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ABS TR

A method of C(Alil)l(Alillq an clect romagnetic
Helsmometer using o varlation in he wuxx(»ﬁy(unng
magnethie field han been dove Fopads A padyr ol coilly,
mobnted externally, connected in “' MO en-oppon hng
conflgurat bon are upad (o apply o stap in foroee l«“g

)

Cher magne U susponded within a Wil limor o MK KL e kst~
metar,  Tha Foree tn dotarmined from a measuroikent  of
Cher mterady state dallaction of the magnel with a1 inah
Varkabbe dbEfaranthal Cransbormes . Pl GUlpul slgnal
bs dhghtlead and tacordad on a whne=track, 400 bpl 1bM
Compatihle magnetle Capa, A c=transforn ks ugod Lo
Lranttorm the dhghthigad data into e Fraguency  domal i,
This e then dhffarant iatad and norual i zcad HOoas Lo
giva tha \J&alln?”)f Bansltivity of the malrmmmmtma

| hig maxq“u Providan a xahju and acourat e mest el
ol calibrating tha ﬁuiuﬂumutmra ;Unum tha colds ars
ountad no contact 48 peadad with the salsmomnatar s
that calibirations can be done ragularly and fragquant 1y

“avan ol salsmometars which ara not pashly accaspibila,
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CHAPTER |
CALIBRATTON PROCEDURES

Lo Intpoduct ion

Sedpnde studies dnvolve more than thae aidival
Ui and diroctiong o Ahe promdnaent wavas .  They
Awwhuﬂ a Knowledge of s amplitude and raeguancy
contant ob the ground motion, L Ly neceussary, Uhen,
o detemine accurately the charact@risties of e
system.  Mhisg roguires o callbratlon taechnigue to detor-
Mo tha magndPheation or valgaity sanslidvity and the
phasa ranponns o Uhe Bl diome Lat .
H Whare ake savaral ikt hods sp hoyad Ao oblaln-
g the Fraguanay rasponbe of tha salsmomeatar From 4t
oulput,  Maplnosa aloal (1962) wsad a Lransiant  tachndgoe
Cwhiah dnvolvaed CakAng tha ratio of Lha Poukiar Lrans=
formg of the oubput dad the inpat Lranslants tu=yluld
both the phase and anplitude responsa of tha gystem in
tha fraguenay domain.  Pha input translant usad was
althar a stap funation or a ﬁquQJfHﬂét}UHﬂ Mitahal )
and Landisman (1968) showad that the diract Fouriarx
analysis gives poor cesulbs when microseisms axa pras
sant. and ara nol pegligible in slsae compared to the
omkput. pasulting from the ealibration transiant, Pheay
puggastad that o least squaras £4t ba used on the pals-

momatar oubput An the time domaln to detarmine the



pParameters of t,hAu rsuiumuuu:‘h:x‘. The: l"x'uqut‘;m:y Lesponse
can than be calculated using the transfer funct fon
mathemat feally determined for the systomn,  Certain
caliBatlon techniquens chnable e Frequaency espolinse

to be determined dbrectly from the output by usinyg a

shnusobdal dnput gh tha danlred Froquanclaes  (Murphey

i
ot al dyhd) o Thowgh desy dn dnvolved Ao procassing data
b thike Lo, thids meathod b mose e cobswning  than
Che others becauso bU reqguleses caadings al sovaral fico-
guenchan For acourata analysls,

)

Ther advent of tha oomputar . dmprovead s d sioms oo
detitgn and Chss we of dightal recording methods (Murke
sloak 1970) han glven tho selsmologist more acourat o
methods of handbing data.  LC has Aot rvoducad the uebo ol
ah nullvu'ﬁmiﬁMngnph BYSUsn (Uie Of  an alp A LA and
dhgital pacordar instaad of a galvanomater ) whiol Parbiud t g
Chea salsmologint to altar the casponsa of Cha sal smoma Loy
system with faadback contxolldd ampliflars and Fllbams to
gat the dagdrad ragponsea ﬁrum.an'ﬁyﬁkmmﬁ Phia has
allowad salsmologlpts o altempt studias of rumurdgd
pulpa phapas as modd £ had a\ynq Lk pgqpaquxun path, a
procass whioh raguiras an acouralt.a khnwludgu od \Lha pals-

s

Mol tar L rans far fdt’)dhinn,

i

Pavialions of Wha system paramatars L rom agsumad
. S
valuas ean laad Go Aariows arcors i phasa and amp LAt uda
Corrsations ., Mha Fagl that thasse paramaters pay vary due

b n ‘
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Lo vardous ant luences such as temperature and Rpai v
or fatigue of the material of he Slrdetural element
and that thoese variat tons May ogour aper hodically oy

' >

systematically, over a lony perlod of Clime  (one yaal)

ol g short pertodaof thme  (One day) necensitatay baegguddg

and trequont calibrat bon ot Che Bk sionke tar,

Lo daldbrat bon Teohinhguas

Thera are banlaak by thiro Lypesti of e hstiodice Lar g 54
tho ‘moving=voll ox MOVARG=mant Cype, Chatnging £ lax
Uy m;d thea magncet o=ntr ot fon Lypsas Shikma (1960)

- .
pothtod out that . Ao eavthguake anadys iy e bhe thibid Cype
Hionot used and tha socond Lype s uaad Lo obma v Ghiky
mAnmtss and disat ant aarbhaguakos badausa of Lhalr Bob= 1 insai
Fasponte Lo sErong aarth motions .  MosL sed Moo g m;u

:
of thes Flest Lypa, G Ap Hagassaly Lhat a calibral lon

Ltachndgua ba apphicable on this Lype of Instrument on a

Foutina and fraguant basis,

a) Walyht LAStAng

Bhilma (1960) proposad a sluple method for daters
T

WABARG b valtage sensitivity of drﬁﬂkﬁmwmukﬁﬁ (£iynra
=4y, My pagging a aurrant (1) through thm coll, a
Foraa (A1, whara A A8 tha motor faclor af tha saismos
igabar) de exartad on the selsmonater mags (M) and dlgns

phlacas b, Tha salsmomatar is drawn baghk Mp to ALs
g 4

¢
'



Laght
i\
Lourge

Mass ~

(m) ~ ’

o

Balangce

Sbasmoinater
Mans
(M)

[

Salpmometay

Coil ‘
. )
£ A '
{ 7{ ] A
A! .k“ - - =
. Cf Ammeler
\ Variable
. . Current
‘ ’?‘ ) S ouroes )
i

y

Mhgwia A=~L Datarmining Lhe voltage aahmiti?ixy of a

salpmonalar by walght VPG ing Laokmigue
(Bhima, 1960) ,



orbginal posttion by adding o mass (m) to the left hand
shde ol tha pan balance., A 5L g et tached to the 1aght
Y e , .

vahid shdes oF the pan balance thon pul bo the s b smomet o
Up to dts ordglnal posttion which s detormhned aptih-
cally.  he valuoe of A can thoen be detarmhnoed voln the
conservat bon ol forca whitch regulion Chat e~ AL whas e

* .
g ds the acasdarat bon of gravity,
This method provides ondy ong of the bastx ikt
vobitante, Ay and Bo tha Mreguanay  vasponge of (e
A
st cannot b detarmdned, TC ks albo Iprvact faal /

Fortrogquant lhebd caldbratlons o bU pagqulian adecans

to Fhsfﬁulnmumntvx, \
b} Hhake Table .

I ordat Lo obtain the Frasgpssiey pasponss of  {has
pystan b0 A8 hagodtiary Lo apply a Liabshant and ol v
. !
. ] <
sbhie papul Uingg osdi b lations of Lhe Bl gmome Lar mass o

Apply A sine=wava daid rocord tha ontput ampd At ucde ,
. o

Ones way of doing this ds with a shaka tabla, Mhis is

A vibratlng platfom whioh cin b dloplacad a glvan

amoundat a g lvean Freguanay and havei® constant, dipe-

placemiant pvar a wida canga of fragquanoias, A&gﬁrqtﬂ

LE
pliahea Lable cakibhratlons roguira an accural o Know L adgea
OF Lhe [reguanay and magid Cuda ofF W ghake Labida vAkcas
’ ! I
kions.  dmprovad sheka tabla aceuracy has haen bhrought

about by the use of plaesoalact fla orystals (Hoovar at al

A



965 'y Bardaon LY950) an o driving mechaniam by which
vol Lages fnput ds tranntormed Lo motlon.  Mher Uranslant
Fnpat of the shake Cab e Cah bha an lmpulse, Blap or
slnugoidal wave (Calculations - Hoover ot al 19649) .,
Shiake Cabla calibrat lons cannot e vad by uwsed
For ITraeguant tlald callbrat bons i that  they damand
Cobtact with tha selsmomstar which way  bo burkad (o
boduea lumpuxhluxu Al Dradtug g vaxiatiuqmn The shake
Cablo s albo Loo bulky to b used in flald calibrations,
U s o unatul procaus by which to inltial by calibrata
Cha malsmomater but | nu?ﬂu Lo b palrad up wi L
ahothel “msk hod of Gallbration oy fleld PULpONGS,
DEETAeulty also arluas in uﬁﬁnu Che mhake table oy

the calibration of horlaontal Avlallomat ks ba that a
shight Lt dn Che hovigontally vibrat ing shaks Cabile
WAL rasult do the addit Lo of alh aRLarnal forea an tha

Ay stam. dua Lo gravity,

Q) Walght Adding or Reamoy Ly

Another Lachiiigua OF sad smomat g callbrat fon is

Lo add o smial d ass tﬁénﬁ Femove At From Lhe MoOving mass

‘

Wf the selsmomatar,  Pha Felval or addition of a4 smaller

MABH A8 the equivalent Lo having a force my act g oun
Lhe sadomomatar,  1TF the vamova ) 0k anjodh s dane

Mistantanaously It Lk saMivalant to displacing the magss
A dhntanca 0K ~ ng/k (wheare Kk 15 the BRrANY cQonstant of

[

i



. ‘ilrn
Che selsmomoter) from kts 1edt posithon and o leasing
Lt An thiyg procedure ragulres contact with the moving
mann of  Lhae sedsmome L '“ s not usaefal tor fheld
P k)UUUH n

A vartation on the removal of thae moass wan
£ .
suggentoad by Dix (1952) . Hae proposod tha sl snonse ag
ba plaved on a plat form supportad by o spring having a
congidarably longar natuwral parbad of onchblatbon than
Cher padumomatar and that thae plattorm have o maps Bub=
pandad From bt (Fhgure d=2a) . A suddan ramoval ol Che
puspanded Mapg casults o tha salbiioms Lo b arpar bancing
a Foresa, g, which can be consldarad a tilap whera Uha
perlad of tha supporting sphing ks consldarably bargag
than the dength of Che racord (Phgure db=2b) . Ve
hscann by of tha sugpendad plat Form makas thib o pooi

provadura For flald galibrat bons,

dY Maxwall bBridgea

The salsmomnetar Lo an alactronachanlaal davice,
Most procaduras Lhus Far hava usad tha pachanieal qspuut
of the sailsmomatar for calibrat lon purposas,  Alothay
typa af procadure ds Lo apply a foree to tha moving
mass of tha ﬁmiggmumutur by patiing a QUK KO thaangh

the paismomatar codd,  Putting a d.o, cupcent through

\ ain

A Balpmomatar ooll to digplace the mass and then by naans

of a pwitch plamltapeously shutting of £ thae ourrant and

r



A Suppor i
Spring

— 7\ Suspanded
[L Mass

Frgura d=2a  Apparatus usad bb Uha callbrat Lop ol Lhe
salsionatdr uslng ptep in acaalarat don
(DA, Awh2),

FORCE

i

T -
TIME ! |

Mlgura A=20b  Baoraa ACtAng o peABRomater dua bo thaes
removal aof mass (n) as a Lunction of
Me (Dax, 1962) ,



9

connecting the selsmomater (. a recording davice
(Current release tLost: KoGo Barr 19645 Hoover ot al
L965) has kmun\um:d an o maethod of fleld calibrat fon
Lo complament other mathodg of selsmomaetar galibrat ton.

Willmora (194%9) Introducad the use of a Maxweal )
brddge to dnput he BUERRRL Anto tha salsmomat or
(Fhygure A=3a)., Min callbration P roCadura Consletad of
Four slaps;

Lo Malancing theg bxldge with tha Bk SIiies Les o
& hampsad ,

Ao Raading Che sdaa of (e datlaation of o
daklvanometar al gavara ) Fraguancias with i
mmlmmmmLurxnuﬂampuuﬁ

Ao Amp i tuda raadiigs mra Laken at payaral fras

guancias with the meiﬁmnmmlﬁggmkampud and the
h;iugm Ohsubst Lt ution nput,

4. Repaal step 3 with the pelEmonater unalamnpad,

Ay ourrent put through the coid exerts a Roreea,

Aiﬁp (A = motor factor, AE = ARput. eurrent)  op

tha salsmonater mass, Mhe Bignal on the measuring devige
(a4 galvanomatar in WAL Amorets papar) Ais then graeatar thamn
that due to the Anput curpent by an amount due to tha1 #
Fasudtdng Pmelllmgﬁunﬁ bf Lthe seismometer mags , ‘
Palancing the bridge peduces the Anput CGUEEREnL, as seany
by the Maasued ng device, ta rera, 'thea @bse%qu @etian

A Lhan eatiraly that CoRresponding to a force, AL,
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Selsmomater

Recording

Device

RN P

- R

b u /V\ (in
Signal r‘“Jj

Generafor

Phuvee deda Maxwa) ) beddga usad 1, AL BIOm e r
Qallbration (Hillmﬁpm! 1969)

A

, Selsmoineter ﬁﬁ?ﬂ

# 4 @ P ’ SEES & . B

4 § . jjs 7 0 ' ‘
LN
y \f‘ RQCD[‘ d‘ng N, U 4

' Device - !

Sgna)
Input

Rlgurs 1ndb  Modifled Maxwall bridge used ipn
.Aﬁukﬁmﬂma L@Aﬁ G“li}hkﬁiqti,&)x ’ S hdma e t |
L966) , Vo (Bhdma et af,
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acting on the Helsmnometer mass, This s eqguivalent to
a g round ncguimration of =AXC/M M is the Sl smomeatay
mass) . The mﬂanituLinn Input enablaes an abso lute
Calibration to ba Mada,  Though Willmora 'y ordlginal "
hasuring devioa Yas a galvanomater, an osellloscopea
Jlveas a sAmplor, more acauratea and ol ract maethod of
Calibration (White A270) ., ',
A transiant inpur An Lhe form of araLap Fanetdon q
A opposad Lo tha wing-wave upad by Willmora - was (PICTEYY)
by Eepinosa at a) 904//x“ Gatarming  tha truqumnvy

Fappolsa of a long pgtdod palBuonatar by QOmMparAng  thisa

Fowrdar transforms of e QULPML and  inpat slynals, (AL

Lher Low ffmuM@ﬁh}m& Consldarad, tLhe ADAMQU A v raact anoe
af the @;@l “an be lgnorad and the Sadsmomnag tay mexely
Fegardad a8 a resAstor which has no Fraguancy depandence ,
The M%xwéll brldge can then be Keplaced by a Wheatstone
brddge,  Howevear at hlgher frequencies, 1 to A0 @ps, the
salsmoneter cannot be rapraﬁunhﬁd by juét a resistor or
AR & rasdstor An secdas with nnlinductance as dong by
Willmoge, No ﬁinglé balance innt can be found unless
losses causead by hysteresis anq eddy aurrents are cunhlﬁ
derad,  Shima et al (1966) anh this intn accouit by
Fapkaganting the ﬁdkﬁmomuLaﬁ px A4 resistanca ip parallel
with an induatance and pboth Mn parieﬁ WAith a second:
resiptance , Their modifiad quwell bbkdga (Llgure A-3b) e

A

cap then be bqlqncad At one 7oint for fraquenaies up o
; ,
1 . f

W

=



-

20 cps and the callbration carxied out using a4 stap
fnput,

Tha presant calibration procadure al Lhe Dapaxt~

it of Physics, Undvarsity of Albarta takes into
\

.

acaount hystaresis and eddy currants by using sine-
wgivum of varlous fraguancias as Anput mm) balancing

Lha brhdga ot avery fraguancy. L has baan I"«:}m that.
t.hfi";;?“‘ techndqua da not suwhtable for flald callbrat fons
1;A(juung peguiies contact with the saksmonatar for
Glamphing  and unchamp Lng ina:uhﬂalxuntw b o long and

Ladlous method. ‘

Q) Calibration Coll

The alaalrle oukrant can also be appliad Lo o
paparate callbrating cold mouwntad A, oh or around e
. f

salsmomatar,  Stewart at al (A96T7) proposed an axternad
+ /I‘!
ol Lox the Qalibration of a Willmore MK L1 sedsmometear

{

which was mounted on top of the seismomaten, ‘he

Wpositioning rod of the seismomater Ls raplacaed by a
conecting rod with a4 smakl magnet mounted on the end -
. [
Rot At mass As Kkept constant, A ﬁuxxnnt passing  through
?”

khe K*n\lMM‘qung Lnik axarts a forese on Lkm sald smonea te e
mass . Ahe typea of foraing funation acting on the seig~
momstar depapds op the ﬁignék put through the «oil, Phe
FMUKUF funation of the calibﬁgtinn aord As aaéapminad by

L walght~ 1A tAng mathod,

12
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Certailn other selsmometers hpve an auxdliary
coll bullt dnto them for calibration purposas.  How-
ever this As not always the casa, Tha mathod of
callbration in this thesis ls the use of two coils
mounted extarnally to the selsmomatar with the currant
through one coid flowing in e opposita diraection- to
Lhe curcant An tha other coll. The Lwo codls ara
positioned 80 an Lo minimlga L Inducad alactrical
Blgnal., A m.?p'{fuum,ixm A eurrent through the colls which
changas  tLhea magnatic fleld in tha voluma of the ﬁulamvﬁ
Motar acting on the suspandad Maghnat As aquivalant to
A slep Ah the Anertial flald auting On Lhe pafsmons b g
Mart ., The motor funetion of Lhiﬁgarrnngemunt s dateap~
mined by measuring the Fasulting displacement. of the mass,
ARy MBdng a lihear variable A farantial transformex
mounted on the apd of tha positioning b%ﬁ on tha Wil lnoga
MK A deismomnater. Whe motor fupetion could also be
dﬂteﬁmiﬂid by initially calibrating the seismometer uiing
another technique, This pdrhiculqr method is feasible
Lok Rrequent field calibrations An that At does pot pen
quire coptact with the saismomoter and can QMAOKIX and
easily be carried out, A slne~wave, step funatdon ox

Ampulsive function may be put through the coll . \
, ’ ,



CHAPTRR 2

FHE Skl sMOMETRK 1 RANSEER FUNCTION

\
Transfar Function
A T bl lon

I
»
S

A

d

The output of the uuﬂ/mmnnut,m“ Lo an dnput of q
e |t s funutlun in grounda dlaplacament o valocity As
Known as tha Avplacament or vealoo| Ly Lransfar function
Faspact ivaly, The expression for tha Lransfer funation
can ba darived afthar LR an e lact v aa) uquivaluﬂﬁjnmkﬁ
Yok of tha complate selpliograph sy s tan (Kollar at al,
AR6G) or a dymslam of dAf farantial equat Lons daparibng
thae @lemsnts of U S L smoy raph BYSLem, a8 prasantad in
this chapter,

"

xnu selsmonatar usad was n Hkllmuru MK L madsmo=

S

Wit o (wiklmnpu Qb al, 1963), 1t MNSABLE Of a magnqtju !

/

T gt
Fapragantad in fiéufa A~k with danping fupfmﬁanuq“by Lha ",

£y

Maps suspendad ovar a ol Ll by a SPRARY BYystem, Thiﬁﬁlﬁ

L™

dash pngﬁr A As kne dAppAqmmmuuL of the Peismometen quer g

N [

R )

Lhu ldisplgc&mdﬂt af thea suspanded mass , , L% o

]
A

£

When the frame AS AR motien upwards (Pvﬁitivg ﬁf
the forces on the mass M area
| y an-elastic force (K times the net extension of the
pPEANG;: Kk ds the elastic constant; £ As Lha Rest, uxtunﬁ
BAOR of spring due tyf paAsmom&kaF mass)

F& = hn(& tox A EA)!

A) the damping force (ratarding o times the velaadty

B

' : ‘ _ A
of the mass with raspeaat, Lo the 'frame; o, khe dampi ng 4

constant As the sam of viscous and eleatpdq damping) )

14 '
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S Damping
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Case

BAgMEG 2-1 e OO na L AYBLEm of the selsmome
Arrows Andicat.a

Leg A
Poslidve displaceamant

A

"
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l‘(x B (/!
\ i
1) foree of )(_;HWiLy (ncting downwards)
bq = hMg
’ |
4) \lmgmetiu Forea due Lo currant through extarnal
coll “
a
km "

Thae s of Lhape foroas caupas ah acaakarat ion

b tha mass L. Noawton's Bacdond baw Ll i‘mqu“mm

Kkt = f)mwil-R) =My 0ok ol

bty = % = L be Lhe relaldva dipplacamnant. of the

framk: ahd mass .

j* ot .
s

KLV oY Ead Mg s et MRS

KR Ap the orddinal extansion of tha spring due only to
f

_ ! i, o ) }
Ltha faoroe of gravity on the mass M., “Tharafors

hk- &l Mg ~‘I.' Ny
MYt oap d ky A MR 0w : (2,1)
)
ﬁ 2 1 o
woos g A opakural parlod of the sgismometar iy
‘ An M (m“ Mq; ‘Hq }ktﬂi‘\ d of the pti:p“nmq O s
. radians b N
AL * i 7
b (61 s damping factor)
m kK ‘
A ‘
2(, I ;’, 'l\l ?.é k" . f
AR G moo . . A
¥ I}f’ﬂ“‘ Yoy s A S (agpmatdon of motion) .
Y Y '’
Kl 3] ﬁ

Yy



Case 1: No magnet e forca (4., l"m = 0)

Taking the Laplace tx'{mnl‘uﬁ'ln ol thae equat lon of

mot fon

) )
21 A" 8"
Y () (J:' =B X (&) ot 0 Y (1) -~ 7y Xi{u)
- W (A}
N n

The: salsmomnatar fg a phyuhtnlly‘muHmmm Instrmnent s
Lhe Laplace tranmtoru Cab b used to nolve o AL Farp=
) [
Chtial egquation,  Phee Laplaca transtorm ol y(t) Jdm Y {wi),
Notmaldae (hiwg MRpEesslon using § o~
2
V)

YY) e R () (2.2)
Lt 2es o0 oyt

Lhey L Eans far funct hon iy 1 haan

7]

X{m) 8- ,

K(i) = 7ty sy ()
Lov 208 4 ne

PO o delba fonat fon A EOMBA AASP ) assaiog t X(N) « )
Al the Leansfar Fancetion s MapresanLad by Y“(U)a

,Whu OMEPUL valtaga of (e Balsmomatar fy b k=

santad by ¢

a(t) ~ ~Ay (1) (A = motor Factor)
Laking She L rans form
KA} ~ ~As X(a)
K(8) - am»“mg;ﬁ) A (2:3)
MEA(L) As the Anput  dlsplacement, than A(L) is

Lhe Anput valoed by ,



Od V(.‘;) - tu“::;)\’(.‘)') (2"4)

BUubs bt by Cuat lons (2, §)

< atd (2,4 Into ayquat L on
(2.2)
}
() 80 V(4)
A ey VA
a Doy, (5) Lt2es ot y” W
s :
b (4 ~Ab N
f%l§ - TRy el (8) (2.5)
v Lt 2enr y” Y
I

(8) hs tha Ve loelty Cranmlog Function = tha Chanslorm
W)

ol the outpat volt A Lol a bl ba Funet | O Ehput
Velae by,

A

Catie 2 NO g rowd MotLon and o gene al Function for o}
f

18}
Madghet be flea)d Mot ion

The magnat % Fokoe Mm bk ks Faprabant ad by
“m S KD() whare K s the spring CORBLant and D(t) s
Uhe dlsplacemant of e Mass from Ale rast Position due

Lo l,kmi fo e 'k)‘ma ' :
[ . R
Thes wguat Lop of Mot bon ds thean
¥ ot Da Y ¢ qu ~ %U(K;)
1\. m“ A

m“

OF - Lrans Formad  anad RO L gad

XAB)EA 4 208 4 w7

X(H) A ﬁﬂ)&gﬁq)

Ly



[
.

Cxpressing Y(8) in terms of Vol taga:

R.(:)) e A(A)“:i Y(:)‘) 9

thenretora
. ) T[\m“ N
" o(8) - “(?,) S e gy (2.4)
O I B

whiett o “O(“) b the transfar function duwe to Chea Maygnet fo

faoree, Tha velowhly translfar function ia

Aal
J A
Lo Rl RO,
! ’( e iy .
{ , y
l t r£ {u'\j h'\ @J‘t )
S W

' - o )
Thoraelore tha velowl LY Cransfar funelion can bo deid ved
’? “

Arol tha magnetbe trarmfar Tumcet don .
]

Aok A fitap i dnput
Take tha cass whero {he aghat ba foroe Fm n dhue

Aoa btap In Lhey magnatha £l AL Lt A bdiea Boak smomsit ar,

) ‘:!;;
bm B RID(L) o= 1) .
M = kAR Loz o ,
Hi ' ] 2
ky—ﬁ
~ O l A () (\;‘I ',3? \
| e ALY
Tl () s AR Loz 0 :
/
E "Al
- 0 Coxo0 |
i
& F .\‘\‘ $
5 AR AR Vo R T .
D) e 5 ) i I
Iy vl !
’ “ BE1]




Then we get from (2.0)

A

(5) =~ - ﬁ'f}ﬁﬁ -y , (<.

| N A A

~
~
—~—

I
ag

the veloelty transtaer function bs thon

)

. 4 ,:L': " N

l.“(.») AQ‘\ k“h’k‘\;‘( i ’
y

d
Thiea vr\.altu'lk( Cranslar function can then be obtalnad

Promca mtep dn thoe maghetle fhlokd by mubtiply bnyg e
2

AR

Cranslaor functhion of the output data by Xﬁ

(11
‘ A
e ] o
"I
}
) o~
gt LT _
) 9 4
{a)
7!
oy
* t
Nﬁ *‘: ¢! # P x'x 8 .
s O ( l) 2 AQ. ‘mﬂ\&j ( )
(Al“ .

her value for @K Gan b obitainad by weanugsaiant of
)

Che output of the Hodar varlabla dAffarantial Cransformer .

Asd A MAneswave dnput

&;t‘S)'kas: Lranslar function gan bae obtaliad diractly,
by wdimg a sine-wave Anpul Ao Lhe magnetlae fleld,  in
this casa tha eguation of matlon can be rawrdt ten

(A RS

] A IE m . .
v PE DGt YO0 A Aak mn oy (1) . (208)
\ ¥} n )
ko



N ; r' r’l“f
(4 Vol : /G )u[«
” WA kY \ .
'll)e ? ( tT‘A,Q' i tﬂﬂ,b diftorantial cquation s
t ‘4 /'tj A
ol the Inx’h\'m 'h m‘\';"‘ ) !
J G
fH ,'
S
L \
y (1) ypm toy, ()

yp(l;) " hl Bin mk(() t k;‘,‘ Cod ml(()

substituting back dnto (2,4) to solva Loy Kk and h;,_

1
" 2 ’
U\)l (All
AL o kl gin ml(l); () - Q) h;’. B Wl(l) p
N} [T y
I} i
)
‘“l ) “)'i'
1AL o }’\2 x::m Wy (t)y+ (1 = z) hl Gom (t) -
1 1Y) .
[}
=N aln ‘“l“)
Holving For hl ahil h,,
W
A, J, AR
(A)“
y,)(t I e PV, Wy (L) ¢
} wy A wy 2
(L1 wg) QL )
m'; "o A
4
(All‘ 3
EAK (l = ':;/)
W]
u B '
permnm e : shiyow (L) A
‘ mf 2 ml ’4 A
(mmg) (2 )
W’
LY
e — im e BAn {mAi;— =~ £)
BN S ,
m1 A ml ~ .
(A~ =5) (B =) -
“2 [ \ !
I 4

wheapa



‘A)J

{ —

-
[V}
1

0 = arctan ———m,-_‘_,).

—w L

e
Yh(()".kju l M m“o/l*

]

Bul amp we are Anterastad in oonly t}

Clon and In that cawe Y, (L) -~ 0

Yio -~y

&

kﬁﬁi“(mj) F‘AY (ﬁ) =

Wa ara intaradtad

which As

"

using tha substitution

(A 5

;}3 ~ = j ,?;l‘
1Y

1)

Co

[TV
"1

/A= Lo

w2 dlaady mlate solu-

22
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2
(a)
J »
by
()
. L N
“‘) ( VY l ) - 2
(%Y} (x)
L~z - "%
(A)“

()
"

solving for the amplituds and phasse of above

2
)
A g{ ‘
A'?r_,lz:n.:allii:g:,,: ;) M
Amp -~ v/HRJKAl t Unmu" ~ e LI —
I —
“‘)I A ‘A)l h}
- — : [
(A ;ﬁ) PR )
LY I
A
20, wtn
Mo nes s Ahay W
Phata = A Lan (=== = A Lan ey 00
ml
b=y
m;_;
Jﬁhﬂ paak Lo peak output of the sina=wava Anput,
ibi
=LA 0K, A
£ (w,) » T l_,, oy '
pin 'l ey .
(A!) A ml
(b~ b (2L =5
[N Iy}
")
and the phasa delay of the ouput from the input is |
/ i

ﬁnﬁ(mlh ~ ) A *ﬁiﬂ(mlt ~ o= 90)

S Phasa = 90 4+ 0

UNSTE vmgm@itx tLrapsfar function can be obtained

by multiplygng the output amplitude of each value of

s i

Lhu sinarwave by ml/ZAﬁm - and the phase by aubtpacting



20° from the measured bhase difference. 4

The output of the l%nuqr Variablae diffaerential
/

transformer in e slne-wave Caso is

<)

V(L) =~ Ly(t)

VALY~ e x:ﬁii:'zf:?:jf'5\‘“(“’ (b
2 2 '
2 " {al
u)“ n

Fhea paak (o poak value i

Which approaches tha value 2481 Al W

le

y PO and sinca ),
Knowh AR can ba obtained and Lha valochty transfar
function Calaul atead,



CHAPTER 3
THE CALIBRATING PROCEDURE

3.1l Antroduction

The callbrating procedura is to apply a known
magnaetic forcae to thea sugpandad magnat (mass) of the
Aalsmomater.  The suspended magnel (flgups 3-1) cunaXﬁLa
of an opap-~andad eylinder of Mag Loy which As a permanant.
Waghnat, o magnat keep which makes up the innar pale placa,

o \ .
and an outar pola place, PThis geomalry results in a
radlal magnatic flaeld across tha alc gad in which tLhe
éuismmmqmup oAl moves, Wha relative mytdon of the
suspendad magnat Lo Lhe ol which As ﬁixe? Lo tha palsn~
momater cape Anduces an @.m.f. dn the coid, Mhis induced

SaMa s A8 Lhe seismomatar output signal ., i {
\ ,

3,2 e Qalibrating Coils

AR extarnal magnetic field is applied to ij BUS A

3 E ' -,A. 5 " e
colls mounted outside the Relsmonatar, For experimental
ol o

pended magnet by putting a current through a paix

purposes the colls are Aupported on a frame about the ‘
saismoneter (figure 3~2) though An notmal operation the
seodls will be assembled into gropves machined' ip the *
selsmomater case, Phis will make the cqils an Antagral
part. of the case and eliminate the possibility of ﬂprﬁ

i
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1-—— mognet keep

41— magnet

- outer pO!Q
Pﬁacﬁ
! ' o, ., |
j = seismometer
coil
A
77
- moss A 4,75 kg l
note; the magnet s cylindrically symmetric |
1 1l
A ,

Plaure 3~L the suspendad mass (magnSt) in a Willmore
Mk XX sedsmomater, ‘



Seismometer

-~ Calibration
Coila

: \
n a frame about
pa 32 Galibration coils mounted de:‘ o !
FAgura . the WAlLmpra Mk AL seAsmomater, -
I' t

17
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due to the dependence of input forece on the vertical
position of the colls with raspuct to the selsmometar
Mas s,

Kach col) consists of one hundrad tuarns of numbar
Lwanly~sin A.W.C. coppar wire and has a resistangs wof
suaven obms.  The coils are wound on bobbins which have
an inside diamater of saventaen and a hall cantimeters
and depth of six milldmatars,  Tha two coils are SO e~ "
Ltad dn sarlas and the calibration slgnal is applied from
a Mawlatt-Packard Modal 12038 function gaperator. A one
Ko resistor is connactad in sarlas with tha ganarator
Ho o that Lt appeacs as a currcent BOuwras o tha load., “This
Fadueas tha offacts of Cha calibration QAL paramatears
(Anductance) on Lhe Anput. . A E

The two eolls warea nxigknalAy Hab up A a Halmholts
aonflguration, Uha eull separalion was half the  Anside
dhamatear of Lha‘@nilﬁ apd the calls were copnected in a
parias alding configucation. A change An magnitude of
a4 haak updform magnetic field was then used to apply Lhe
EChdnga s focee op the suspandaed mass, The resulting den
Llections ware small resulting An outpat voltagas of less
than one velt per ampere of current applied to the coils and
Larges Luddéad QM. Lot ware obsarvad An both the seldspomnetear
eodl and the linear variabile differential transformer (LVDTXA

The direction of ecuprrent £low An one aadl was thep .

raversad so that the coills were pow Qonnected in a serieas



Opposing configuration. ‘Phe daeflection of the seismometer
In this conflguration was greater by several orders of
magni tude ., The mochand sm Involved in producing this
effect can bo saon by exramining Che flaghatic field
batwaean the two colls and conpldaring that the trapnsla-
tlonal fores acting on a magnat in a magnetic flald daepuends
Alractly on the yradiant of the magnetice fleld in the
diractlon of the Forea and tha componant of e magnet i
dipole (which represents (e puspendad magnaet) that 1ias
J ”

parallal to this urm}iunh The fAald dn tha sarias al ding
Gnnfigu;aklnu bo a Falrdy wndform flald and 8o vary Lt la
mat forea acts on Lha Mayinal . Uhe sarias opposing aonf i~
guratlon gylves a large yradiant A the aslal di pact Aon
(M lustratad gualitativaly in flgurs 3-3), A argar faros
Lhan acts on the magnet, Changing the currapt Ad raat dan
n both aoils changas the sign of the dradient and the
foree acts An the Opposita Al reation,

The non~undformity of the direction of the magnetic .
Fleld (At 4s not all i the axdal direction) ehables g4
Rorea to act in the axial Adreation aven Af the magnet i
MORENt of the suspended magnetic mass Lies in a radial
plane, By rotating the ﬁéﬁﬂﬁance axis (figurakzﬁa) B0
that the magnatic moment no longat Aies paﬁpendiaulﬁﬁ 99
the Lield gradient in the direction of force it can be
showth a foree which has a componant An the axial direction

then qc&&fon the magneat, he ey Mndricgls symmatry of the

a
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Q’\ indicatea current flow
1 indicates magnetic field
BAgus e dQualdtative rapiasantation of e agg e L f e

E dua Lo two cobds connectad A oa sarlas

Quhfigural fon,
I

e,
=%

Qualitativa raprasantation of the magmneat e
field dua to tho two colls with raferancg
a rotatead,

Figuce 4=4



"
suspended magnut and the calibrat ion Cal by Xl:Sl]l(:i A h
the radial components of force cancelling.,  The locat ion
ol the magnet fo moment away rom the midpoint of the
Goll provides o net-force dn the prhal dhiecect bon,

A
The: serx beu opposing cont Lgulat bon can b frow ) -

lonad so that  he FRBultIng magnct b o hd o dmi g

with tha two colds at mhn i separal bon

Uher w2 ma £ Anduced dn Uhe e bosmomatar cotll.  Pha ooll
ampamb |

(4t Cm o cantes Lo cont i) was movedd alonyg Uher Bl BMone Loy
unt b tha magndtade of Che  fnduood b, £o owan A A e,
Thils was measurad by Clamping  the sl smome Lar and mea-
MUNAg Lha Bhde OF Che A nducad Lransiant with an oscillo=
poopa,  Tha positlon of it nimu sphka halght was  found
Lo hea Fhve and a half oont imetlars iom Lher se dh siiodie: Lesy
basa,  The callbration colls are now aal b el aboutl tha
Phredd cod b within tha oo lsmomnatar,

M saparation of the two calibrat ion Gollp way
Lhan incraasad aboul this point and the @éﬁplqcamant of
Lhe magnat from Ats rest position was measurad,  Phe
maximun Alsplacement  (naximuwn foroa AQLANG OR magneat: )
wag found at Aaparation of 7.6 cantimelears, ‘fhe bottom
of Lhe maézut wag now enticely within the volume of the
coldds The deflection then cemained constant PYTIN
Ancraasing codd saparalion. Ahe ﬁapaégLinn usad for
gallbratlon was 9.6 centimatars, The Anduced BaMa ks Was
Lhan maasured at 2,6 millimatar intapvals araund the

)



Garlier determined minimwn wit b this separation of the
colls (Cigure J=-9a). The corl location Is the distance
Prom the bottom of (e Bolsmometer came (o Lhe midpoint
ol the caltbrat fon Collo, A noew mhnfmun was then loca-
Led O contimetars abova the selsmometor base,  This
changea In posihtilon was due to o magnat fo punm_mhju Iheari g
(the maygnet) beding  locata Mr(wu;:n the top ¢oldl and the
Belsmome tar cotl,  Phe e bamped veuponaa of (e Bk Bl =
ML wab alpo mkeasuned ancd Phogura =50 shows the varda-

Chon ki magnat del boat bon versun coll pondtion,

bod Ldiwian v

Gt Lol ke DA Rsanantdad " ans ko

A absoluta calibrat ion bagulrag a Rnﬁwlmnuu 0
the Toros which acts on (e suBpandad mass  (Maynet) . Ohiw
gan ba found by Mesadur g tha axial dpplacamant , pAp, of
Lhe suspandad mass, e applled foroa is than kAR whara
Kb the spring constant of e palsmonelar,  The valua
for AR ds obtalpad usdng a linear vaxiabla Adffarantial
Lransformar (LVIN) . Yhe MWYDI wpad was a K00 DC=D Lrans=
Former manface b e by Scohaavitg anginearing, Lt has a
MeRsLUAvEiLY of 7,70 4 0,004 volts par aontinetar (£igura
A20) and a rangs of Minsarity of 11,2 Qaentimatars,

Mhe ehre of the Lvpp and LLe support rod are
mouptad i place of tha positioning rod of the ‘selsmo-
Mmatar and tha transducar is mounted O Lop of the
palpmomatar ovar the RUPPOKXL " rod (Flgura A7) , Phea

BUppart rod As aarafadly  and FAgAdly mountad s that
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It moves Freely within the sed smome ter and LVDT apartuge
and therofore does hol add any damping to the systen,
No change fs notoed  in e amplitude of the output. of

selsmonater whan the LYDT 4w oparating or not

enaglaad,  Tha dif farance Inthe mass of the suspandead
o due Lo Lha usa of tha support and core Instaad
tha positioning rod s A4.5 grams, a chligiblé AU
heap cumparéd to tha 4,75 Kllvgrams of the suspandad mass ,

The ralationship for tha forea on the mass Qith
Fappaocl Lo aurrant apphied 1o the volla can be wxprassed
A8 a4 qonatant,  Mhis constant, Gan be datearmined by
Maasuring thae force op the flas by measuring the dkpplmnuﬂ
Manl asdng an LVDD op by originally calibrating the
AELBmomatar using one of Lhm methods in Chaptesr 1 and
U d hy Lha ﬁuAﬁmumutar o detarming the Congtant, "M
Muoaarity of the forcemaurrent reldation is L ust rated

.

i flgure 3n8, Forea 4s a4 constant Limas the Alsplaca

ment of the padsmoneteap masg, ! §

[

Aof, pmpldfAexs

T a@GuRnLely racord the data Lhu analoy Uutput

) ,
From bath the pui€nﬁmdLuﬁ and Lypg MFG amplified tu ¢

have a Ayhamd @ Nange off 410 volts, . Bath Signqls,wﬁr&

amplified using lﬂé\h oparational amplifiers ., The

Positive input was Mhuq B thqt the value uf the load

kMﬁAhlmr Rlp Ay éqch Qase would not affeat the

n \ i ! s
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fraeguency responsce of the amplifler. 1n the case of
the seismomctar output At A8 hocessary to know the
ffGQUcncy rasponsa of the amplifier uped (Figure 3-Y%a),
This can be datermined by measuring tha amplitude and
phasea response at saveral Loeguencias oo calibrat dng
Lhese values for the emplificr. Tha closad loop amnpli-

flar responsa As

Ao ka0t (RA/RZAAK (L, 0+ JuRIQ)
whara

.
KA = 4,4 007 ohwne
R 4 .
RZ =~ 107 ohbhs
: L .
Com 3,368 40 Farads

The ampritude rasponsa As than

e

th

Amp = ((Raal m}z 1 (Linag m)x)
Pha = Arctan (Imag »/Real a)

The caloulated amplitude and phasa responses are shown
An figura 3000 along with the measured values. Rhe
Qlose agrecment of thase values show that the calculated
values an be used to Lransform the recorded data ta the
ardginal ﬁfaquancy rasponse of tha seismometear,

Only the steady state valus of displacement needs
Lica bé KRnown so ié‘iﬁ QRly necessary to know the D.Q,
gain o the LVDR amplifiex (figure A~Pb). The calculated

and measured values agree at’ 1h044 for the D.C. gain
mn :
’ . | A i
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plothe amplificer. This high gain as well as the high
sansltivity of the LVDY Fergquires a D.C, offsat oh the
amp i fler Lo pravaent the amplifiaer Maturating when s
Lhe Core oscillatas about othar than the zero locat fon

ol tha LVDY,

3.5 Pat.a Huc@kdi@ﬁuﬂyhjpxgigﬂ

4

Thes analog output slanals from Lhe amp kAL L ks
wara digitisaed so that the data can be manipulatad by
A fomputar,  Thase digitigead data are then recordad
O 4 nAng-teack, 800 bpd ABM compatiblea magnet i Lape
LRADSPOrL.  Mhe gystem of Algltizing and raoording
(Alhmup @t al,, LOT2) consists Jf a modiflad modal #1220
Data Acquidsdt ion Qym&um manufaat urad by batum Ine, and
a4 modal 7830 pyucﬁponnuﬁ Lapa transport made by Pari-
pharal bguipment. Corporations, In as muah as it is a
5ynch%mnqus Lape transport the maximum sampling rate is
governad by the transport spead, Mince the Eﬁﬂﬂfdiﬂg
wap done on ten ehanmeim aach uhnnnel had"aq dig@tizing
intarval of 10/2500 5 0,004 secopds . Bach chdnngg had
Q‘EQGWFQ length of 4096 words and was theraforée &lUOA*AUPGEH
L6 .38 saconds 1ﬁﬂ9n‘ ‘The Rasponsa‘tu the step input on eq@x
racord then had nquuqbu;KLMu ta damp out PGPUPQ th and
of tha reaord, fha A to D Qonvertaer has a ruﬁUquAun of
Moblts, inaiuding BAYN, on A ﬁuil seale input of 140 volis,

i
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Cllannel one was used to record the Input step in voltage
basured across the calibration colls and channel throe
ad Lo raecord tha output from the LVDY. The salsmo~
Gltar output As recorded on channals two, Lour, six, ()
Qlght and tan and the remailning channals are grnﬁndudu'ﬁ?
. \
The multiplexer sampling interval As 0.,0004 E@cnnda to
satisly the synchronous Lape Anput requiremants.,  I£ the
saelsmomater data are racordad, on “vary pothrchannal and
then Antermixing the data the sampling interval is n
Limas 00,0004, Racording on one of the teap channals Ahan
ghvas a pampling Antarval of 0,004 saconds and a Nyguist
£ kaguanay (fN ~ AR whare AL As the sampling intarval)
of A25 Ha.  Recording on avary second chanmi glves a
samp i ng LWLurynl of 0,0008 paconds and 4 Nyquiﬁ§ f e

guanay of 625 Hyg.,



CHARTER 4

THE PROGESSING AND EVALUATIONOF DA'N'A

1
.0 dntroduction

The purpose of callbrating tha ﬁ&immnmulux 5%
Lo arrive at the fraguency Fesponsa ol the sofsmomnetar -
of

Lo ampl dtade and phass . The fméﬁmmy Fappanpe of
the selpmomatar dapands on tha nat weal Fraguancy (f“)
of tho salumometar, thea damping  fc) aﬂtkn& on tha
BolBmomatar, and tha motor Factor (A) of the sal smon e r
Mac sl =50k ) uu@éﬁgulakiwnﬁ Thet Lraguancy rasponsa ks obe
alned by 1 kaku;fﬁxuuxﬁjtdxm data maasucad e the thme domadn
to Lha Froguancy domaln, apd corraating for the fraguanay

Faspongas ol the amphl flars and dat a FRQORAING  sabany st e,

Ac? Calaulatad Rasponsa

The wxprassion for tha valooity. sensitivity
(BansitAvity of the salsmpomater to an kmpulse in ground

valoeity) as dardved in Chaptar 2 (agquation 2,5) As

B, (B) A e —— 5
Lot 268 4 %

Y d T
T %m .

L~ Hamping factor . l
R matwral frequency dn hepta
A s motor Faator of the seismona e A valts

par centdmatar par second., * N

A3



‘ ;é charactoristics are canlly
al Lux'(:d:‘; aru Mk 1L seilsmometars (he damp -
ing tncrt 'r'natuxal Fraequancy.  Flgure 4-|
shows her'j '

at saevaral ,fs of L = ranging from L~ 0, 4 (tha omtear
Curver) to Cﬁ L. 0 (the Annes Curva) . Tha valug far A
- " »
I takan to 1 volt/(em/sac) dn all casus and T
Lakan (o b V7 e, the valua Lound for tha salsmo-
Thes curvan of thea ) O amp LAt ucles
Fapsponse have Lwo asYMplotaes = ona which bahaveas A
2 .
tha 87 tarm at

5

dacade and one ¥

¥
Fragquaicias go glsas al A0 Al pras
A
behavas an 1 at hlgh P raguancias,

Fhear two apympt Intersact at the patural F R ey

(IA}\) & .k ' A
For = L (eritical damping) the motion of Lhe

Buspandad mags An the time domain due to an impulse in
= L ~m L

A w kg M ) whareae b

& Eomnd vulaeiﬁy behavas as b(a n

ks Uhey magmnd tude @f.tha Anpul se andt%)is the nathnl £ Kea
Yuancy of tha saismometar ip radians/saq, Phara is no
avarshoot An the time domain. THE amplitude raspopse ipn
froquency domadn is down 6 db frum the hnrizonﬁai ABYRp-
Lolte at mhefnatuﬁql LRequanay, A mora dapirable rasponse
Ao 0,707 ardtical damping, T4 s maximally flat at
highep freguencias and navar axceads ope (flat fraquency
ragponsa) . Mha Fagpoinsa As down 3 db oat the naktural

frmquhuqx<& A dampiig factor off 0.5 opitical has @

o | \

44
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kasponse of 1 oat the natural fragquency but exceeds
Lha Flat Fraguancy rosponse by L.25% db at 1,348 Nz.
Daecreasing ha damp Ang mada e phasa go t_m”(m(;h rs0©
More gradually. At Jow Fregquenclas the bl smomae ta
oMbLput Aeads Chae ground valoctty by 180° and at high
Fraguaencies At hu in phasa with the ground valoaehty,
The output. always leads Ground velockty by 90% at th
normal  froguancy .,

The damphng Pox the Wik lmors MK L) Mk BIOMes Lea ©
k8 variad by Changing the load rasdsbanoeo as o Heal by
Lha output of (he salsmomatar,  Ahe valus of rasdstanog
Reaadad Lo ariive at a damlrad AampAng can ba de ki ved

Erom Lhe axprassion

. . lk‘! 't‘ A A
T 5 (4,1)
whara ' As tha natural pariod of the selsmometar and

b A8 the damping faatox dasirad, , The load fﬂﬁﬁ%tanca
! -

Rio A8 ralated Lo the resistancea af the auiﬁmomutﬁﬁm
A Wy

UUQAglmcp by the ralatbon s #

By, = Rono (),

T:MquaLinM (A h) s degplvad In the Ansteuction Manua
for Wil lmore Halsmomatry MK L put out by HAlger and
Watts Ltd,, London, g land, 1964, Whe ralat lon

Hi :
TR Jah‘% A dapdvad I WAllmors at al (Av6d), -
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Fot 0.707 crdtical damping at a natural period
of fone second mx‘d a cofl ragistance of 3.3 kilohms a
load reslstance of 4.29 kilohms is needad,  Assumpt ions
made JnL the derdvation ol equation (4.1) and thae pre-
sence of addltClonal reslistance In the Form of the
pelpmon Lar eabla mako this value obly an approxline-
tlon.  he ua“brmthum w’unc done usdng load resist ancas
off AL klluhﬁn, A6 Kibohms and 20 Kilohues .,

Folguse A-2 shows tha asymptotas of tha Loy
alp LECude padponsae and Cha phasa casponsa for Anputs
ol a mtap Ao ground nunulmrq(hux,:UAjuwuynu In g round
acoularatlon (Mtap An ground valoclty), and an bupulpea
M growmd valoedty (stap in urnuna'dImPLHUmmmnl)n ‘Fher
RAPEABEION fol Lha salpionalar rapponsa Loxr a slap Al

N -

grouwndT accalaral Lon is

(F1) A oo

MﬁLﬂp A 1~§~Q- (agmation 2.7)

whera ( A a Gqﬂﬁ!ﬂnln At low Lreqgquanalas At bahaveas
as 1 and al hiuh fregquenclas 1t bnnanm Ag &/““ﬁ A H

yiqkdﬁ Lwo asymplolas = one which dﬂﬁkmqﬁuﬁ at A0 db

pvx dacada and ane which hap the value nMpliLudu i

Thu Lo ﬂﬂymptolaﬁ Intarsaat at the natural kﬁﬂquﬁnuyn
ﬁl\

MCM Al farantiation of thy Anpul signal caupas a /
s
rotatdon of +20 ab/par decada (multiplying the ampli=

tuda rapponse by the pormalized frequancy YESNE

A

i
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44
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109

A——-— 40 db/ decada

=40 db/degade

FREQUENCY - hz |

wm—es— PRABDONEQ Lo htmp}k YroMRd acaalarat ion

T ARBPONES Lo g Lse
T kmEhonsa Lo dmpudphs I gronid valoalhty
b

180 1+ |
,>.\ |
a%%}, N
U - I\ P:ﬂ
~90 -
fn~,96 hz B

18 Q - 7 j G
Toll 10° o |

the ﬂmplLLuga rFesponsa and the
Phase rasponse of tha pelpmomeatear to various
Anpats in Fround motdon , %nxtﬁ for the amplitude
Fasponsa are valts/ (o ARa’) foxr a step Ain acagl~
aration, voltsa/ (cm/saq ) Lor an Ampulse tn accel-
aration  and valts/ (em/sec) for an Ampulse Ak
graund veloaity, ‘ L

A

he asymptatas of

RO acealarat o



The phase responhse is shifted forward by 95“
with @ach differentiation ot the Input signal.
Consldar the displacement of the suspuended mass (§)
and the displacament of tha selsmome Lor maps (%), For
low fregu&nuiuﬁ Lhay ara in phase and for high fra-
quanclas £ lagys bahdnd x by 180", If wa considar
Lha ralative motion of tha suspandad maps with ruspact
Lo the saflsmomatar casa (y = & ~ £, positive y implias
dowinward motion of tha suspanded mass with raspacl Lo
Che peadmilomatar casa), Lhae aguat dan of motion of the

puppandad mass with no damping (aguation 2. k) baoomay

My 4 Ky = m¥ K‘

Mhis can be rawclttan ap ///FE‘

Ry =~ Mﬁ »

]

Tha motlon of the suspendad mass with raspeat to Lhe
paipmomater case (y) then As An phase with the accel-
aration of the suspanded mass (£) which is An phase
wilh the acceleration of the pelsmometer casd (g round
accalaratlon) at low freguencias and lagging behind At
by ABO% 4t high fregquencies, Since the seismometar iy
a valoaity transducex the output of the seismometar
(valocity of the suspendaed mass with respect to the
puipmonatar casa) would then lead the ralative displace~
ment. by 20%,  Ihe output would thep Laad the graund

i “\L



(Aé(lexarthi()n by 90° at low frequencies and follow At
by 90° at high frequancies for an lmpulse in acceler~
ation. PFor an lmpulse {n velochty the saelsmomater
output than laeads the ground velocity by 180° at low
Frequenciaes and s LQ phasce with ground valocity at
hlgh frequenclas.  1he Form of Ihput. As detarmined by
tha slgnal put through an callbration colls. A stap
In cukrent through the colls s equivalent Lo a stap
Ingrouwnd acoalarat bon.

Varyiing tha natural Fragqueancy (r“) Ok the
ok smomatar changas output by moving At to tha
bttt or rlght along the frofmancy sdala as the AR Y~
Lolan always cross al thae natural Eregquancy .  Tha load
raplstance nsad For o glvan damplng As a function of
tha natMral Preguancy of tha selsmonetar  so a4 variae
tion in frefuenay without unanélng tﬁ@ Aoad resdstanaea
would @hanéu tha damping of the salsmomatar, The
patural fraquency of the selsmomoeter is varied kry .

;

varying the tension on a "sixth spoke” attached to the
Magnat. (Willmore et al, 1963) and thus varying the
B ANy @nnmgqnt!‘k@ of tha palsmomater, The tanai&h'
Ao vardad by a serew adjustuent o top of the seis~

mometar aasa,



4.3 Mathematical Treatment of the Data

The input slghal, selsmometer output and
LVDT output are Fecordaed for four cases: no external
damping resistor (no electrical damping) and damp i ng
Fusistances of 10 kKilohms, 4.6 kilohms and 4,21 kilohmy.
Phe racorded data have @ d;u&mic rFange of 11,0 yulté in
L4 bits plus sign . A Further factor of 4 (s Intora-
ducad by tha program for Changing tha data £rom B2k e gy -
“hal storage Anto one MAUCW par channel storage, fmn
Volts ds then raprasan tad by 32,768, -

Ay B.Co offsat Introducad Into tha selsmomater
OMLPUL by the anplAfiar or data r§®1rd&ﬁg Bubsys tem As
Femovad by averaglng a b Ol podnts at tng\bugﬁnnlng
Of tha racord before the Anput nigugh\mmum, and 2’” the
S of tha racord aftar |l slynal has h;;g;ddmped QML
M avarage ds than ramoved From the digitized dana,
This dous not have to be done with the Anput. aignal
as At As s only Lo determine the initial Gondi Lion
g (the starting POARL of the response to the Apput step)
UL with the LV output as this is ORly used o ﬂigd
the steady state offsat (AR) of the suspended mass ,
Nat removing the offset from the seism@materﬂeqtput
is @quxymléntlkﬁ adding a ptap in the time domain ovear
the length of the record and waulé therefore offisat tﬁa

Lransform oF the data,



O
The output signal from the unterminated sefls~
mometer (no load resistance) is used to find the
hatural freguency of the seiumumetur, The expression
L]
of the output signal in the e domaln due to a stap

In accelaration is

AAKW“, mﬁcm“t o (lgtz)ﬁ
ok Sy "

t
(the dnvarse Laplace transtorm F aguation 2.7) .
Measurdng tha locat fon angd helght. of the peaks yialds

b ’

valuas for tha F eraggmancy (m“ B (A=QA)”mn) and dacay

rata (@ﬁ&an) of tha output signal, 1t 48 tLhan possin
bla to calenlata the patural K raguancy (r, = All, ) and
Lhe damping (4) of tha selsmomater, |

The output shgnals from the sedsmomns ey with the
load resistors ara treansformed from tha time domain to
the frequancy domaln by UBARYG  Antransforms (subrout ines
POLXEV, POLAR and LRUM; RobAnsan, 1967; antrapsforms
Kanasewloh, 1973),  %he a~transform operates in the time
domain and can be used at specilic frequencies, We
ake then able to choose frequapcies ag;aéual intexvals
on A log scale, a desirable attribute Qs the log ampli~
tude and phase are both plotted vén Aog ﬁraéuencyn

{
Frequencies are chosen so there are twenty points per
oo _
dacade between spacified low and high frequencies,

A
! A
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AMPLITUDE

¥ L L e — X

TIME - 4 mllliseconds

Flaura 4~3 Pha input B Lap Alghithzed at 4 WAL A Brscaond
o0 Antarvals,

L 4

m"h 1Q': I!

PHASE— DEGREES

10° 100 02 1ge
FREQUENCY - HERTZ |

Flgure A=da Phe Phase rasponse of the sedsmometar wi th.
a A0 KAlohm load resistor Algitized at
intervals of 4 millisecond and having g
Mygquist Rrequency of 125 Ha, The starcting
| . point of trananrmatian,tU,iﬁ Lakaen to ba
ot
Qo

10
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The starting point of.ﬁhe transformation, t,
bs Metermined for the input signal, Figure 4-3 siows
the recorded input step. “ho dependence of phase on
the polnt chosen for L, Is shown in figure 4~4., ‘he
phase response varias by 180° at the Nyguist freqsgncy
(25 Hz) for avary successive polnt chosaen as Lo
Flgure 4.4c¢ shows the phase rFaesponse which usaes the
flrst %aini aftar the stap oceurred as L, 7 the value
usaed An Lhe calibration. A
b The amplitude of tha transformed datat at uachﬁ
fraquanay was divided by the calaulated gain of the
paismometar amplifier at that Lragquancy and by the
cakeulated value for O& (dataxmiped by dividing the
Alaady state change in volts of the bvéﬁ outpul; by the
daln of the LVDR amplifiar, 110 t 1; and by the sansd ks~
vity of tha LVDR; 7,70 1 0,003 volta/em) . Uhe ampl i tude
i how mxpraﬁﬁﬁd’in‘VUltﬁ/(CN/SMGJ)ﬂ This As the seige
momater response to a ﬁtmb in ground acceleration,
The amplitude is then rotated by multiplying each point
of the frequepcy ﬁaséonsa Py the normalized frequency
Rasponse at that point squared (&f/fn)z) to arxive at
the veloﬂify sensitivity ., -

‘ The‘PhéSé ﬁaﬁpDnSé is corrected for the Céléﬁﬁ
lated phase change due to the sedsmometer amp 4 f4ex
andt delay Antroduced since akl channels axe pot digin
tized ﬁimuiﬁaﬁeﬁgslxn This introduces a coptinuous

f



phase shift which reaches 360" at 2500 Hz (2500 =
1/.0004 whaere ,0004 is the delay between channels)
or a shift of 18° at 125 Mz. The phasa shift Ais
changed to one due to an impulse in velochty by
shifting it forward by 180°, 7The log amplitude

and phase are than plottad against log fraguency .

4.4 Obamryud ﬂaaultﬁ

Calibration runs ware dohe on a Willmore Mk XX
ﬁainmumatar; sarial numpaf HoADBO/229518, The runs axa
dondSusing step and sine wave Anpuks An curgent throumgh
tha calibrating aoils, and using the Maxwall bridge,
Tha data trom the step Anput are digAtised and pro-
Cosped as An seatdon 4,3, he output £ eom the other

two mathods As read off an asailloscopa,

a) A Step in'lnput through the Calibration Codls

A Btep An current’ through the Salibration geolds
im used to apply a force to the suspended magnet within .
the seismometer, Whis step in mqgnatxc fxald As equin
valent Lo a step An the inertial frﬂme wnich A8 equin~
valant to' aq stap AR ground accelexation. Kigure 4-5
shaws the log amplitude responss obgerved due to 4 step
An ground acceleration (step ace, sens.) for a 4.1 KA Lohm
Aoad pesistor and £he valoaity sansitxvgvy of the seismgn

it, Th@ dAgkLiz&ng AnLarvml usaq

mmLup @qlculqtmdv

I
was (), OOAMSaanﬁS yia&dmng a quu&pn frequancx of AAS a4

|
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Flgure A~5 The seismometer response to a step in ground
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sitivity for a selsmometer with'a hoad resis~

' tance of 4,1 kilohms, The data is digitized at
an Antexval of 4 milliseconds, ' The hordzontal

apymptote has a value of 2,9,

57



|

58

'

The asymptotes behave as expected in each case -~ oha
agymptota of thu step acc. sens, plot decreases at

40 db/decade at  the higher frequencies while at lower

Fequencies the asymplote 18 lavel at about 2.9

pr ot 3

Woltﬁ/(cm/ﬁuc')n Tha veloclly sensitivity plot has an
!

asymplote with a slope of 40 db/dacade at lowar fre-

l

Auan i e au@ a hordlzontal asymptote at 2,9 volt/ (cm/vao)
;
At Righgr Fraguaencilaes.  Both agymptotas in aach capa

Inturpact at the natural freguency of tha sl smonat g

(0,98 Me),

| Al Iharaasa An Uk obsarevead valuas LR tha ax-

puactad valuus at high freguanches can be sean oh aach of

0

Uhe two yraphs in fAgure Q’)fu An tha cornar of thea

Asmomatar amphAfiar was o 100 e and Lhe Nyguist

aguenaey at which thae data was dightisad was 125 Ha

I
pe
f
;
KL :
1 was) ballaved that tha obsarvad Anarmnﬁa may be dua

»oalliasing,  To laessen this effeat the data was digin

l

. giAmu At an Antarval of 0, UoouLéuvnnﬂm GAVing a NyquAht
' p

Afruquancx 0f 625 Ma. Flgures 46 to 4~8 show the Lug

¥ o . _ T oA
hamplitude aurves for the salsmomatar output slgnal di-

1

,Jgﬁtimad at this Antagval , Cnmpqpipg Lha ﬁLMp accelaeration

i
gdpqﬂgiLAV1LX and veloaity sensitivity knr a selsmometar with

a damping resistor of 4.1 kilohms (figu?%&&TH) with the

Btep acceler S tivity apd velocity semsAtivity of
the se @ pame damping but digitized at

A , - A,
0,004 pe g ura A0 showsnpo slandfdeant ehange
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bhothe outputs. It must  then be concluded that the

obscrved fncrease iy not primarily due to allilasing

o
[y

but rather o some olher HOULCu, H

A possible sourco can Lo sacn by examindng
the mhze o thiy therease.  Mhe jound oft af the dat g
b dig i tleing Jhves us o possihla oo of llm‘ Bl ol
hall a bit on the A= vobvartor,  YThis would xu‘«“ Ln
abhncroana of 1.9 A H)'ﬁ'1 vnlt.m/(&;m/:m\:'}) o the HSlap
acaslotal Lo sunstUAvEIty valuas,  When the valuan  arca
AP terentlatod to obtaln Che veloclty sensltAvity thiw
Mt roduces an eiror al Wi Volts/ (Ci/sac) at 20 Ha, 4,0
Voltu/ (Gi/sac) at 40 Ha and 12,4 \fu“h/((flll/ﬁmu) at,
BO Hey Valuas laps ha ELhily area abl that are necodod
Lo mi,:unum For the notead dne i pea b thes valoal by sansi -

Livity. e ghsaivad slop acoalarat Lo pansAtAviLy shows

Nt

Al ANCkmast o about )L 4 a 1o~ v\nll,ﬁ/(mn/mm'&) ovar At he
AP ] Haéipu“ﬁﬂ; Pk Falla wakl within G quant kha=~
CROn lvar of tha A=b GONVa Lty (Ms\f«nimwn ATy,

The vakocity sensltivity of LRes sk d smom ta g
WAL o demiping ragdstor of MO Kl hhms  shows q
hovizontal qﬁYMpLutq afo4,04 vdﬁtﬁ/(cm/nuu} and‘q
damping of 0,36 oritical {Caleul ated From the Yraph

~

by kaaddng off Lhe Faspansa of  Lha, palsmonata e ak thea
natural fraguenay ),  he motor factor, A, of the saig~
Mkt ca g {Q Nt tha valus of the horizontal ABYMp Lot

Aab Lhe autput slanal was abtanuatad by the doad oo

i
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resistance R

v(}l):l a R—l"f R. VUU(
. .

bo o the outpul

wherre V L8 the observed output, v
why (S2VE

from the Hniﬂmnmu(ur, anied Hﬁ bo the roudstance of tha
Coll within the Belsmonetor,  P'ho Mptor factor of the
Molsmomatar |y Chean M“ t “L/“A‘ t Muuﬁ thet valua of (he
horfaintal ABYIpLOota,  The measurad Bl smome Lar ool

Faslutance iy 4, o4 Kikobms . Thia yYhalds a motog Facton

1
{

.\uf' ‘»QEH Volts/ (em/sac) for ther L0 K i dobum Lo Faatahnilog ,
./\ Whe 4.0 Kbohin Load Faplator shows q UQmping ol 0,44
Grlthcal” and horlsontal aBsylmplota of 4,05 vYolte/ (eu/ua)
yhelddng o wotop Factor of 4,49 Ynl\lh/’(ﬁﬂy/uuxt)a A
damping of 0,62 Gritieal and horieontal asymplote of
2.4 m;ltm/(nxu/rmn) AL &1 ukmuk‘\f&z‘ﬂ For thea 4. ) Kilohi doad
Faskator ghiving o motor Factor of 4,462 vultm/(ﬂm/nmu);
Lhis ylalds an AVEEaUs otor Fagtor of Db b 0,00 v Lt/
(Ch/peacr)  Far ther sadomiomnstar, Y obsaiveard Aeaing L i
bdleated that 0,707 eritical damping Fagud rap o kqu
sl st anoeg ARGty doss han Ak KAlohams and shows  ha
RELON i r“; method of @alenlat ing the daMping rasistancyg,
Flbgues A=9 shows (e valochly phase Rapponsyg of
Lhigr ek smome L g WALL dif ferant Aampd g Fapistanea,  Ihe
Phdse hahavas as “Rpeted, leadibg the geownd valoaity
by Luo# ql\iuw Fraguancias and balbg dn phase with it

at hiygh L reciuana las , Ther phase REBPONBG above ), 8 Hz
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ks not valid because of the decreased signal to nolse

ratio.

L) A Sinewave ITnpult lhx‘nlugh the Calilbrating Colls

A callbration run wan done by pulting o sina-
wave throwgh the coll at glvan Fraeguancias and measur-
Ang o the ragusncy raspons by measuring tha helght of
thea sidnewave obparved Ao e wutput.,  Mhe phasa was
Mapurad wsing a vaxiabla phase Bshygnal ganarator,
Comparipon off the two fruuﬁunuy Kagponsas would show
ARY mEror ko thae stop callbiration mathod dua Lo tha
A B kA nhmpuluf the stap, the digitigation of Lha data,
Lhe transformat bon of the data o alliasing.  Raeading
anﬁﬁéak Lo paak values of the output sinewava and
AAVEAING by Lha pleady stata daflaot fon of the magnet.
yhakd tha maldsmones oy sansitlvity to an impulsa in
dround accularat fon (aca, Balb. ) . Whe staady stats
deflaction of thae magnet is obtalinad Lrom a graph of
tha daflactlon ve, fregquency on a Log saale (fAgure
Amd0) . Phe staady Atate daflection for the seismometer
mass 18 0,0127 am Lor a o Kilohm Load resistance,
Do0148 cm with a 4.6 Kilohm load resistance and 0,0148
e wAth a 4.1 kdlobm load raslstanca, the accaleration
Aansdtivity of the selsmometar aaleulated using these yan

hwp Ay shown dn fAguee 414 and the valoaity sensitivity
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Calculated from Lthe acceleration sensitivity js shown
In figure 4~12. The velocity sensitivity shows horj-~
“ohtal asymptotes of 4.10 volts/ (cm/sec) for a load
Fasistance of 10 kilohms, 3,10 volts/ (em/see) for A
boad roesistance ol 4.6 Kikohms, and 2.9 vnll,ﬂ/(cm/mm)
for a load Faesistanca of 4, ) Kilohms., These valuas
agree with those arrdvad al from the slep {nput., an
vverlay of the two mets Ol curvaes shows an uxact
AgLQRment within tha usaakl Fraguency band, Uhe
asurad phasa s ShA £ e Lo rapresant the Phase batweaun
Lhe meamurudfﬁibnal and ground vaelocity by adding 9¢°
(Flgure A=113) «  This too is I ag racmaent with tha cal-
Cuda teac valuag,

N A
) Manws L1 Yr Ldge Reachn dg e

For compar i san PUEROSsQas a calibration FUR, way
Madka on Che pad smomeatap WeAhg  thea Maxwell brddge
Lachiique (Chapter 1 AROLLon 1. 2d) . Load Fasistanaas

Of 10 Kidobms and 4, ) Kidohms were used, The resul e

ware avaluated MBARY A progran yﬁ%tcen by Pr. M,R.,
Kanasewiah } The velood by ﬂ&nﬁihivitx areived at by
this method is shown in Flyure 414 ahe 4.1 KA Lohm
Ras s taop Y e Lded A hordzontal asympgote ok 2.8 volts/
em/saa) and. o dampdng of Onﬁg Gritioalni The motor

f

Lactor of the palsmome tep ealaulated by this Lachnigue

was b, 72 Vokts/ (cm/sea) . whe A0 K4 dohm fasi;tap had
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a horizontal asymptote of 3,4 volts/(am/sec), a
damping of 0,36 critical and a motor factor of 6,01
volts/(em/sec) . The damping changs due to the uba

ol tha Maxwaell bridge is that the load resistance

as #gaan by Lha sclsmometaer wan nol thae load resistanca
put on the amplifiar but rathaer thae load resistance of
tha amphifiler Ao parallal with a varlabla raslstancs

of abont 200 kilohms An sizga.  Vhe 1néu rashiatanca

a pean by thae palsmomatar dn than Tess than thae valuos
udad (1,0 kidobms and 4.0 kilobws) and so Lha slgnal is
moxe Daavily dawmpad than Lhe cagan uslng the calibrat ion

¥

Goldt.  Phe diffdrance An the values of tha mobtor factor

of  the salsmomstar ayg maasurad by (ha calibration colls

(Dbl 0,00 vokte/len/saa)) and Lhe Maxwalh brldga

tachidgue (b7 voltn/ (em/sac) aid 6,01 im,lm/(mn/m:u))
may ba dua Lo tha fact that the Maxwall hrldga i@%?héﬁé

Chon was, earriad opt ovar a month aftar the callbration

with the calibrating codls and the motor factor of the

4

palsmomalar may hava ahangad ip this timea but the
disagraameant @g?tnu motor fadtor for the two runs dong
ol tha Maxwall hridge using two differant demplig raslp~
tancan dndicatus a possible source of arcor dg the

raading takan by this mathod or by tha maethod dtself,



4.4 ( one lu:al(m

o A step dn current thriough the calibrat ing collu
provides o rapld, accurate method ol caltbrating any
MoOVAing magnet selsmomat ey, Though the callbration 1un
wan dobe only ona o vertical sl smomnet e hesh Cher Lhia
direction nor magnhtude of (e applied Forcee dopands on
Gravity., Fhe callbiat fon Laachndguer | u Hmp b paendant
of the orlentatlon of the sl soomet gy andd Calibhiat dng
Colln with respact Lo the carth,

AT aning and digltiging errors involved b the
Cranslormat bon of the data Anto 1 he Fraguancy domadn
can hemindmdcaed by ubdig a least Bguaras Tt on Che
data Lo datormbng the haturak f Fagimaney . dampd g and
valus of tha horigont al apymptolsa of Uhea sl smomat oy
Fappolsa, Mha veloelty sensdivity gan be found by
aubstitut g thesa valuen into the corract NPV D RSTI

Whather ha valochly sanshlivity is found ua dhg
@ haapl sguares FiL o Lransforming the data intu e
Fregquancy domain this method is fmpid as AL only
L&ﬁs;w,krup thea Anput ux one signal, a squake wave apd
lhﬁﬁziglkipknu af thu Baismonetar output. , wnu CPEIES
wayd 'tachnigue ragulras frwadim,m at. a large pnumber of
Fragusholon to shsdre acouracy of dala so ls a L me
eonsumAng ik thod and tharatora pnot waslly applicab e

Lo fraguant. aalibration of saismomatars, The simplieity
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