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Seismometer theory in 2 slides ) .

2F=O F=ma F =kx

11 |f—F mx+kx=0

Cartoons: University of Michigan

Seismometer:
m  fe— F mx + bx +kx =0 X+ 2Awgx + wix = 0




Seismometer theory in 2 slides

Seismometer:
X+ 2dwox + wix =0

Initial conditions for weight lift:
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Seismometer theory in 2 slides ) .
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1. Locate the first weight lift ) .
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2. Recover the weight lift ) 5.
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2. Recover the weight lift ) 5.
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3. Measure instrument constants (&=
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3. Measure instrument constants (&=
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4. Solve for generator constant
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4. Solve for generator constant h .

V(t) = e ' sinwgt
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4. Solve for generator constant
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5. Dynamic magnification h .

= @G is units of digital counts per velocity

= per velocity of seismic mass motion

= Seismic mass doesn’t move 1:1 with ground motion

= |t moves less

Undriven seismometer: Driven seismometer:
X+ 2Awpx + wix = 0 X+ 2 wox + whx = —ii

\

Arbitrary acceleration
(Earth ground motion)




5. Dynamic magnification h .

Arbitrary acceleration
Driven seismometer: (Earth ground motion)

¥+ 2Awpx + wix = —ii
Fourier Transform:
Fl& + 2Awox + wix] = F[—il]

= (—w? + 2 Awqw + w3)E = w?il

Solve for Earth movt per mass movt

il [w? ? w3
—| = (—‘2’— 1) + 422 —
X w w
g /)
Y
Mggnitude as a | | earth movt
function of frequency ...in units of
mass movt
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Let’s calibrate some data ) e,

V(t) = e ' sinwgt
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Fo) 20 . b : :
A= = 0.6389 _ ;
Vi? + 52 518 W
B 10 b :
3 o . f =23 Hz
) | i |
1 2 3 4 5 6 7 8 9 10

Lowpass corner (Hz)




Let’s calibrate some data

Sandia
National

Laboratories
m
V(t) = —G wd e_lwot sin a)dt tl tz
MsWq 2000 f | ]
0 Z
Vl = —5692 cts VZ = 419 cts %:'2000 i \/-\—/ il
3 -4000 | ]
O
6000 | Uniitered] 1 /3
V1 Vl _8000 F Filtered i
—| = 13.58 0 =In|—| = 2.61 ' ' ' ' '
v, > 40515  -4051  -4050.5  -4050  -4049.5
Time (s)
1) 20 : _— : :
A= = 06389 “515%:’/
G 10 | :
1 g ' A
5Ta=042s T, =084s S s} e a3z
Y 2 3 4 5 65 7 8 8 1

Lowpass corner (Hz)




Let’s calibrate some data ) e,

m
V() = -G wd e ~Awol gin wgt tq ty
mswgq . .
2000 | .
0 V2
Vl = —5692 cts VZ = 419 cts %:'2000 i \/\J i
UD -4000
-6000 | Uniitered] 1 /3
V1 Vl _8000 F Filtered
—|=13.58 &6 =In|—|=2.61 ' ' ' ' '
V2 2 -4051.5 -4051 -4050.5 -4050 -4049.5
Time (s)

M
o

—
(4]

5 T ™ T T T
A= = 0.6389 '

1
5Ta=042s  Ty=084s

|| overshoot ||
S

o
T

=

wg = 7.48 1 2 3 4 5 & 7 8 9 10

wg =wov1—21%2 = wy=9.72

Lowpass corner (Hz)




Let’s calibrate some data

myg

V() = -G e~ Aol sin it
mgswgq
Vl = —5692 cts VZ = 4‘19 cts
—| = 13.58 0 =In|—| = 2.61
v, 2
A= 0 = 0.6389
V2 + 62 '

1
ETd =042s T; =0.84s

wg =wov1—21%2 = wy=9.72

m,, = 0.255 [g]

Counts

tq

Sandia

II'] National
Laboratories
ty
2000 | ' ' 1
0 V2
-2000 | \/\J ]
-4000 :
-6000 Uniitered| { V3
_8000 | Filtered i
-4051.5 -4051 -4050.5 -4050 -4049.5
Time (s)
20 U i L 0 0 R SR
: L .
— b I ___f--"’
§ 15 l - -
G 10 H| :
W
S N . fo=23Hz
_ 1
D 1 : i 1 i i
1 2 3 4 5 6 7 8 9 10
Lowpass corner (Hz)
cos™1 m+cos™ 1A
=0.12[s] t, = = 0.54 [s]
) Wq

mg = 107.5 [kg]

g = 9.80665 [m/s?]

54




Let’s calibrate some data

Sandia
I'll National

Laboratories

myg _ .
V() = -G e ~A®ol gin w,t t, ty
mqewgq ;
S 2000 | v
0 2
£ -2000 f
mwg _, 3 -4000 |
— (. X ,—Awoly ¢j O
V(tl) Gl m.w e Sin wqty -6000 Unfiltered | Vl
sWda -8000 L Filtered
G, = 4.9327 x 10° -40515  -4051  -4050.5 ~ -4050  -4049.5
Time (s)
20 T T T T
= 15F)
=]
=]
%10}
g
2 5}
D I 1 I 1

Lowpass corner (Hz)




Let’s calibrate some data L

Sandia
National
Laboratories

myg _ :
V() = -G e ~A®ol gin w,t t, ty
mswd T T T T T
2000 |
0
£ -2000 f
mwg _, 3 -4000
— VI ,—Awolq o;
V(t)) = Glm w e S wWgly < 00} unfitered | 1 V3
sWda -8000 L Filtered
G, = 4.9327 x 10° -40515  -4051  -4050.5 ~ -4050  -4049.5
Time (s)
20
myg _ , =
V(t,) = —G, e *olisinwyt; T s)
MsWgq 2
2 10
=
G, = 4.9327 x 10° S 5
D I i I i I i
1. 2 3 4 5 6 7 8 9 10

Lowpass corner (Hz)




Let’s calibrate some data ) e,

myg

V() = -G e ~A®ol gin w,t t, ty
mswd T T T T T
2000 v
0 2
£ -2000 | \/\J 1
my9g _, 3 -4000 | ]
— Y 5, w0t1 :
V(t)) = Glm w e SMwWaly © gl unfitered | 1 V3
s¥d _8000 F Filtered i
G, = 4.9327 x 10° -40515  -4051  -4050.5 ~ -4050  -4049.5
Time (s)
20
my9g _ , —
V(t,) = —G, e *olisinwyt; T s)
MsWgq 2
2 10
=
G, = 4.9327 x 10° S 5
D I
1 2 3 4 5 6 7 8 9 10

Lowpass corner (Hz)

G+ G cts

G =——2=149327 x 10°|—
2 m/s




Let’s calibrate some data ) e,

2000 | ' ' '
D IIREERE
£ 2000 |+
9 cts < |
G = 4.9327 x 10° |—— 3 4000
m/s -6000 | Unfiltered | 1
_8000 + Filtered
-4051.5 -4051 -4050.5 -4050 -4049.5

Time (s)

w w4 |earth movt
=<—°—1) + 422 Ol ]

| D

w? w? | mass movt

M?*(w) =‘




Let’s calibrate some data ) e,

2000 [ T T T T T
D bt
cts £ -2000 f
G = 4.9327 x 107 |— 3 4000 ¢
m/s -6000 | Unfiltered | 1
_8000 + Filtered
-4051.5  -4051  -4050.5  -4050  -4049.5
Time (s)
~ |2 2
, i w3 , w§ [earth movt
M*(w)=|%| =(—=—1] +44°—
X w w mass movt
Mz(a)d)= = = —2—1 +4).2—2
X wg wg




Sandia

Let’s calibrate some data h) e,

2000 [ T T T T T
0 bt
cts £ -2000 f
G = 4.9327 x 107 |— 3 4000 ¢
m/s -6000 | Unfiltered | 1
_8000 + Filtered
-4051.5  -4051  -4050.5  -4050  -4049.5
Time (s)
~ 12 2
, i w3 , w§ [earth movt
M“(w)=|=| = — = 1] +44 >
X w w* | mass movt
u ah ah
Mz(a)d)= = = —2—1 +4).2—2
X W4 OF]

earth movt
M(w,4) = 1.7985 [ ]
mass movt

60




Let’s calibrate some data ) e,

x10*
9 3
G =49327 x 10 s
m/ S o
D -
earth mOVt 2 [ I I I I I I I I I
M(wy) = 1.7985 450 100 50 0 50 100 150 200 250
mass movt Time (s)

x10%

Digital Counts

49 49.5 50 50.5 51
Time (s)

Peak ground velocity (PGV)

61
-~ ...



Let’s calibrate some data ) e,

x10*
9 3
G =49327 x 10 s
m/ S o
D -
earth mOVt 2 [ I I I I I I I I I
M(wy) = 1.7985 450 100 50 0 50 100 150 200 250
mass movt Time (s)

x10%

PGV = 14233 [cts]

Digital Counts

49 49.5 50 50.5 51
Time (s)

Peak ground velocity (PGV)

62
-~ ...



Let’s calibrate some data

G—49327><109[

M(wy) = 1.7985’

m/s]

PGV = 14233 [cts]

14233 x 5 [cts]

earth movt
mass movt

Sandia
National

h

Laboratories
REVISED 10/17/67
SEISMIC FIELD SHEET...Page &
TAPE CHAMNEL_5  mm
6R\3- 1\

VCo CAL b RUN db BAND ELECTR. | CAL
FREQUENCY | INSTRUMENT | PTA O MO EDGE GAIN | BATT.
] PAD A | L YOLTS

1120 TSP+S 4% A% Sy A8y

1300 TSex | ‘

\4R0 REP:258 84
LWl | RSP:S

1840 | RsPx| \

2030 \NSP= 25" 84 ]

2230 \SP= 5§

2450 | vepx || }

* Band Edge = 100% of bandwidth —
SHORT PERIOD WEIGKT LIFTS DAMPING
VERTICAL  /0.% v. e _4% @ /3:
RADIAL /4.9 DIV.8 _d4Q @ /n:r
TANOENTIAL /2 DIV.8 _ 48 @ 12/
SHORT PERIOD WEIGHT/MICRONS
VERTICAL 59 55 ens. = 3\3 u
RADIAL 2.000 gm.«_.250 u
TANGENTIAL _2.000Q gms. = __.250 v
NGC-23 CALIBRATION
VERTICAL DIV. @ « ——~—— &
RADIAL/STS DIV. @ ———— &
RADIAL/NTS DIV. 8 o

Seismic Arrival Time#

* Ely and Battle Mt. only. Other gtations are noted on Field Data Sheot

1[m/s]

49327 x 10° [cts]

84 [dB]
107 20

10

1.7985 [earth movt]
1 [mass movt]

= 0.1637 [cm/s]

63

48 [dB]
20




Let’s calibrate some data ) e,

G _49327><109[ ]
m/s

earth movt
M(wy) = 1.7985 [ ]

mass movt

PGV = 14233 [cts] =[0.1637 [cm/s]

Murphy & Lahoud (1969) Analysis of seismic peak amplitudes from underground
PGV = 31.1W505Rp—1.58

nuclear explosions. Bull. Seismo. Soc. Am., 59(6).




Let’s calibrate some data ) e,

G _49327><109[ ]
m/s

earth movt
M(wy) = 1.7985 [ ]
mass movt

PGV = 14233 [cts] =[0.1637 [cm/s]

Murphy & Lahoud (1969)
PGV = 31.1W>%R~158 =|0.1620 [cm/s]

BOXCAR Leeds, UT

W =1300[kt] R = 276 [km]
65




Sandia

Let’s calibrate some data h) e,

. _ HARDROGK

; \ BOXCAR E

i 2 i

G = 4.9327 x 10° :
o ; s

M(w,) = 17985 earth movt u: :
@a) =+ mass movt ;§ E A :
z [ 5

PGV = 14233 [cts] =|0.1637 [cm/s] O\
E <Y

Murphy & Lahoud (1969) "
PGV = 31.1W-5%5R~158 =(0.1620 [cm/s] - ]
BOXCAR Leeds’ UT m"mn S | U_Llllnl | lJJsz I ilma

KILOMETERS

W =1300[kt] R = 276 [km]
66




Let’s calibrate some data ) i

BOXCAR /HARDROCK
T T

10° ™
*
G—49327><109[ ]
m/s
earth movt 2
M(wz) = 1.7985 S g0
mass movt g
PGV = 14233 [cts] =|0.1637 [cm/s] © 107
Murphy & Lahoud (1969) 0% F
PGV = 31.1W>%R~158 =|0.1620 [cm/s]
BOXCAR Leeds, UT R

Distance (km)

W =1300[kt] R = 276 [km]
67




Instrument Response




Comparison of freq. resposnes 1) .

Benioff Seismometer Transfer Fcn.

wfinductance (est.)
Bogert (1961)
Geotech Manual
SAC BENIOFF Filter
Leo Brady (1981)
109 - |— — — wlout inductance =

Normalized Vel. Sensitivity

—
e
I

Frequency (Hz)

69



Building an instrument response

Magnitude (d

Magnitude (dB)

Benioff Seismometer @ Leeds, UT & Boxcar

Sandia
rl'l National

Laboratories

5 Hz Geotech Galvanometer

0r 0 —
Bt Bt /,
12t 12t
-18 1 -18 y
-24 | 24 |
-30 30|
-36 | -36 | /
42 | 42t
-48 | -48 |
-54 -54 /
60 -60
-66 -66 Seis
- _ Galv
7 i A Seis *Gal
-84 : - : -84 -4 : : :
.01 A 1 10 .01 A 1 10
Lowpass: 10 Hz, 2" order Highpass: 0.01 Hz, 1% order
0 ' ' of ' '
6 6
-12 ¢ 121
-18 1 -18
-24 =24
-30 -30
-36 -36
42 -42
-48 | 48 |
54 | 54 |
-60 | -60 |
66 Seis * Galv -66 Seis * Galv * LP
72| —LP ] 72l —HP
78+ Seis * Galv * LP ] 78 | Seis * Galv * LP * HP
-84 : ; : -84 ; : :
.01 A 1 10 .01 A 1 10
Frequency (Hz) Frequency (Hz)
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Building an instrument response

Velocity
transfer function

7ATV (w) =

w? 1

wé — w? + 2 00 w§ — w? + 250w

Seismometer Galvanometer
(Benioff 1051/1101) (Geotech Model 4100-13)

ws = 2m-1.54 [Hz] wg = 2m-5 [Hz]

s = 0.6389 Ag = 0.675

Sandia
National
Laboratories




Building an instrument response ~ [MJEx.

Velocity
transfer function

7y (@) “ =
w) = :
v wé — w? + 2 00 w§ — w? + 250w

Seismometer Galvanometer
(Benioff 1051/1101) (Geotech Model 4100-13)

. 2
_wQv2 De,ip Filter FL201
Gt +E0 e O 0 o
1st order 2"d order
highpass lowpass
Q = —3 [dB] Q = —3 [dB]

w. = 0.01 [Hz] w. = 8 [Hz]

72
-~ ...



Building an instrument response ~ [MJEx.

Velocity
transfer function

Ty (@) “ :
w) = :
v wé — w? + 2 00 w§ — w? + 250w

Seismometer Galvanometer
(Benioff 1051/1101) (Geotech Model 4100-13)

. 2
iwQV2 W, 1p Filter FL201

Wenp Hiw Wi, — w? + iwwe Q1 (Geotech PTA Mode!
4300 Manual, Fig. 4)

1st order 2nd order
highpass lowpass
iwQ?2 w? - Phototube Amp
' T T o > — 1 (Geotech PTA Model
Wenp T I0 Wi, — 0* +iwwe ;0 4300 Manual, Fig. 11)
Q = —3 [dB] Q = —3 [dB]
w, = 0.01 [Hz] w, = 5 [Hz] 73




Building an instrument response ~ [MJEx.

Velocity
transfer function

Ty (@) “ :
w) = :
v wé — w? + 2 00 w§ — w? + 250w

Seismometer Galvanometer
(Benioff 1051/1101) (Geotech Model 4100-13)

. 2
. iwQv2 . We,ip Filter FL201
. 2 . —
ey 10 Wiy~ 07 iwocp QT (Cedtech PTAMads
1st order 2"d order
highpass lowpass
iwQ?2 wg,lp Phototube Amp
' N 1 (Geotech PTA Model
Wepp T 10 Wi, — 0* + lwwe ;0 4300 Manual, Fig. 11)
74




Final calibration

Benioff Seismometer Transfer Fcn.

Leo Brady (1981)
— — = w/out inductance

Frequency (Hz)

f; = 1.1905 [Hz]

Sandia
National
Laboratories
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Final calibration ) S,

'X'10'4' | I I I I I I I -
15F ]
- Unfiltered 10.15
1F Resp. Removed ]
i 10.1
] Q)
10.05 €
' L
0 2
E 9
:-0.05 >
] >
i 1-0.1
15F 1.0.15

38 40 42 44 46 48 50 52 54
Time (s)
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