domain Analysis)

29 319 2 YR AF SE 712 Fus JdelA Ay gozd JuAFy &
4g BT 2A%A oMY 4 A AT 999 s8ezAE= WFY $A FRs
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(Predominant Frequencie)® @ 4 ©loit, o) 718& #7344 gdez wgAPozA 44
Ead 4 o £ AN FRSIA AT FAIE FU4 I9 A4E 4 4
A FE 4 AT BINAE 204 Gdoa T8 AEL Agds) 157189 AFE
B MEE 4= Gk 2 olfE, A2 BE FH4E ABHE U4 SEE AL dG9A
228 4% et o] wrk B4E UL AT H4H T2E £E U7 AReltt

04 g9 dolHt o YUz EUY 4 9o AvA P¥e r¥Eges & 3
gy QA9 SEU U9E YEhiE Bgolt. o #Ye #8% Asd FANL EY
S o e FES Pt TEA WHe AWEY YEE EASHE PUS ok BE
3 rdEAg A& ASH Foa T o)F2oE Ukozd ddig® FJd Fna
2 oRolx #HE AT B AU=Y U5 THo AYEY FAud A¥s L AEe
228 27 A8 Ui o 2¥EY UE THE A

09 33 19 319 YASEY ARH Wg yshie V122 FH BB UR
&xeo A¥MEY Yo X FHojd, 29 34 1Y 329 94 2¥EY FHor}, o]
o e A¥EY YETAE %Y BAVE ASVOEH A4 FU & A

3.2 ¥Xt F&dof 2t USSR

QA7 A=) H FHgd A Fo2 AFo] AR o AP AFL JA=Y &3
Fo) g FHEHE, 3B REH vtE, Y ol&vlg AHF 48 AFadd 3 w4
o, o3 E WEL IFU(ARILE FEH oY== A2 (Path)doA A, F2ET AP
dAA dF F2 A diAs ATy 2o Asdes FEH A gt F93
Zages @2 F4d @ AL TAY Fzolvh. A Fo] ¥ AAFLE o st
Ze d8 a4 93 %L deg.

a) HAxe H|FEHY
AdEx] B3 A3 Y olgvis & Axdd 4442 HEd FA4F BEd
b) dd FF =4
=R Aee ddn AR aAYH B AFY 27l A%& Fo
c) 71#x et Ao FA
AAF 27 23y FAS AGAA FX Yol el Rt HYo] FEHA
283 x@o] REHe riEHH, Hdd N 4G £40] Aoz Agdd
d) dx}2] Zojel &9

YEEd 244U AE Ha ALY vHgdd o gARne, AwY F7)e 9%
&0 w3 i@ Aldol g Tl o3 WwAAG. dxY Holx WFE AV|Y
dg& 31 3t &, 7jEAT FgEde HF(Point Source)e 2 rEY ¢ o, 80%F
g #Ar) 28y de 483 (Line Source) 22 2o,

ol 43 T AEFLQL AZ F no} fglont, 7k 29 WEF Mechanisme E333tzn
As Az gasgid. €4, 4 A% 829 Mechanism& ¥ 4 AE 844 =@ Ad
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Spectral Density 1

-80
Depth=30ft
Borehole 1=
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-120
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Frequency, Hz
Spectral Density 2
-80
Depth = 200 f{ s
Borehole 1._ L1 lw
in./sec/VHz w AR.,_{‘!
dB ol
VM Depth = 400 ft
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1-Hz Geophones
-120
0 : 40

Frequency, Hz

Fig. 3.3 Particle Velocity Spectral Densities Corresponding
to Time Records Shown in Fig. 3.1
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ol A% gAle] . mEtA AWAF ¥ AHFH vigel WA YonE, A FYgos
U FRA €7E AAS & #AU Hlad €49 A5 AA4E QA8 Fgie
G gl gtk @RAS A% IF EFE, A3 2UGE 2F9) BYL F AR
5 8 ¢ e, 2o s (U2F @2 29, g YH A=Y =44 d5E 2
FEAEE A5 o8y @Fel Uk

4. AsF A9t B4

4.1 X|8H3lE AR/ZEY

#Y A7) (Waveform Analyzer)2 & JAF 7|82 1) L% (Particle Velocity), 2}
At A¥EY, 3) ¥ A¥EF 4) YA =8 A2¥ey YE(Spectral Densities), 5)
W4 2dEY Yxolnk o WA HAY EAHY 7|8 19 41%H 24 463 B
Fo4 H4, AV F/, ASH, FA V9 o] a) it #E 589 AFE7EL A
& 3 A

Zm4 3HzejA 0.0005 in. & ¥ & 7|EA<} vy ¢ e 713 A AF 7|82 2
d 459 09 469 g& 282y Yx Fdo|th. o] 2@ HE VAR Hol EAEL
2R 43 294 g8 NEF |9 (B FHEE A5 278D 4A ¥lag ¢ o 2
el ¢ ¢ g%, Ex FUA A A¥e I7|e HE @AY 171000 - 1/10 HxEe]
a1, A& 100ft He] ot M F¥ §2 HFe 37 A £ ¢ AF A7l9 1/100
- 1710 Fxeltt. AAE d9& offis} Tt

4.2 X¢t s AFEIol Oftt 2N

e T Abe] 2AE WRo] @3 F3 AT FY 8 AF V5L #4A 7]
8y
L Ag AF9 Fog JEL oH st ?
2. dold e AFe] oW FYo2 Fd it ?
3.z e (AFEe 99 FYPAE AdF 27)E owert ?
4. A3 o] 100ft o]l AFS Z7|= drilrt ?

4,21 &It H&

29 4738 29 41244 ¢ § SURe], €S AFeYA=z Fo4 05Hz ¥E
400Hz AloloflA7t AHz gty YAEE (Particle Velocity)2 & o, 713 & AF A Fo]
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Time Record 1

-6
500 x 10 | Depth: 100t '
! Distance from Track: 65t |
in./sec 0
| ] ]' I ' | Y
-500 x 10°° Train
0 8
Time, sec
Time Record 2
500 x 1075 -
Depth: 100 #
Distance from Track: 65ft A
in./sec 0
-6 .
-500 x 10 Ambient
0 8
Time, sec

Fig. 4.1Particle Velocity Time Records of Ground Vibrations from Train 1

Geophones: 1 Hz Vertical

Distances from Track: 65 ; Depths: 100 ft
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Timea Record 1

-6
500 x 10 Depth: 200t ' J
Distance from Track: 65 ft
Ll { Lol
in./sec 0
-500 x 10 Train
0 8
Time, sec
Time Record 2
500 x 107

Depth: 200 ft
Distance from Track: 65t -

in./sec 0_4—*—

-500x 1078 Ambient

0 8
Time, sec

Fig. 4.2Particle Velocity Time Records of Ground Vibrations from Train 1
Geophones: 1 Hz Vertical
Distances from Track: 65ft ; Depths: 200 f
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Spectrum 1

3 Average(s)

-20 i

& < 0.0005 in.

De'pth: 100 ft

Distance from Track: 65 ft

T

at 3 Hz
i
Train
in./sec
dB
. | m
.180 Ambient
0 50
Fraquency, Hz
Spectrum 2
3 Average(s)
-20 ] | [ D \nth: O ’ '
epth: 200 ft
o «— 0.0005 in. Dis?ance from Track: 55 ft -
at 3 Hz
I
Train
in./sec |
dB
Ambl T
180 m‘ ant
0 50

Frequency, Hz

Fig.4.3 Particle Velocity Spectra of Ground Vibrations fram Train 1
Geophones: 1 Hz Vertical ; Bandwidth: 0 - 50 Hz

Distances from Track: 65 ft / 55 ft ; Depths:
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Spectrum 1

3 Average(s)

0 | Dgpth: 160 LS ' '
0.0005 in. istance from Track: 65 ft
‘/ at 3 Hz
[«
In- d Train
dB '
. | |
-240 Ambient '! I
0 50
Frequency, Hz
Spectrum 2
3 Average(s)
0 L Depth: 200 ft
0.0005 In. Distance from Track:55 ft
‘/ at 3 Hz
=]
in. Train
dB |
240 Ambient
0

Frequency, Hz

50

Fig. 4.4 Particle Displacement Spectra of Ground Vibrations from Train 1

Geophones: 1 Hz Vertical ; Bandwidth: 0 - 50 Hz
Distances from Track: 65 ft / 55 #t ; Depths:
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Spectral Density 1
3 Average(s)

.20 1 T T Depth: 100 # '
| __ o ¢ 0.0005 in. Dis?ance from Track: 65 ft -
at 3 Hz
Train
in/sec/ VHz Il M
dB
MyPiyrpadviend
180 Ambient
0 50
Frequency, Hz
Spectral Density 2
3 Average(s)
-20 | : T i . !
Depth: 200 ft
— o «- 0.0005 in. Dis?ance from Track: 55 ff
at 3 Hz
i
Train
in/sec/vHz
dB
180 Aml?lent
0 50

Frequency, Hz

Fig.4.5 Particle Velocity Spectral Densities of Ground Vibrations from Train 1
Geophones: 1 Hz Vertical ; Bandwidth: 0 - 50 Hz
Distances from Track: 65 ft / 55 ft ; Dept_hs: 100 ft / 200 ft
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Spactral Density 1
3 Average(s)

0 L Depth: 100 ft =
0.0005 In. Distance from Track: 65 ft |
‘/ at 3 Hz
Q
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d8 ALY, A d
Y

f il e o o PR SREE TN YUYV

" Ambient

-240 .
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Frequency, Hz

Spectral Density 2
3 Average(s)

0 ] 3 L N ]
Depth: 200 ft
0.0005 in. Distance from Track: 55 ft -
‘/ at 3 Hz
o)
in/vHz Train
dB
ST -

Ambien
-240} bient

0 50
Frequency, Hz

Fig. 4.6 Particle Displacement Spectral Densities of Ground Vibrations from Train 1

Geophones: 1 Hz Vertical ; Bandwidth: 0 - 50 Hz
Distances from Track: 65 ft / 55 ft ; Depths: 100 # / 200 ft
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Spectral Density 1

-70 Depth: 200 ft |
Distance from Track: 55 tt—
Train Geophone: 4.5 Hz Vertical
g rain 3
in./sec/YHz NW"\
dB Ambient \
N
-1
0 800

a. Using dB Scale on Ordinate Frequency, Hz

Spectral Density 2

0.000004 Depth: 200 #t | i
Distance from Track: 55 ft —
i Geophone: 4.5 Hz Vertical
Train 3
in./sec/ VHz / Train
M"'\A N M
Ambientng ¥ Y

1] ) -
0 - 800

Frequency, Hz
b. Using Linear Scale on Ordinate

Fig. 4.7 Comparison of Particle Velocity Spectral Densities of Train and Ambient
Vibrations for a 0 - 800 Hz Bandwidth: a. dB Scale, b. Linear Scale
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Fig. 4.8 Comparison of Particle Displacement Spectral Dansities of Train and
Ambient Vibrations for a 0 - 800 Hz Bandwidth: a. dB Scale, b. Linear Scals

-37 -



Spectral Dansity 1

-80 11:H:z C_;:eof:hone
rain

ANl Al e, A

JV YN TN

Traﬁ/
in./sec/ VHz
"y

Mwm-\__‘_ \/‘

| Depth: 200 ft “
160 Dlstaane fer Triack: l55 ft

0 20

Frequency, Hz

Spectral Density 2

1-Hz Geop’hone
Train 7

f-’r - ; ! -
in./sec/ VHz ‘{\ Train ;
a8 — Ambient\ I
\'\\

A =1

| Depth: 400 ft
Dista!nce from Trlack: :65 ft

0 20
Frequeancy, Hz

-180

Fig. 4.9 Comparison of Particle Velocity Spectral Densities of Train and Ambient
Vibrations for a 0 - 20 Hz Bandwidth
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Fig. 4.10 Comparison of Particle Displacement Spectral Densities of Train and
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Fig. 4.11 Attenuation of Particle Velogity with Depth
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Fig. 4.12 Attenuation of Particle Displacement with Depth
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Fig. 4.14 Comparison of Particle Velocity Spectral Densities for
Trains 1 through 8.
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Fig. 4.15 Comparison of Particia Displacement Spectral Densities for Trains 1
through 8
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Fig. 4.16 Particle Velocity Time Records of Ground Vibrations from
Quarry Blast at 11:46 a.m. CDT on July 7, 1987.
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Fig. 4.17 Particle Displacement Time Records of Ground Vibrations from
Quarry Blast at 11:46 am. COT on July 7, 1987
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Fig. 4.18 Particle Velocity Spectral Densities of Ground Vibrations
from Quarry Blast at 11:46 a.m. CDT on July 7, 1987
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Fig. 419 Particle Displacement Spectral Densities of Ground
Vibrations from Quarry Blast at 11:46 a.m. CDT on July 7, 1987
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Fig. 4.20 Compression Wave Velocity Profile from Inversion of Downhole
Seismic Testing at Raitroad Site near Chapel Hill, Tennessee
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Table 4.1 In Situ Compression Wave Valocities from Downhole Seismic
Testing at Railroad Site near Chape! Hilt, Tennessee

Depth Layer Depth to Compression
Thickness | Middle of Layer Wava Valocity
(ft) (ft) (ft) (fps)
0
15 7.5 1660.0
15
65 47.5 19500.0
80
80 120 18900.0
160
100 210 14200.0
260
140 330 21000.0
400
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