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Tilt and strain meters were installed on the Portland
State University campus in the summer of 1982 and data was
collected for 4 months. Instrument selection, operation,
installation and performance are discussed.

Suggestions that could enhance data quality and data

collection efficiency are presented.
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An analysis procedure is suggested and an example of this
procedure for an interval of data is discussed. The influence
of the temperature, pressure, rainfall and solid earth tides
on the signal is investigated, as well as the correlation
between similar channels of the different tilt instruments.
The temperature, rainfall and solid earth tides were all
determined to have an influence on the instruments. A
statistical test of the influence of the barometric pressure
on the signal revealed no significant influence. A very low
correlation between similar components of the different tilt
instruments was observed aside from their thermal dependence.
It was concluded that in order to obtain high quality data
for the use in quantitative calculations, the temperature

influence on the raw record must be minimized.
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PREFACE

In 1876 Lord Kelvin concluded that the earth is not a
rigid body. Sassa, Ozawa and Yoshikawa of Japan were the
first to publish strain data associated with the solid earth
tides in 1951 (1). With the advent of the computer there
exists the capability to collect and handle great amounts
of data. Thus for the past 20 - 30 years there has been an
increased interest in measurement of the elastic response of
the earth as related to many sources such as faulting,
volcanic or geothermal activity, thermal gradients, man-made
structures, as well as other sources (2, 3, 4, 5, 18).

The purpose of this thesis is to study some of the
techniques for the measurement and analysis of tilt and
strain data. In particular, a description of the instru-
ments, instrument installation, instrument performance
and recording proceduras for strain and tilt data will be
given. In addition, procedures for analyzing the strain
and tilt data of this study will be outlined and the results

obtained from this analysis will be presented.



vi
This study began in June of 1982. Data was collected
for approximately 4 months during the summer of 1982. Two
biaxial tiltmeters and three extensometers were installed
on the Portland State University campus. The campus site
was selected because it was readily accessible for frequent
visits. 1In addition, the Portland Hills fault (6) was near
our location so our instruments would be ideally located

for the detection of possible activity associated with the

fault.
The study was terminated October 29, 1982 because of

heavy rains which flooded the equipment.
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CHAPTER I
INSTRUMENTATION AND COLLECTION OF DATA
INTRODUCTION

The measurement of strain and tilt data can be divided
into several categories of interest. Of primary concern is
the instrument type and calibration. The instrument type and
calibration are essential for an understanding of the data
obtained. Instrument maintenance is also important because
a good maintenance program can insure reliable collection of
data. Finally, the data recovery and digitization are im-
portant factors that determine the characteristics of the
data as well as the limitations of the data. 1In this chapter
data is presented as a whole and possible improvements in

data quality and collection efficiency will be discussed.
INSTRUMENTATION AND CALIBRATION

Strain Meters

The extensometers used are identical to the type described

by Axelsson (2). They consist of a l0-metér-long invar wire



stretched between two ends secured to the earth. One

end is an aluminum temperature compensation device that

counteracts the thermal expansion of the invar wire so as
to minimize the thermal influence on the signal. The other
end is a probe between two parallel plates. This probe
senses a voltage that is linearly related to the displace-
ment of the end of the wire. Calibration of the strain
meter is accomplished by using a precision micrometer

designed to displace the end of the wire by known amounts.

Tilt Meters

The tilt meters used were Kinemetrics model TM-1B
biaxial borehole tilt meters (7). The tiltmeter sensor is
a cylindrical chamber that is partially filled with a
conductive fluid and is capped on top with a downward con-
cave piece of glass. This causes a bubble to be trapped in
the chamber. On the inside surface of the cap are four
orthogonal electrodes that are the active legs of two
independent A.C. bridges. Matched pairs of precision
resistors are mounted just outside the chamber for the fixed
legs of the bridge. An electrode at the base of the chamber
provides the A.C. excitation to the bridge. Changes of the
sensor orientation relative to the gravitational vertical

direction cause the electrodes to sense more or less of the



»bubble, thus producing an output voltage of the bridge
which is directly proportional to the amount of "tilt" about
each of the orthogonal axii of the meter for small tilts.
A calibration check is accomplished by switching in a small
precision resistor across one leg of each bridge. The effect
of this resistor has been carefully measured by the manu-
facturer and can be related to the precision calibration
performed by Kinemetrics.

The calibration gains for the instruments are summar-

ized in Table I. **

TABLE I

CALIBRATION SUMMARY

Instrument Gain*
North Tilt 1 (317) .269 ur/mm
East Tilt 1 (317) 277 pux/mm
North Tilt 2 (318) .393 pxr/mm
East Tilt 2 (318) .395_ur/mm
Strain 3 ‘ 4.4 x 107 (AL/Lg) /min
Strain 1 (from 10-9-82) 6.9 x 1078 (AL/Ly) /mm
Strain 1 (before 10-9-82) 2.4 x 1077 (AL/Lg)/nm
Strain 2 (after 10-9-82) 1.0 x 1077 (AL/Lg)/mm
Strain 2 (before 10-9-82) 1.8 x 1077 (AL/Lg)/mm

* /mm as measured on chart recording paper

** In this paper positive strain is compression:
North/South and East/West tilt are positive for
downward tilt of the instrument to the South
and East respectively.



Thermometer and Barometer

The thermometer used in this study was a continuous
reading thermograph. The thermometer is a bi-metallic coil
that produced deflections of an ink pen with temperature
changes. The recording paper was wrapped around a drum
which was rotated by a clock motor. The thermometer was
manufactured by Casella of London, England.

The barometer was similar to the thermometer in that
the chart paper was placed on a drum that was rotated by a
clock motor. The ink pin was connected to an expandable
airtight bellows. Thus as the pressure varied the ink pen
was deflected. The barometer was a Microbarograph Model B211l

made by Weather Measure Corporation.

Instrument Maintenance

Maintenance of the equipment consisted mainly of check-
ing the equipment three or four times a week to collect the
data records so as to insure proper operation and replace-
ment of power supplies. The power supplies used were two
12 volt batteries connected in series which powered two
Rustrak chart recorders, two tilt meter channels, and one
strain meter. These batteries had to be recharged about

every 10 days.



INSTRUMENT INSTALLATION

Strain Meters

Three extensometers and two biaxial tilt meters were
installed for this study (see Figure 1). The extensométers
were located approximately 1.3 meters below the ground surface
and were horizontally oriented at 760, 1389, and 299° clock-
wise from true North. In Figure 1, locations S1, S2 and S3
designate the sensor ends of the strain meters and F is the
location of their other ends. The ends of the strain meters
were located inside large fiberglass drums, approximately
1.0 meter in diameter and 1.5 meters high, and were attached
to the top of 5 inch aged steel casing that was buried an
additional 1 meter in the ground. The tops of the drums were
figerglass and were covered with 10 to 20 centimeter; of
dirt. Invar wire was stretched through 8 inch plastic pipe
between the ends of the extensometers. See Figure 2 for a
sketch of the installation. The strain meters were arranged
to give the best coverage of the area available. A symmetri-
cal array of 0°, 120°, 240° would be preferred but because

of limited space this was not possible.
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Tilt Meters

The tilt meters were placed at two locations labeled
Tl and T2 in Figure 1. They were set in the same 5 inch
casing used for the strain meters and were surrounded by fine
grain silica sand. This technique of installation is rela-
tively standard (2).

The tilt meter electronics were located about 10 - 20
centimeters below the top of the fiberglass drums and were
electrically connected to the instrument by a large flexible
cable. The power supplies and recording devices for both the
strain and tilt meters were located underground in 50-gallon
metal drums labeled El1, E2 and E3 of Figure 1. Also in these
drums were the main circuitry for the strain meter amplifica-
tion and power regulation. Continuous reading thermometers
were also installed in Positions E2 and E3. Figure 3 shows

a close-up sketch of a tilt meter installation.

DATA RECOVERY AND DIGITIZATION

The strain and tilt data were recorded on Rustrak strip

chart recorders. Marks were made on the chart paper every

2 to 4 seconds as the paper moved with a speed of about % inch

per hour. The time and length for each record was measured

and an average chart speed was calculated. From the chart
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speed l-hour time increments were marked off and the distance
from a base line to the data curve was measured to the nearest
.1 mm. The accuracy of this measurement was about + .2 mm
for most records that had little high frequency noise. High
frequency noise associated with large trucks on the nearby
Freeway caused the strain record line to be broader.
Figure 4a shows a raw strain record with high frequency
noise appearing during hours of heavy traffic and very little
noise at later hours. Several times it was noticed that this
noise was amplified appreciably. When this occurred spider
webs were found connected to the invar wire from the 8-inch
plastic pipe. Removal of the webs eliminated this amplifica-
tion. With a broad record line the best that could be done
was to estimate the center of the distribution of points,
thus losing some precision. The tilt meters were equipped
with filters with time constants on the order of 80 seconds;
hence they were not affected as much by traffic noise
(Figure 4b).

To aid in the tedious process of digitization a simple
transducer was designed. The chart record was fed through
a spool, identical to the spool in the recorder, and then
under a potentiometer. A pointer was moved across the poten-

tiometer to the position of the recorded line. The output
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voltage of the potentiometer was linearly related to the
distance from the base line to the recorded line. A cali-
bration of this device gave a value of 15 mv/mm. Thus the
estimation of the data points was still dependent on the
human eye. To aid in locating the pointer in the center of
the record line a magnifying lens was placed above the appar-
atus. This set-up made it much more feasible to read many
more records in one sitting because it made the estimation
of the data points much less tedious. A comparison of the
data obtained from each method is shown in Figures 5a and 5b.
The transducer could have been interfaced with a mini-
computer so that the data could be directly input into the
computer. This would eliminate possible errors in trans-
ferring the data from the chart to a data book and then from
the book to computer by hand. Errors of this type are
usually detected when inspecting the data curves and so are

usually more troublesome than disastrous.
DATA PRESENTATION AND INSTRUMENT PERFORMANCE

Figures 6 through 14 show the performanee of the various
instruments during the study. The spurious signals and "flat"
spots of the figures indicate that there were many problems

with equipment operation and stability, particularly in the



s 793owoT3juajod Aq painseaw utrexls °dg aaInbtd

13

(sanoy) swTy
28 29 ") 4 ac
| 1 | | | A | A

*x9Tnx Aq painsesuw utexls °©G oanbig

'—|||]1||]|||]]|] |lll1]1]lllllll]l1ll

k-

(Aw) utexls

(um) uyeT3ys



14

-z86T ‘8¢ I9qO3D0 O3 ZB6T ‘0f vunpL WOIy pIrodal aanjexadwsy °*9 ousmﬂm

utrex JO YdUuT (Q°T ISAO0,
Yyout H° I8A0 uTrey - J
(sanoy) awt3l

20Re oege "] 2 4 008 | oo ) 008 "]

U N N U N S U U W U WA U U W A G WA W W N U U U U N WY U WA
<+ 1 4

unxp bSutuado
V.
X ae
d
*Nm .h
d i
d d

T 30 1 des T Sy T 0

(o) exnjexadwel



15

*Z86T ‘1 IaqWeAON O3 g861 ‘G¢ ounp woxy Tlejutey °Z oinbig
(sdep) outy
ac) 2al 2s 29 av ac (72
. — 0
- - eg'
" ]" 4}
-
poses
1 190 1 desg 1 3ny L LU AR
as’)

(seyout) Trejutex



O
~ -z86T ‘8¢ X2q03d0 03 861 ‘og sunp woxy T-3TTL 3O jusuodwiod Y3jIoN °B oAnbid
211d 3xTpP JO 3JUBWSACUW -

utel Jo Youf Q°T ISA0
youl p° I9A0 uTeX - Y

(sanoy) awrl

et eese 2602 0S| (- 1~]- ) (-]~ }=3 [~ ]
R YO YO A N T TN TN S G S I B A L el
1
1
d N
4 -
A : -
A suetpeaw 01 {—
1
Q -
d A/ o

(suetpex) 3713



17

*286T ‘8Z I9qo3d0 03 286T ‘0Of @unp woxy Zz-3TTL FJO 3JIusuodwod Y3IoN

(%] ] %

(sanoy) awty

“§ oInbtd

811d 3aTp JO 3uUBWLBACW - (
uTex JO Youyf Q°T I8A0 ,
Yyout ¥°

I8A0 uTex - Y

Page 7] % 2809 000\ 20s 2
—»Pn»b-Pb»»; hPPbb‘b —,b‘—‘r—r_ixplp—-

1

J -

»d a - =
]

j

h-

ad a -

1

- — -

d suetpexl/ 0T |

T 390 T des 1 Sy T Ty

(suetpex) 3TT3



18

-286T ‘87 940390 O3 zg6T ‘O Sunp woiF T-3ITTL FO Jusuodwod 3sed -OT SINBTA

*uTex JO YOSUT Q°T IBAO0

yout p° I9A0 UTeI - Y
(sanoy) swt3
%] %] %] gese %]1%]% A 1% }=]} 200} 0sS " |
Le v v o b g 1 NSRS | FUT U T O WA T U N S O T A A

-

e

1

j

1

j

d -

a4 -

Y. | -
- | d —

j

— -

d suerpex o1 |-

_ pove:

T 30 T deg T Sny T e

(suetpex) 3ITT3



19

-72861 ‘8z 3240300 03 ¢86T ‘Of dunc woiy z-3TTL 30 qusuodwod 3seg YT oanbrd

utex Jo Youf O°T ISA0 4
yout §° Ie9A0 utelr - y

(sanoy) owil
200t Qase @oec 0S| 0o 2es

P-»»—-—P-—pP—-—-»pn—-bP L1

spex 01

N

1 120

1'111111 LILIL

T deg 1 8oy T

(suetpea) 3ITT3



20

*Z86T ‘87 18q03d0 03 g86T ‘GZ Sunp WOIF Z UTelIls °ZT oanbrid

uTeI JO SaydUT Q°T IBA0
youtl H° IL9A0 uTeI - Y

(sanoy) swi3l

[~ ]%]%} > 8ese %]%]% 14 Q0S| 200 | 20S
Lo s g b gva bl v vy e by vl vl g

6 uotTsusal

. 4 W/url o1

T30 T dog 1 dny

urex3s

VAN
T



21

*z86T ‘8T toqueides 03 z86T ‘6 3IsSnbny wWOIF € UTRIIS

“€1 oxnb1d

youl $° I9A0 ulex - y
(sanoy) awTy
000T 008 009 oov (0]0)4 [
P — — 'l ' i -Lr | | — ' 4 A \—
d
uoi1sual _

T des

R/urnot

N

uter3s



22

-z86T ‘87 18290320 03 Z86T ‘1T I9qO3dD0 woliy T UTeI3S *$1T oaunbtg

youtr ¥° ISAO utexr -
(sanoy) BwT3l

209 ooy esn asm ee. e
— B | L1 — — P —

utexls




23

first two months of operation. Some of these problems in-
cluded such simple things as the power supplies running down
and not being detected for several days or the chart paper
getting stuck. Other problems included occasional shorts or
opens in circuitry, moisture in equipment, and recorders not
operating. There also appeared to be instabilities associated
with settling of the equipment and surrounding environment
after installation. During August a gas line was installed
near S2, S3 and T2 of Figure 1, causing some noise.

In September the movement of a large dirt pile from the
south of T2 to the north of Tl caused downward tilts to the
North to be observed on both records. See Figures 8 and 9

at time labeled D.

DISCUSSION

Some of the problems mentioned were unavoidable and are
to be expected with a new installation of this type. However
there are several things that could improve the quality of
performance. The 50-gallon drums were crowded with recording
devices, batteries and dircuitry. Every time batteries were
changed or charts were removed we had to open up the drums
and expose the equipment to the outside environment. 1In

addition changing the batteries required rearrangement of
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the equipment, which seemed to increase the possibility of
equipment failure. A small insulated equipment room on the
surface could increase the organization and help keep things
in a constant environment, thus minimizing problems and
reducing noise associated with opening the drums (Figure 6).
Finally a small room would make for a much easier place to
repair things when repairs were necessary. Of course such a
luxury could increase the time and cost of the initial
installation and could also become a target for vandals.
However the benefits might be worth the time and risk.

Possible improvements in the data collection could be
accomplished if the data was fed into a computer on real time.
This would make it much easier to collect vast quantities of
data.

Because power limitations and space are of concern in
the field a telemetry device is most realistic. Most of the
installations in the North American tilt network are equipped
with such devices (8). Because they are able to deal with
many more data points an ;nalysis of a much broader spectrum

can be realized.



CHAPTER II

SIGNAIL ANALYSIS PROCEDURE

INTRODUCTION

In this chapter we describe the analysis procedure used
for the strain and tilt data.

A visual inspection of the series is an essential first
step in the analysis. Filters can be used to isolate the

frequency intervals of interest so they can be dealt with

separately. The cross correlation function can reveal infor-
mation about the relations between two signals and the auto-

correlation function can give more information about a single

signal. The use of the Fourier transform is essential for

the determination of the frequency content of a signal.
Various models are also available that can aid in pinpointing

the sources of the observed signal.

VISUAL INSPECTION

A visual inspection of the data is essential before
attempting further analysis (9, 10). Of primary importance
is the detection and removal of "outliers" or wild observa-
tions that can greatly affect the correlograms (10). Also

a visual inspection can be used to identify data that is
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questionable due to excessive noise or poor instrument per-

formance.

FILTERING

After a visual inspection of the series a filteriﬁg
operation was used to isolate the frequency intervals of
interest. The observable frequencies have an upper and a lower
bound. The sampling period, T>= 1 hour, sets the Nyquist

frequency,\)n =L which is the highest frequency obtain-

2T
able from the data. The record length L determines the

lowest frequency obtainable,\h;== The primary frequency

2L
interval of interest in this study is the interval containing
the diurnal (24 hour period) and semidiurnal (12 hour period)
components of the solid earth tides. Because of some high

frequency noise present, a moving average filter, lk, was

used such that

Egn 1 z(t) = 18 * x(e)

Where * denotes the convolution operation,

X(¢) = (X}, X5 ... X; ... X)) is the original signal,
Z2(t) = (2, ... 3; ... B)) is the filtered signal, and 1y is
defined by k

Egn 2 2 = 2;&1 Ez; Xi+p

p=-k
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From the definition of the convolution of two signals,

equation 2 gives
0 |Jil >k
2k+1 -

and is thus a discrete square wave. This is a well known low

pass filter (2, 1ll1) whose frequency response is

Egn 4 E‘k(wi‘ =|sin K2k+l) a)At/Z:_l ‘
(2k+1) sin(DAt/2)

Successive applications (convolutions) of this filter n

times yields a filter whose frequency response is given by
Egn 5 n
== [L (wﬂ
k
and can thus sharpen the cut-off frequency and minimize the

tailing effect at higher frequencies. A high pass filter,

hy. was used for trend removal, where N, is defined by

m
Eqn 6 Z; = X4 - 1L > Xi4p 2nd 2(t) = hp (t) *X(t)
2m+l . -

The frequency response of j applications of hy is

3 . :
Egn 7 (W) =1 -|s8in E2m+1) umt/?.] J
g Fm ] E2m+l) sin(WAt/2)

1
The most commonly used filters in this study were [1J

and [§1i 2 Their frequency response functions are shown in

figures 15a and 15b.



frequency response

frequency response

28

1:1/= 2 hrs.
LI B oo mow s ST Y o R S SN N B i St [
0.0 1.0 2,0 3.0 4.0

[(,) (radians/hr.)
Fiqure 1l5a. Frequency response of low pass filter.
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Fiqure 15b. Frequency response of high pass filter.
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Now if, 8 = (lk)n *(]Hn) I ow X, tﬁen the Fourier
transforms 3({)), E,k(w] n ) ‘;]_m(u);)] ) and
X(¢)) respectively are related by

Egn 8 g(w) = [Lk(wz[n I}m(wilj X()
Thus the gain A((J) of the filtered series is frequency
dependent and is given by

Ean 9 A(W) = [;k(u)?ln [__Hm(u)):lj
.See reference 12.

The gain, A(())., for the five most important tidal
frequencies in the frequency interval of interest are given
in Table II for a 3-hour moving average low pass filter
applied once and a 25-hour moving average high pass filter

applied twice (2k+l1 = 3; n = 1; 2m+l = 25; j = 2).

TABLE II

FREQUENCY RESPONSE OF HIGH AND LOW PASS FILTER
COMBINATION (2k+l1 = 3; n = 1; 2m+l = 25; j = 2)
FOR THE PRIMARY TIDAIL FREQUENCIES

Frequency

Tidal Frequency Period Response
Component (radian/hr) (hr) A((D)
0, .23385 26.868 .840

K,y .26252 23.934 1.060

N, .49637 12.658 .943

M> .50587 12.421 .911

S .52360 12.000 .909



CROSS CORRELATION AND AUTO-CORRELATION

The cross correlation function, IXY(T‘), between two
signals can reveal any dependence between the two series as
well as give an indication of relative phases. Before
determining the cross correlation function, the series were
filtered and their averages were removed. An estimation
of rxy(T') was obtained from a slightly modified program

given in reference 13 such that
N

Egn 10 r  (T) = —_1 2 X (t-T) y(t)

wheretrx and(Ty denote the standard deviation of X and y
respectively, and N is the number of data points in the
series.

In addition to the uses already stated for rxy(t),
rxy(o) was also used in the development of the linear model
to be discussed later.

The auto-correlation function rxx(c) was also used in
this study. The primary use of the auto-correlation was to
reveal dominant periodicities contained within the signal.
The auto-correlation of a function is essentially a filter
that can suppress noise from a signal (14, Chap. 14). 1In
addition the Fourier transform of rxx(t) can yield the
power spectrum; this is the well known Wiener-Khintchine

theorem (14).



FOURIER TRANSFORM

The discrete Fourier transform of the filtered signals
was used to obtain their amplitude spectra. The discrete

Fourier cosine and sine transforms are defined to be

N
Egn 1lla ap = f% E X; cos ziym iT
=]
and
N 'an)
N L3
Egn 11b by = 2 X; sin 2im il
N N
i=1

where Tis the sampling period of 1 hour and N is the number
of data points in the series X(t).

A program modified from Davis (15) was used which
computed the Fourier transforms directly from the above
equations. Other much more elegant and efficient ways of
computing the Fourier transforms are available (16) and
would have been utilized if the record lengths had been
much longer.

In this study the amplitude of the Fourier transform

Egn 12 Am =l ai + bﬁ

was inspected so that similarities of frequency content be-

tween two signals could be detected. 1In addition, the phase

(\4
of a given frequency, Wm = gﬂgﬁ., present in a signal was
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determined by

Egn 13 P = tan™" O

LINEAR MODEL

A linear model was used in this study to estimate the

influences of various signals on the recorded tilt and strain

data.

The model assumes that

k
Eqn 14 y(t) = Z By Xi(t) + €(t)
i=1

where y(t) is a dependent variable and there are k indepen-
dent variables Xi(t); €(t) is a measure of the error of the

model. The coefficients, B;, are selected such that

| P N X ,
Egn 15 D=z \yj—7 B, X,

j=1 i=1

is minimized with respect to variations of Bj. xij in

equation 15 denotes the jth component of

Xj(t) = (X331, Xj2, .. Xij' «e+ Xy5). We can minimize the

squared error by solving the set of simultaneous eqguations
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for by written in matrix form as

- —1 ‘
1.0 r12 rl3 P I'l]] bl ryl
er 1'0 . . . b2 ry2

Egn 16 . . . . L . = .

‘ o . . . o L] . .
rkl . - . 1.0 . bk ryk

where riy is the cross correlation at zero lag of X; with

Xj. We can then find B; by the equation
v

wherecry andcr‘i denote the standard deviation of y aﬂd Xi
respectively. It should also be noted that equation 16 is
valid only if y and the X;'s have zero means. It is also
assumed that any phase differences between y and the X;'s
have been eliminated. For a more detailed discussion of the
above techniques the reader is referred to references 15 and

17.

Significance of the Linear Model

A statistical approach was used to obtain a quantitative
estimate of the "goodness of fit" of the model to the data.
An outline of the method will be given here. The reader is
referred to references 15 and 17 for a more detailed discus-~

sion.
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Given the linear model

k
Eqn 14 y(t) = Z B, X, () + €(t)
i=1 |

where y(t) = (yl, Yor oo Ygo ooo yy) o
Xi(t) = (Xilp Xi2' e oo xij' ee o XiN) and

e(t) = (Gln €2' oo e €j, O 4 eN). We define

N
, 2
2
Egn 183 U= E (y; )" and
j:
2 _ < 2
Egn 18b U"D = 2 (€5)
J=1
U2 . . . . . .
T is the estimated variance of the original series and
T 2

D is the estimated variance of the error or residual
series.
The "goodness of fit" of the data to the model can be

defined as

Egn 19 R™ =

The square root of R2 is known as the multiple correla-
tion coefficient (15).

To test the statistical significance of using an addi-
tional independent variable X; (t) in our model we use an F

statistical test. Bevington (17) defines a statistic which
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follows an F distribution with‘J& = 1 and \72 = N-k-1 to be

o X2 (k-1) X2 (k)

Eqn_20 F
X Y Z(k)/(N=k-1)
where
& g .2
X 24y o _1 Z 32 = Ip?(x
Egn 21 (k) F;Z [ (€5) OT'ITLL
J=

U}z is the uncertainty of the data points and is inserted
for a normalization factor and U'Dz(k) is Csz for a model
with k independent variables. We can rewrite equation 20
for our purposes as

Egn 22 Fy = (U—P(k—l))z = (U—Mk)) 2
(0p (k) 2/ (N-k-1)

A large value of F, indicates a statistically significant
decrease in the squared error by the addition of the kth
term to the model. For example, a value of N-k-1 = 215 an
Fy value of 3.8 suggests a contribution to the model at the

5% level of significance.



CHAPTER III
EXAMPLE OF DATA ANALYSIS

Some simplifying notation will be used throughout the
rest of this paper. A segment tilt or strain record will
be designated by:

INSTRUMENT; DATE; STARTING TIME (PDT); RECORD LENGTH

For example, NTl; 8-16; 0900;220 -- will be used to
indicate data obtained from the North/South component of the
tiltmeter located at position Tl on Figure 1. The collection
of the data began on August 16, 1982 at 0900 PDT, and two
hundred twenty hours of data were obtained. The temperature
and pressure data will be labeled by T and P respectively and
will have the same starting time and length as the primary
tilt or strain signal. If phase shifts are made in the
temperature or pressure data, the date and time will be given
as for the tilt or strain. The theoretical values of the
primary signal for the example above will be denoted as
TH(NT1l) and, as with the temperature and pressure, will have
no date or hour indicated unless different from the primary

signal.
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Figures 16a and b, 17a and b, and 18a and b show the
raw data and filtered data NT1l; 8-16; 0900; 220, T and P
respectively. Figures 19a and b show the theoretical tidal
tilt values TH(NT1l) for NT1l; 8-16; 0900; 220 with the fil-
tered raw data repeated for comparison. The theoretical
values of tilt and strain were calculated from a program
referenced and documentéd by Axelsson (2). It assumes the
earth to be a homogeneous solid and uses Love numbers for
the earth as a whole (l).

Figures 203 and b and Figure 2la show the cross cor-
relation of NT1l; 8-16; 0900; 220 with T, P, and TH(NT1)
respectively. Figures 21b, 22a and 22b show the cross
correlation of TH(NT1l) with T, P and NT1l; 8-16;0600.
Finally, figures 23a, 23b, 24a and 24b show the Fourier
transform of NT1l; 8-16; 0900; 220, T, P, and TH(NT1)
respectively. The data was presented after a visual in-
spection was performed and any spurious spikes associated
with opening the drums were removed by linear interpolation.

Notice that from a visual inspection of the filtered
data it appears that all signals satisfy the condition of
being weakly stationary, i.e., the mean and variance of

the signals appear to be independent of time (9). However,
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Figure 20a.
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the raw data did not appear to be stationary and they became
so only after the filtering process. Computations were not
made to test the stationary property of the filtered data
because a visual inspection was determined adequate (9).

From an inspection of the signals and the cross correla-
tions it was determined that the temperature affected the tilt
signal in 2 independent ways, which will be discussed later
in more detail. The pressure also appeared to be correlated
with the signal, suggesting a possible dependence of the
signal on the pressure. Finally, the solid earth tides were
believed to be present in the signal.

The present linear model assumes that

4

y(t) = Z By X;(t) + €(t)

i=1l
where y, Xl' Xz, X3 and X4 are NT1l; 8-16; 0900; 220,
T, T: 8-16; 0600, P and TH(NT1l) respectively and €(t) is
the measure of the error of the model. All signals except
the theoretical signals are filtered.

The matrix equation, equation 16, for the specified

data was
1.00 .70 -.82 .09 by -.64
Ean 23 .70, 1.00 -.41 -.14 by| _ -.27
=B.<2 -.82 -.41 1.00 -.19| |bj +.64

009 —.14 -.19 l.oo b4 016
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Solving equation 23 and using equation 17 yields

Bl = ~,48 yradian/CF
. o
By, = .27 /uradlan/ F
By = .22 yradian/.0l inch Hg
B4 =6.70

Figures 25a and b show €(t) with y(t) for a compﬁrison.
Figure 26a shows the auto-correlation of €(t) and Figure 26b
shows the Fourier transform of €(t). Of particular interest,
the Fourier transform of €(t) shows a wide assortment of
frequencies which is typical of random noise.

An Fytest using equation 22 was performed to test the
significance of the addition of a term to the model. It was
found that the model using T, T; 8-16; 0600 and P as
independent variables compared to the model using only T and
T; 8-16; 0600, gave a value of Fy = .096, which indicated no
significant difference. Thus any influence due to the
pressure was neglected in other models. Similar calcula-
tions of F for the other independent variables showed all

were statistically significant.
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CHAPTER IV
TEMPERATURE DEPENDENCE

From an analysis of data NT1l; 8-16; 0900; 220 it was
observed that there was a large correlation between tempera-
ture and downward tilt to the North. A similar correlation
existed in ET1l; 8-16; 0900; 220 data. The temperature appears
to be very nearly in phase with the South tilt record. The
tilt meter electronics and recording devices were placed at
very nearly the same depth below the ground surface as the
temperature recorder. It thus appeared that something
associated with the electronics or recording device created
a temperature-dependent effect in the signal. An experiment
was performed in the lab where the tilt electronics and
recording device were subjected to fairly large temperature
changes. The results indicated very little variation of the
output voltage with temperature changes. The large conduc-
tion cable that electrically connects the tilt sensor to the
electronics package seems to be a likely suspect for thermal
mechanical variations in the signal.

The temperature record, T; 8-16; 0900 appeared to reach
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its maximum amplitude at 1900 PDT. The maximum amplitude
of the air temperature was found to occur at about 1600 to
1700. There was thus a two to three hour phase lag between
the air temperature and the temperature at the thermometer.

A solution of the heat conduction equation

Eqn 24 O2T(Xit) _ 1 DT
d x2 K ot

for a semi-infinite half space subject to the boundary con-

ditions .
T(o,t) = ToE Wt
T(x,t) =0
yields
it - X - X
Egn 25 T(X,t) =To€l( : @ )E' @

Equation 25 indicates that an amplitude decrease as well
as a phase lag for the temperature as X increases into the
half space. Although the thermometer was not in a homogeneous
half space, equation 25 is consistent with the observed phase
lag and amplitude decrease of 3 hours and 1/8 respectively.

In addition to the large zero lag correlation of the tem-
perature with the signal there was also a correlation at a 3

hour lag in the North/South component of the data that was not

present in the East/West component. The North/South component
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appeared to be in phase with the estimated air temperature.
This additional temperature dependence is believed to be from
a stress field created by the thermal expansion of the cement
wall, labeled AB in figures 1 and 3, approximately 6m north
of Tl.

A model for the induced tilt due to the expansion of the
wall was created as follows. The coordinate origin is
designated to lie directly north of Tl at the base of wall BC,
The X-axis points South and the y-axis is directed into the
earth., The position of the instrument is thus located at
X =6m, y =.5m.

Now assuming that there are no body forces and that the
expansion of the wall can be treated statically, the differ-
ential equation for the displacement vector ﬁ*= (Ux, UY)
can be written as

Eqn 26 AT2 T 4 (A+H) VYT =0
where‘hand/lare Lamb's constants (2, 19). The boundary con-
ditions are of the form

T = (Ux(x.y). 0)
x (%X,0) = Ae7TX;0 £ x T
x (0,y) = cos(by);ody £ —

2b
x (0,0) = £y

where ({S is the displacement of the soil due to the expansion

==

c
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of the wall. In addition we assume Poisson's relation,
M = 2,(2), which is equivalent to saying that the ratio of
the compressional to shear wave velocities is 2 for a
homogeneous isotropic solid; which we assume the soil to be.

From reference 2 we can rewrite equation 26 as
2 2
2 X2 2 y?

Egn_ 27

A solution to this equation consistent with the boundary

conditions is

k 0 €£x
-8 ¢y AL
U, = Jé e cos(ky): 0 £y & >

where k is an undetermined separation constant.

A determination of an approximate value of k is our next
task. As the cement wall expands the soil compresses by an
amount 5;. Since the soil has a much smaller Young's
modulus, Eg , the displacement of the soil, can be approxi-

mated to that of the wall expanding freely. That is

Eqn 28 f  a¥ATL,
where X is the coefficient of thermal expansion of cement,
AT is the amplitude of the temperature change, and L, is
the length of wall AB. A state of stress is created at the

soil-cement interface such that
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Egn 29 U; = U;

where ¢ and s refer to the cement and soil, respectively.

Now,
Egqn 30 U= €E
Thus
Egn 31 EsBg = ELE =—5£9-Ec

We will also assume that

& E

Egn 32 c = s
dg Ep

where Sc is the amount the cement compresses due to the soil

pushing back. Thus combining equations 28, 29, 30, 31 and

32 yields

Egn 33 € = AKAT

or that the strain of the soil is equal to the thermal
strain that would exist in the wall if it were to expand

freely. But we know from elementary elastic theory (20)

that
2U

Egn 34 € = % = £
s |x=0 Ix x=0 {3

y=0 y=0

s

Finally by combining equations 33 and 34 we get an approxi-

mate value of k,
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The amount of counterclockwise rotation in the x - y

plane is given by

20 . S
oxy = % < y -2% }.- % Jske - 2 sin(.87y)
2Xx 7'

For x = 6m, y = .5m, o{= 12 x 10-6 oc™l and AT = 10°
we obtain an estimate of the induced tilt at the location of
the instrument

oxy = 2.2 x 10~% radians
This value of Oxy is higher than the measured value by about
2 to 3. Several aspects of our model tend to give a high
estimate. First we have assumed no body forces. Thus we
have neglected the vertical stress due to gravity which would
yield an effective Poisson expansion of the soil to the North,
hence reducing Cr . We also assumed that wall BC would not
sag appreciably. That is,when wall AB expands, we assume
that our coordinate origin directly north of the instrument
had this same displacement. If wall BC "sagged" this would
not be true. Our model does, however, offer a reasonable
mechanism to explain the tilt observed on the North/South

channel that was absent on the East/West channel.



CHAPTER V
RESULTS OF COMPUTATIONS

In this chapter the results obtained for various inter-
vals of data will be summarized. The results are based on
the solution of various models of the form given by equation
14, Values of interest in determining the significance of
the linear model are R2, the goodness of fit of the model to
the data, and F, , the test statistic defined by equation 22.

It can be shown (17, chap. 7) that R2 as defined by

equation 19 can be written as

k
2 _ gy
Egn 35 R® = B, r.
i g 1y

C Y

i=1
where B; are the coefficients of equation 14, U} and (T§
are the standard deviation of X; and y respectively and
Tiy is the cross correlation of Xi with y.

With the use of equation 17 we can rewrite equation 35

as

k
2 _ z
i=1l
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where the b;'s are the solutions of equation 16. Thus the
term by Tiy gives the contribution of signal Xj to the
goodness of fit. In Table III we will summarize the results
of the various models used by listing the primary signal
used, y, and the independent variables Xj; used for each

model. The individual values of b; r;

iy will be given as

well as R? and U&. The F statistic,

Fy, » from equation 22,
which was used to test the statistical significance of the
addition of the theoretical tidal signal to the model will
also be given in Table III. Finally the value of the coef-
ficient B; of the theoretical signal predicted by the linear
model will be listed for each set of data. After some con-
sideration it was concluded that the above values could best

describe the influence of each signal to the model and the

fit of the model to the data.



59

*1opow ay3 Aq pa3orpexd Teubis TeoT3sxoeyd oyl 3o ‘Fg ‘quSTDTIIOO0 BYF BT O sww

*3z1eyo> dTI}S WOXJ POINSLOW S umT* UT & TRUBTS oy3 JO UOTILTASD pIepue3s oy3 ST g ya

(*UOT3INQTIIUOD JUEDTITUBTS B SOILDTIPUT § - . XJ) °*Topow oUy3 03 Teubys TedTI30I09Y3l a2yl
FO UOTI3TPPR Syl FO 8ouedIITubTs Y3l 3IS93 03 Dash sem 3T ©Tqel sSTul ur saesdde X3 saouM «

06°C ¥6T O0°€s LT° z1* so° (TZQ)HL  0090%TT-0T{L 00¥¢0060°TT-0T!TLS
vor Ly 8y Tt T0° 12° (z13) HL i 0¥Z:0091¢82-6Z1a
s8° €8 0°yT 1€° V0" LZ° (T24) HI L 0¥Z:009T:82-6!14a
0Z°€ L9T 0°¥Z TL° O¥0" LO'= #L°  (TIN)HI 0090°8Z-6'L L 0%Z:009T¢8Z-6:ZIN
9€*  TLT §°- g¥" ZOO0® TZ° Tz°  (TIN)HL 0090°8Z-6°L i 0¥Z{0091¢82~6 TIN
01°6 L8y O0°€EC0L 6S° 60"  0S° (ZLS)HL ~ O00¥T!T€-8I ¥SY!009T‘1E-8¢2LS
oL°v 999 0°S B8E" 10°~ 6€° (TIN) HI i 02Z:0060°9T-811d
0L°9 90 0°Ly 95 0S0° €T°- ¥9°  (TIN)HI 0090%9T-8%% b 02Z£0060:9T-8! TLN
eee® 00 K 28y TR TR T gy T, T, X 7{eubis Axewtid
‘€q Ty ‘1
2 o a ¢ Qg

SISXTYNVY ¥IV¥d J40 ANVWWAS

III 3'T9VdL



CHAPTER VI

DISCUSSION

Rainfall

There appeared to be some influence on the signal due
to rainfall. Figures 6 through 14 are labeled with an R
for each day that the rainfall exceeded .4 inch. From an
inspection of the figures it can be seen that the rain
affects each instrument differently. In addition each indi-
vidual instrument seems to respond differently during
different rains. It seems that the effect due to the rain
during the months of July, August, and September was much
more obvious than that in October. This was true for most
all of the instruments. Several factors could cause this
sort of varying dependence. First it should be noted that
the temperature tended to drop substantially during a rain-
fall. Thus a lot of the apparent rain effect could be a
temperature effect. The month of October was generally
cloudy and thus the temperature drop from the mean tempera-

ture was much less noticeable. Secondly, during the month
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of October the ground was much more saturated than in the
previous three months. Thus changes in water content of
the ground would be less extreme, hence producing a lesser
effect. Finally the rains during July and August were
scattered throughout the month and were preceded and followed
by drier periods. In September there were several substan-
tial rains and the ground became soaked. Thus the rains in
September seemed to contribute most to the settling of the
location after initial installation than at any other time
during the operation of the instruments.

From a close inspection of the individual records it is
felt that there is a real elastic response of the earth to
the rain. This could be attributed to the increased loading
due to the increased water saturation, or possibly to a
sponge-like expansion of the soil as it absorbs water. The
elastic response is most likely due to a combination of both
these effects, as well as possible settling of loosely packed
soil found at the new location. The rain effect is thus
very unpredictable during the first few rains after installa-
tion but should become somewhat more predictable after a
year of settling. A daily record of the soil humidity could
prove invaluable to the formulation of a model to be used

for predicting the elastic response of the earth to the rain.



62
Correlation of Instruments

Another important aspect of this study was to see how
well the individual tilt meters related. Figures 27 and 28
show the raw north components and east components for the
two instruments recorded from September 28 to October 8.
Figures 29 and 30 show the filtered data aﬁd figures 3la and
31b show the cross correlation between the same components
of the different instruments.

An analysis similar to that for NT1;8-16;0900;220 was
performed on the data. The results appear in Table III. Of
the four channels inspected the only channels that appeared
to have an appreciable tidal signal were NT2;9-28;1600;240
and possibly ET1;9-28;1600;240. The data NT1;9-28;1600;240
was somewhat noisy during this period but this time interval
appeared to be the best available for a comparison of the
two instruments. An amplification of 3.2 observed in
NT2;9-28;1600;240 seemed to be consistent with the large
amplification calculated previously for NT1;8-16;0900;220.
These amplifications cannot be taken too seriously because
of the low signal to noise ratio of approximately .l. They
do, however, indicate qualitatively the presence of a tidal
signal. As far as relating these amplifications to a

physical phenomenon, the most likely suspect would be the
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Figure 3la. Cross-correlation of NT1;9-28;1600;240
with NT2;9-28;1600;240.
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with ET2;9-28;1600;240.
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presence of the Tualatin mountains (21) less than .25 km to
the south of the instruments. However if they were respon-
sible for an amplification in the North/South component of
the tilt data, the East/West component of the data should also
be affected since the mountains are located at approximately
45° to both components. An amplification of 4.7 was observed
in ET1;8-16;0900;220. However an F value of 5.0 is just
beyond the significant level and is somewhat questionable.
See Table III. The author is thus reluctant to draw any con-
clusions relating the geological surroundings to the
calculated amplified signal.

The instruments, even though spacially very close,
~20m, appear to be otherwise uncorrelated. Berger (22),
in reference to data collected over a 2-year period at
Pinon Flat Geophysical Observatory, sﬁated: "There is no
significant coherence between signals from closely spaced
tilt meters (10m) outside the microseismic and tidal bands."
Thus it would be surprising if the instruments of this study
did exhibit a stronger correlation. However in our study
there was also limited coherence in the tidal bands. This
could surely be improved upon by eliminating some of the major
noise sources as suggdested previously, thus increasing the

signal to noise ratio.



CHAPTER VII
CONCLUSION

Measurement

In Chapter I measurement of the data was discussed.
Several improvements were discussed with respect to the
quality of the data. As was seen from Table III, a large

value of blr for X; = T indicated that the thermal influence

ly
on the signal appeared to be the largest source of noise. It
is thus concluded that the isolation of the equipment from
thermal fluctuations is of the utmost importance. With the
thermal fluctuations minimized the separation of the other
signals present in the tilt or strain data would be much
easier and much more certain. It is suggested that insula-
tion could be incorporated with the 1lid of the drums. This
would allow easy access to the instruments without disturbing
them.

The positioning of the flexible cable was also found to
influence the signal. It was believed that this was the

major source of thermal variations in the tilt signal. This

conclusion was made after observing the phase difference
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between the recorded tilt signal and the recorded temperature,
and doing an experimental check of the temperature dependence
of the tilt electronics and recording device. A tripod

support for the flexible cable should be considered.

Signal Analysis

There are an unlimited number of ways to model a time
series, each requiring various assumptions about the physical
processes involved. In this study a linear model was selected
because of its simplicity, which in turn gives availability
to physical insight of the processes that determine the char-
acteristics of the signal.

The model showed that the temperature fluctuations
influenced the signal the most. A statistical F test of the
addition of the pressure signal to the model indicated that
the pressure had little influence on the recorded signal and
thus the pressure influence was assumed to be negligible.

The results of F tests as to the significance of the addition
of the theoretical tidal signal almost always indicated a
significant influence. See Table III. Thus it seems that
the tidal signal was present in most of the signals inspected.
In order to obtain more quantitative results of the tidal

amplitudes the signal to noise ratio must be increased.
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Final Notes

Other geological events such as movement along faults,
volcanic or geothermal activity would be much less sensitive
to the noise present because the signal would be much larger
than the expected tidal signal. As an example of a larger
effect, the effect of the expansion of a cement wall was
successfully modeled. The use of the tilt and strain meters
could prove to be useful in problems of geological engineering.
Many engineering problems do not require the high precision of
the instruments of this study; however there are design pro-
blems such as those associated with the design of high energy
accelerators that require high precision (5). Such facilities
are equipped with internal measuring devices. However, the
instruments of this study could be used for a preliminary
study of stability of a possible site.

It is hoped that this thesis will prove valuable to
others interested in measuring and analyzing elastic strain
and tilt data. This thesis is by no means a complete study
of the procedures involved but could prove to be a useful
reference to those undertaking a project requiring the use

of strain and tilt data.
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