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PREFACE

This report is a summary of work performed by the Research Institute, ETL on
work unit 16R67Rl000 1, “Development of a High Precision Capability for Monitoring
Structural Movements of Locks and Dams.” This work has also resulted in the pub-
lication of ETL Report 0048, “The Use arid Calibration of Distdnce Measuring Equip.
ment for P ci~~Mensurati~~ âf Dams,” March 1976.
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DEVELOPMENT OF A HIGH PRECISION CAPABILITY
FOR MONITORING STRUCTURAL MOVEMENTS OF LOCKS AND DAMS

INTRODUCflON

The structural integrity of major Civil Works projects is of ontinhiing concern to the
U.S. Army Corps of Engineers. Engineer Regulation i I l O-2 i flO . “Periodic Inspection
and Continuing Evaluation of Completed Civil Works Structur ~~.” slates as its objective
“Civil Works structures whose failure would endange r the lives of the public or cause
substantial property damage will be continuously evaluated to insure their structur al
safety and stability, and operational adequacy. Such cvaluation~. based upon periodic
inspections supported when appropriate by programs of instrumentation , will be con-
ducted to detect conditions of signifi cant structur .A I distress or operational inadequacy
and to provide a basis for timely initiation of restorative and remedial measures.”

One way of helping to meet this objective is through a program of high Precision
survey. The instrument ation progra m required by ER 1110-2-100 includes the measure-
ment of “Displacements or changes in the position of each individual monolith with
respect to the dam axis , usually at the roadway level” and “Deflection and t i l t ing of one
or more of the higher monoliths in the dam 2 Programs of instrumentation also
include high order triangulation or alignment surveys, measurements of t i l t ing and exter-
nal deformation , and horizontal movements of embankments.

Thus , an i ’ ’  nortant part of the periodic inspection and the continuing evaluation
program consists of very high precision survey. Traditionally. or perhaps by necessity .
precise survey has consisted of alignment with a 1-3 typ e of instrument and a micrometer
target and of high order triangulation. Alignment , however, related movements to the
abutments of the dam , which may themselves have moved , was generally performed
only at night because of atmospheric turbulence , and in a practical sense was limited to
the roadway of straight dams. In addition , both triangulation and alignment are victims
of atmospheric refraction , which limits accuracy.

In recent years , the advent of lasers , infrared emit t ing  diodes, and solid state elec-
tronics has permitted the development of compact , direct reading distance measuring
equi pment (DME) with potential accuracies of one part per million or greater. Surveyors
have eagerly accepted these devices for routine survey work , usually attaining accuracies
ranging up to one part in 25 ,000. h owever, a vast difference exists between the normal
type of boundary survey or photogrammetric contro l survey using DME and the ultrapre-
cisc survey required to monitor movements in locks and dams.

U.S. Army Corps of Engineers, “Periodic Inspection and Continuing Evaluation of Completed Civil Works Struc.
tures,”ER 1110.2.100,26 February 1973
2 lbid.
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ETL has had , for a number of years . an active program in using DME for very precise
survey and has developed special techni ques for minimizin g the error sources, which pose
the ulti mate limit to the ir accuracy. It seems a natural progression to adapt DM 1: and the
special tech niques developed by LTL to the problems of’ dam mensuration.

Thus , the objectives for the work reported here were stated in the Cis il Work s Re-
search Work Unit as: “The work to be performed under this work unit is designed to
provide the Corps of Engineers with an in-house capability for ma king highly precise
measurements of displacements or deflections in Civil Works structures such as dams and
locks. A further objective of the work is to suggest techniques and instrumentation which
will be cost effective , if possible less expensive than the methods presently used . Another
objective is to provide measurements of several struct u res to demonstrate the accuracy of
the techniques. The final obj ective of the work is to train Corps of Engineer personnel in
the techniques so that future measurements may be carried out by Distr ici survey
parties .”

APPROACH

The approach to this work has been through a program of several phases. Four da ms
were selected as test and training sites based on geographic location and a diversi fication
of dam types. Each darn eventually served as a training site for district personnel , but  it
first served as a test site for adaptation of DME techniques , under a variety of conditions ,
to the problems of darn mensuration. The sites chosen were Oahe ‘-i . Pierr e . S. Dak .,
Hannibal Locks and Dam , New Martinsvi l le , W. Va.. Green Peter D~ ‘ - 

. Ore., and
Keystone Dam , Tulsa , Okla.

Pedestals for mounting DME were located at each site , and an i nitial set of measure-
ments were made of a number of markers on the dam. The purpose of this original set of
measurements was to familiarize the district with the operating techniques developed for
use in dam mensuration , to obtai n a set of data for comparison at a later date , an d to

provide a variety of measuring situations. This firs t set of measurements at each of the
four dams was obtained with a Geodolite model 3G. an extremely precise , but expensive
instrument. Reports of the work were furnished to two of the districts (Appendixes A
and B) .

The second phase of the work consisted of preparation of a short manual on preci se
mensuration that could serve as a text for the four survey classes and as a manual for later
use by class members in initiating their own programs of precise survey. The manual
has been publish~.d pa rately as a report entitled “The Use and Calibration of Distance
Measuring E quij ;~ for Precise Mensuration of Dams.” ~ The manual contains two

3Kennet h 0. Aobert~on, The Use and calibration of Distance Me.suring Equipment for Precise M.n.urat,on of Oem.,
U.S. Army Engineer ; opograpn*c Laboratories, Fort Beivoir, V.., ETL-0048, March 976, AD-A023 
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sections. The fi rst concerns the error sources in DM1:, proper calibration 01 reficcttns
and refractive index measurements and corrections. This section is also of value to sur-
veyors using their instruments for boundary survey and other lower order work. The
second section of the manual covers sp ecific application of l)\ lI  to dam mensuration
and covers such subjects as proper geometry, data reduction , reference lint ’s , and spi .
cial atmospheric considerations. The manual closes with  a complete esamiflat ior Of
dam from begjnn ing to end in cookbook fashion. At the sa m e lime the manual ~~as
being written , tests were being perfo rmed to determine the suit ahiht ~ of commcrc iall~
available DME for use in the mensuration program. Two instruments , the Tellurome-
ter MA- l OO and the Hewlett Packard 3800, had been evaluated as a part of another
program and found suita 1~ie. Two other instruments , the Keuffc l and Esser Range r IV
and the AGA model 76 , were evaluated as a part of the current program and also Iot.nd
suitable for use.

Instrument Range Precision

MA 100 1 mile l . 5  Km 0.006 ’ 2mm
HP 3800 1½ miles 2.5 Km 0.0 10 ’ 3mm
AGA 76 3 miles 5.0 Km 0.015 ’ 5mm
Ranger IV 6 miles 10 Km 0.0 1 5 ’ 5mm

These results show that ,  with commercially available ins t ruments .  precisions in
the range of 0.01 to 0.02 feet can he obtained. Market conditions change r api dly .  and
the instrument used for a specifi c application would havc to ix’ e~.iluat cd and selected
from those currently being sold. For example. A(;A 7~ h~s been replaced Ii~ a l a ter
version and is no longer sold , and there is now a Ranger V tha t  has longer r. inge hut
lesser precision.

The t lnal phase of the work was to schedule , imi d hold the tour  classes n precise
mensuration at or near the dam sites. In Januar y 1976 . a letter ~ as sent from ( X E  to
each of the l .n gine er l) ivis ions out l in ing  the course and requ e sting nominat ions . In
addi t i o n , the in format ion  was made available to th e U. S. Bureau of Reclamation and
the Tennessee Valley Author i ty .

As replies were rcccive(l in response to the  le t t e r , an acknowledgm ent was f i r s t
sent to each individual  and th en followed 4 to (~ weeks before the course bega n w i t h
complete informat ion.  Appendix C is a typical let ter .

Al l  four courses were s imi lar .  The first  day consisted of review of how l)~I I
works. This included a catalog of error sources and techniques  for detect ing and re-
ducing them.  The importance  of prop er reflect or cal ibrat ion WJs  stressed , and a
method of field calibration was exp la in ed.

)
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The second day was spent on atmospheric corrections and special ratio techniques
for use on dams. For measurements with a high degree of absolute accuracy . it is
essential to measure air temperature and pressure along the line. The proper equipment
and techniques for doing this were demonstrated , and thei r ti imuta t ion s were discussed.
Fortunately, darn mensuration requires precision rather than accuracy, that is differ-
ential movements in X , Y are desired rather than absolute positions. This preci~ on
in turn allows the use of ratios or reference lines, which not only avoid most of the
problems of measuring atmospheric properties but also provide a quicker and simpler
field technique.

The third day was spent in the field at the dam where two different instruments
were made available for class use. In the morning of that day, two groups were formed
with the first group calibrating their distance measuring equipment and the second
group measuring the darn. In the afternoon , the groups exchanged tasks and th e morn-
ing ’s work was repeated.

On the fourth day, the data from the field exercise were reduced. The instrument
constants were determined and positions of points on the dam were calculated. The
positions were then compared with positions determined from the original measure-
ments made wit” Geodolite. Even with numerous operators using unfamiliar equip-
ment , comparative results of .01 to .02 feet were obtained.

The final day was set aside for review , individual questions. and graduation. Certif-
icates of attendance were awarded to all who were present for the courses.

CONCLUSIONS

For the most part , the four courses have been enthusiastically received . In many
cases, a better understanding of DME made the week worthwhile , although there might
be no immediate application to darns. For others. adoption of the entire program has
been undertaken , and several of the districts . inc luding tile St. Louis. Omaha. Tulsa .
and Portland Districts, are now making measurements wi th  l)M } using the special
tri lateration techniques , Other districts ,  such as ~ a sl iv i I t e .  Li t t le  Rock, Vicksburg . and
Savannah , are contemplating or planning this  type of measurement.  Ihe  Burea u of
Reclamation is also converting their  construction survey at Auburn l)am to trilater-
ation.

In total . 94 persons attended tile courses , representing 21 districts and div ision~
of the Corps of Engineers , the Bureau of Reclamation , the lennessee Va lk~ A u t h o r i t y .
four private concerns , and one university.

6



The work performed under thi s task , although primarily directed towards the
training of district survey personnel in the techniq ues of monitoring movements , has
also been directed toward providing techniques of the highest order of accuracy.
An analysis has been made of the three sets of measurements taken at Oahe Dam.
This analysis , discussing both technique and results is given in Appendix D. The results
shown here appear as good as . or perhaps better than , those that have been obtained
anywhvc~ ~ se. Therefore , the Corps of Engineers, given proper instrumentation , has
added a hif,h precision survey capability second to none to its methods of periodic
inspection and continuing ev.duation of completed civil works structures.

7
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TRILATERATION MEASUREMENTS AT
GREEN PETER DAM , PORTLAND

DISTRICT

II~FRODUC TI ON

A series of precise length measurements was made at Green Peter Dam near

Sweet Home , Oregon on 29 and 30 September and 1 October 1975 by personr~~1

from the Portland District and from the Engineer Topographic Laboratories ,

Fort Belvoir , Virginia. The purpose of the measurements was t o  i l l u s t r a t e

a method for monitoring movements in dams and to provide a foundation

for a later course to be given on precise measurements with distance

measur ing equipment (DME).

Two sites with pedestals for mounting the DME had been prepared ; one

upstream , designated CEO, and one downs t ream , des ignated  HAUL A monu-

ment , designated CAL (Fig 1), was also set near the end of the dam to

serve as a stable reference point. Two other points , FLAG and LEDGE , wer e

at the other end of the dam .

MEASUREMENTS

Measurements were made with  a Geodolite Model 3G from CEO , HAUL , and CAL

to al ignment ma rkers on the dam and to the other control monuments .  A

typical data sheet , shown in Fig 2, represents a sing le mea surement .  The

data on each sheet has been reduced in the following manner. The mean of

the f iv e f ine  readings was determined f i r s t  (1) . Next , the re f lec tor  and

A2



o f f s e t  correct ion was app lied . The reflector constants for the four

reflectors used at Green Peter were :

#100 1.577
100-2 1.580
100-6 1.578

• 40! 1.478

In F ig 2 , the mean of the two offset values is 1.584 (2) w h i l e  the

reflex constant of 401 (3) is 1.478. The instrument , at the t ime of

the measurement , was reading 1.584 - 1.478 = 0.106 feet too’long . This

value was then subtracted from the mean of the five fine readings to

obtain 8.575 - 0.106 =8.470 which is the corrected fine reading (4).

The coarse readings were then app lied and the raw slope distance was

determined to be 4368.470 feet (5). The raw slope distance , D’ , was

then reduced to the sphe roid using equation 1 in the appendix . This

observed cho rd distance on the Clark 1866 spheroid is listed as D0b5(6).

F inal l y ,  the tempera ture and pressure c ~rections were app lied to obtain

the corrected chord spheroid distance D
CO
~~ (7) using equation 2 in the

append ix . The tempe rature and pressure corrections were only app lied to

measurements made between cont rol monuments and to the measurements made

from CAL to the al i gnmen t markers on the dam . Table 1 is a l i s t ing  of

the measu rements at Green Pe te r .  Those measurements which have had tern-

perature and pressure correc tions app lied are listed with an asterisk

corr
fo l lowing  the D va lue .  Nine measurements we re made from GEO to CAL

on 29 September with a mean value of 4367 .850 feet  and two measurements

of the same distance were made from CAL on 1 October with a mean value

of 4367.862 f e e t .  The mean of these two values , 4367 .856 was taken to

A3 
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be the true value of the spheroid distance between GEO and CAL. In a

similar manner , the following distances were obtained .

GEO-CAL 4 ,367.856 feet

GEO-HAUL 11,068.553 feet

HAUL-CAL 6,721.786 feet

HAUL-FLAG 6 ,678.774 feet

HAUL-LEDGE 6 ,749.815 feet

CAL-FLAG 1,595.514 fee t

CAL-LEDGE 1,644.028 fee t

The values of the corrected lengths from GEO and HAUL to the alignment

markers on the dam were obtained using the distances to CAL as a reference.
obs

Refe rr ing to Table 1, we have the fo l lowing  values listed for D for

measurements f rom GEO.
obs corr

STA MEAS# CORR D

CAL 5 4367.798 1.00001328 4367.856
27B 6 4649.047 (1.00001311) 4649.108
26A 7 4646.262 (1.00001294) 4646.322
27A 8 4647.452 (1.00001276) 4647.511
CAL 9 4367.801 1.00001259 4367.856

Because a value of 4367.856 has been accepted as the true length from

CE O to CAL , the D0
~~ fo r measurement #5 must be multi p lied by an atmos-

pheric correction of 1.00001328 . Similar ly f o r  measurement #9 , a correction

of 1.00001259 is requ ired . Assuming the a tmospher ic change to be l inear

with time between measurements #5 and #9, a correction factor is obtained

for the measurements made in between . These are listed in parenthesis .

A4
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The correction factors are app lied to obtain the D
corr 

listed in the

last column. Values obtained in this manner are listed in Table 1 without

an asterisk. The ~~~~ lengths were then used to obtain the positions of

the control and alignment monuments.

POSITION S

In order to app roximat e the coordina te syst em al ready in use at the dam ,

a position was established for station GEO from the positions of align-

ment markers 2, 5, 20, and 23, furnished by the Portland District , and

from lengths from GEO to those markers. This gave a mean position for

GEO of

(All positions are given in feet)*

687 25.43 0
95599.889

The position of CAL was calculated next , using the positions of CEO

and alignment markers 2 and 5 and the lengths from these positions .

CAL was determined to be

65950.317
92226.921

These two positions establish a coordinate system for the rest of the

measurements at Green Peter wh ich is compatible with the system presently

in use.  At th i s  point , the positions of alignment markers 2, 5, 7 , 10, and

L I  were redetermin ed from measurements made from GEO and CAL. Then

using CAL together with each of these markers in turn , a mean position

This entry wa, not ,n or igin al te x t .



of HAUL was determined to be

61829 .424
86916.493 .

From CAL and HAUL, FLAG was determined as

64560.859
93011.186 .

The positions of FLAG, GEO, CAL, and HAUL are the control for the positions

or alignment of the markers along the dam . Twelve of the alignment

markers were observed from two or more of the control monuments. Twenty-

two other markers were observed onl y from Station CEO. In order to

determine the positions of these twenty-two markers , the leng ths f rom

FLAG were used . These lengths were taken from differences of position

furnished by the Portland District. Positions of certain of the align-

ment markers were also obtained by measurements from CEO and CAL (the

twelve mentioned previously). Two sets of lengths were thus obtained

for distances from FLAG to these twelve markers . It was then determined

that the measured distances differed from those obtained from the previous

da ta by a scale factor . When the calculated values are multip lied by

0.999 945 , they agree remarkable well with the measured values . Thus, for

the l isted distances from Stat ion FLAG this fac to r  has been app l ied to

bring all  lengths to the same scale.

RESULT S

Two lengths are necessary to fix the position of an unknown station . If

A6



th ree length s are used , three positions of the station may be calculated

and if four lengths are used , six positions may be calculated . Using

the positions of FLAG (F), GEO (G) , CAL (C),  and HAUL (H) , and the lengths

from these stations to alignment markers on the dam , the positions of each

marker ha ve been obtained and are given in Table 2. For example , six

positions are given for alignment marker #10. From FLAG and CEO , a

position of

6507 1.078
92631.944

is obtained .

From FLAG and CAL, the position is

6507 1.082
92631 .948.

The final position , obtained from measurements from CAL and HAUL is

6507 1.079
92631.942.

The positions of other alignment markers are given in a similar manner

in Table 2. Finally in Table 3, alignment of the markers is given

based on several sets of end points. The end points are given at the

head of the column .

CONCLUSIONS

If agreement between data taken from different control stations is used

as a cri ter ia , then the sensitivity and accuracy of the measurements

appears in almost every case to be less than 0.01 foot . The second set

A7
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of data may be taken without measurements of temperature and pressure

and a comparison of the results with the positions given here will pro-

vide a better estimate of overall accuracy. The results thus far obtained ,

however , look excellent .
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GEODOLITE DATA SHEET

TIME 17 20 MEAS. NO.

DESCRIPTION GREEN PET ER

FROM GEO TO CAL

REFLEX NO. ~~ (
~

) DATE 29 SEPT 1975

1St OFFSET I 585 (2) CORR. x101 (4) 8 • 470

*102 6 ,8
8 I 576

io3
2 8 576

xIO~ ~ ,36

3 8 i 5 7 6

xIO~ 
0~~ 4

4 8~~~576

5 8 i 576 & (5) 4368 470

6 _ _ _ _ _ _ _ _ _  
G R

7 Hi. 0 ,96 .3 .40

8 _________________________ EL. 109 ii 02 l02~ OS

9 I
(6 ) 4367 ., 801

TEMP 2li8 23 ,0

2nd OFFSET 1 583 (2) PRESS. _____________ _____________

MEAN 8 57 (~ (1) 0corr (7) 436 7 854

Figure 2.
A lO

L . .



EQUATION #1 SPHEROID REDUCTION

D
0bs 

(spheroid) = R /E’ - (e 2 - e
1~~ ~~~ ‘ + (e

2 
- e

1)]

(R - 4 - e )  ( R + e )

R = Earth Radius = 20924400 ’ for Green Peter
D ’ = Observed Slope Distance
e
1 

= Elevation + H.I. of the Instrument
e2 = Elevation + H .I.  of the Reflector

EQUATION #2 REFRACTIVE INDEX CORR .
corr obs
D = 1.00027975 D

1 + 0.002741295 P
273.2 + T

obs
D = Observed Distance Reduced to the Spheroid
P = Mean Pressure of Line (Inches of Hg)
T = Mean Temperature of Line (°C)

All

C
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TABLE 1.

MEASUREMENTS AT GREEN PETER DAM

(A) FROM GEO TO

MEAS.
STATION I D0bS Cf t) Dcorr ( f t )

CAL 1 4367.801 4367.855*
HAUL 2 11068.397 11068.560*
CAL 3 4367.794 4367.850*
HAUL 4 11068.392 11068.557*
CAL 5 4367.798 4367 .854*
27B 6 4649 .047  4649.108
26A 7 4646.262 4646.322
27A 8 4647.452 4647.511
CAL 9 4367.801 4 367 .854*
25 10 4645.964 4646.023
24 11 4645.953 4646.013
23 12 4646.707 4646.767
22 13 4648.298 4648.359
21 14 4650.581 4650.642
CAL 15 4367 .798 4 367 .844*
20 16 4653.694 4653 .755
19 17 4657.622 4657.682
18 18 4660.045 4660.104
17 19 4663.773 4663.831
16 20 4668.846 4668.903
15 21 4674.955 4675.011
CAL 22 4367 .805  4 367 .848*
14B 23 4678.975 4679.029
14A 24 4685.165 4685.219
12B 25 4686.463 4686.516
12A 26 4693.307 4693.359
11 27 4698.341 4698.393
10 28 4707 .707  4 7 0 7 .7 5 8

9 29 4717 .754 4717.805
8 30 4728.531 4728.581

CAL 31 4367.810 4367.844*
7/8 32 4733.799 4733.848
7 33 4742.859 4742.907
6 34 4759.271 4759.319
5 35 4773.790 4773.837
4B 36 4782.772 4782.~~1S
4A 37 4794 .48 1  4 7 9 4 .5 2 7
38 38 4797.850 4797.895

CAL 39 4367.816 4367 85o*
3A 40 4815.073 4815.117
2 41 4827.376 4827.421

CAL 42 4367.815 4367.849*

A 12
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MEASUREMENTS AT GREEN PETER DAM (continued)

(B) FROM CAL TO

MEAS .
STATION 

_____  
DObS Cf t )  Dcorr Cf t )

GEO 74 4367 .847 4367.861*
HAUL 75 6721.746 6721.791*
HAUL 76 6721.747 6721.795*
GEO 77 4367 .847 4367.864*
FLAG 78 1595.507 1595.514*
FLAG 79 1595.506 1595.513*
LEDGE 80 1644.021 1644.028*

2 81 1392.593 1392.599*
1 82 1445.821 1445.828*
5 83 1236.424 1236.430*

7/8 84 111’~.178 1110.184*
10 85 968.035 968.040*
11 86 910.480 910.485*
23 87 380.464 380.466*

• 17 88 638.997 639.000*
20 89 518.551 518.553*
28 90 283 .866 283.868*
26B . 91 285 .797 285.800*
CUL 92 266.341 266.343*
CUL 92 366.707 366.710*
CUL 92 466.914 466.918*

(C) FROM HAUL TO

CAL 43 6 121 .706 6721.793*
GEO 44 11068.396 11068.549*
FLAG 45 6678.683 6678.774*
CAL 46 6721.687 6721.781*
CEO 47 11068.390 11068.548*
FLAG 48 6678.679 6678.774*
CAL 49 6721.684 6721.785*
LEDGE 50 6749.713 6749.8 15*
1 51 6651.675 6651. 783
2 52 6642. 843 6 6 4 2 . 9 5 5

CAL 53 6721.669 6721.775*
5 54 6619.405 6619.521

7/8 55 6603.080 6603.196
10 56 6570 .630 6570 .745
14B 57 6530.861 6530.976
1.1 58 6558.285 6558.401

A 13
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MEASUREMENTS AT GREEN PETER DAM (continued)

(C) FROM HAUL TO (continued)

MEAS .
STATION I D0’~ (f t) Dcorr (ft)

CAL 59 6721.667 6721.778*
17 60 6506.083 6506.201
20 61 6485.891 6486.011
23 62 6463.973 6464.095
26B 63 6444.939 6445.063
28 64 6438.540 6438.667
CAL 65 6721.651 6721.770*
CAL 66 6721.651 6721.772*
15 TOE 67
CAL 68 6721.652 6721.776*
15 TOE 69
CAL 70 6721.655 6721.782*
CAL 72 6721.644 6721.773*

A 14
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MEASUREMENTS AT GREEN PETER DAM (continued)

CD) FLAG TO

STATION LENGTH

1 150.492
2 204 .058
3A 239 .029
3B 289 .072
4A 299.030
4B 3 3 4 . 0 3 2
5 361.366
6 4 0 6 . 5 0 2
7 459.005
7/8 488.772

8 516.456
9 576.018

10 6 3 5 . 7 2 7
11 695.845
12A 7 3 0 .3 4 3
12B 780.335
14A 790.278
14B 840. 173
15 875.064
16 933.054
17 987.411
18 1032.319
19 1 0 6 4 . 6 8 3
20 1125. 298
21 1185.556
22 1244 .502
23 1304.472
24 1364 .467
25 1424 .36 3
26A 1459.357
26B 1509.236
27A 1519.230
27B 1568.550
28 1599.470

(Computed wIth scale factor X.999945)

A 15

_ _ _ _ _ _ _  
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TABLE 2. ALIGNMENT MARXER POSITIONS , GREEN PETER (MN

GREEN PETER SEP 75

1
64683 F — & I 92924
*(84 

~Q~) P — C

97 1 F — H  b’

c - C

C - H

977  C — H ~~f l

2 F 64727 ~ ~~~~~ ~~~~* (790) F - C  (

784 F — H

~~ c — c  816

C - H

C — H

3A j 
_ _ _ _  

647 56 392 92871  7O~

F - C

F -  H

— C

C - H

- ~~-j i

*Va lues in parenthesis i nd i c a te  e o l u t i o n s  ubtaincd w i th  poor .;o~’ m t t r .  ( s , a  t j ~~ i i r O  I).



GREEN PETER SEP 75

3B 64797 33 1 F — C  Y2 844

F — C

F —  H

C - C

C — H

C -  H

4A I 64805 475 I~~III
-

~~~~~~~~~~~~~~~~~~~~ 
Ii

c - c

C — H

C — H

4B I 64834 111 F — C  92819 064

F - C

F - H

C - C

G — H

C — H

A l /



—
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-
~
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GREEN PETER SEP 75

1 64856 47 1 F — G I 92803 342

(4~~ ) F - C  ~348

473 F - H  345

~~ c - ~~ 342

-~~~~~~ C - H  349

473 C - H  345

6 64893 390 i~~~~~~~ [92 ~~~~~~~~~~~ 375

F — C

S 
— F - H  

—

C — C

C - H

— 
C — H  

—

I 64936 339 F G  92747

— 
F — C  

—

F — H

C — C

C —  H

C -  H

A 18

L



GREEN PETER SEP 75

/ / 8  64960 F — C 92/30

~~~~~~~~~~~F - C  —
F - H

684 C - C

C - H

~~~ C - H

8 6498 1 506 
~~~~~~~~~~~~~~~~~~~ 2 7 l L  548

F — C

F — H

C — C

C -  H

C —  H

I 65026 26 1 F — C j 92671 778

F — C

F -  H

c — C

C - H

• C - H

A19

L _ _ _ _ _ _ _  
_____________
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GREEN PETER SEP 75

10 c1son ~~~ F — G 92Ea11

082 F - C

078 F — H  943

079 C - C

080 C - H

079 C — H 942

11 65116 174 1~~~~2S~ 1

~~~ F - C

a 

~~~ F - H

174 C - C

178 C - H

!Z~ C - H  870

12A 65142 
~_±‘ia F — C I 92568 890

F — C

F -  H

C - C

C - H

C —  H

A20

F
I

- -~~~~ • - •~~~~~~
j
~~~~~



GREEN PETER SEP 75

12B 65 179 514 F — G I 92535 593

F - C

- -

C — C

C — H

C - H

14A I 65186 964 ~~~I~~~~~J~~ 92S~ __ 
971

F- C

F — H

C —  C

C —  H

C — H

148 65224 ~~~ F — C I 9~ 495 746

F — C

C — C

C - H

A2 1

-
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GREEN PETER SEP 75

15 I 65250 479 F — C I 92472 519

— 
F - C  —

F — H

C — C

C — H

C - H

16 65293 909 1/ 1 1119243 3 927

F — C

F -H

C — C

_ ii

17 65334 
~~~~~ 

92397 783

F - C

582 F — H  781

C - C

C — H

C - H

A22

L



GREEN PETER SEP 75

18 65368 J~~ 
F — G 92367

F — C

F — H

C — C

C -  H

C —  H

19 I 65392 468 ~~~~~~~~~ 373

F — C

F — H

C — C

• C - H

• C — H

20 65437 
~ L ~~~~~~~~~~ 

92306 o7i j

F - H  075

077

C - H

031

A2 3 

- .. -~ . - -- - .- .



GREEN PETER SEP 75

21 I 65482 _~�±~ 
F — G 1 92266

F - C

F —  H

C - C

— C — H  
—

C - H

22 I 65527 
~~~~~~~ F — C I 92226

F - C

F —  H

C — C

— C - H  
—

C - H

23 65571 _?.~~ ~~~~ 
92186 968

F - C

F - H

• C — H

C - H

A24
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GREEN PETER SEP 75

24 I 92147 063 F — G 1 ó56 16 824

F —  C

F — H

C —  C

C - H

C -  H

25 I 65661 624 ~~~~~~~~~~~~~~~~~~~~~~~ 236

F— C

F - H

C — C

C- H

C — H

26A 65687 ~~~ F — C [ 92084 018

F — C

F — H

C — C

C - H

C — H

A25
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GREEN PETER SEP 75

268 65725 F — C 92050 —

167 F — C

17 0 F — H  837

C — C

C - H

(156) C — H

27A 65732 646 1 1 920~4 —_ 245

F — C

F— H

C — C

C — H

C - H

278 65769 530 F — C I 92011 455

F — C

F — H

C — C

C - H

C- H

A26
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• GREEN PETER SEP 75

28 65792 
— 

F — C I 91990 
—

876

636 F - H  8/8

c — C

C - H

(760 790 C — H  (92015 590)

F — C

— 
F - H  

—

C — C

• 1 
- 

- ~~~ll -

C — H

• . 
- - -  . F - C  

-

• F — C

F — H

C -  C

C — H

C — H

A27

• _ _
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TABLE 3

GREEN PETER ALIGNMENT

FLAG 7/8 FLAG FLAG
STATION 7/ 8 28 28 CAL

1 .015 11.881 —14.857
2 .003 16.093 — 20 . 162
3A .006 18.854 — 2 3 .614
3B .011 22.805 —28.554
4A .009 23.587 —29.541
4B .014 26.352 — 3 2 . 9 9 5
5 .017 28.511 — 3 5 . 6 9 3
6 .009 32.061 —40.161
7 .011 36.204 — 4 5 . 3 4 7

7/8 .000 .000 38.540 — 4 8 . 3 0 0
8 .001 37.577 — 5 4 . 1 7 4
9 — .003 35.499 —66.809

10 . — .014 33.411 —79 .469
• 

• 11 — .020 31.317 — 9 2 .2 0 0
12A — .017 30.121 —99.497
12B — .021 28.381 —110.076
14 A — .023 28 .034  —112 .180
14B — .029 26.296 —122.736• 15 — .038 25.076 —130.121
16 — .042 23 .060 —142 .381
17 — .048 21.170 —153.865
18 — .042 19.617 — 163.354
19 — .033 18.504 — 170. 182
20 — .021 16.414 —182.973
21 — .017 14.329 —195.676
22 — .019 12.283 — 2 0 8 . 1 4 6
23 +.018 10.242 —220 .772
24 — .014 8.130 —233.471
25 — .031 6 .037  — 2 4 6 . 1 3 3
26A + .023  4 . 8 7 9  — 2 5 3 . 4 6 7
26 B + .04 9 3.176 — 2 6 3 . 9 7 1
27A +.051 2.832 —266.079
27B +.037 1.108 —276 .504
28 .000 .000 —283.067

+ upstream

— downstream

A28
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INTRODUCT ION

A series of precise length measurements was made at Keystone Dam near Tulsa ,
Oklahoma on 17 and 18 November 1975 by personnel from the Tulsa District and
f r om the Eng ine er Topog rap h ic Labo ra t o r i es , For t  Belvoir , Virg inia . The purpose
of the  measu remen t s  was to illustrate a technique for monitoring movements
in dams and to provide a basis for a course in precise m-asurements to be given
18-22 October in Tulsa.

Three sites with pedestals for mounting the distance measuring equi pment ( DME )
had been prepared by district personnel. These were desi~ ndted CM-i , and CM -

2, and CM-4 and are shown in figure 1. A further site , designated CM-3 , was
set on an overlook near one end of the dam to serve as a stable reference point.
Finall y, five markers SM-i , thru SM-S were installed in a line along the embankment
portion of the dam near the crest.

Measurements

Measurements were made with a Geodolite Model 3G from CM-i , CM-2 and CM-4
to each of the other control monuments and to the markers on the dam. A typ ical
data sheet shown in Figure 2 represents a sing le measuremen t - The data on each
sheet has been reduced in the following manner. The mean of the five readings
was determined first (1). Next the reflector offset correction was app lied . The
mean of the two offset values (2) was 0.004 short of the reflex constant (3). Thus
0.004 was added to the mean of the five fine readings and recorded as corr x 10
(4). Then the coarse readings were added to give an instrument c~ rrected slope
distance D1 .(5). Next the elevations of the instrument and ref lect’r ~ere app L i a d
using the equation at the top of pg. 45 in the inclosed yellow manual. This is the
observed spheroid chord distance D obs (6). Finall y temperature and pressur
corrections were app lied to obtain the corrected spheroid chord distance D corr
(7). The temperature and pressure were onl y taken for the lines between control
monuments.

Table  IA is a l i s t i n g  of measurements  taken from CM-i with the data reduced
in the manner  de t a i l ed  abo ve. Lines which have had L empera ture  and pressure
cor rec t ions  app lied ar e marked w i th  an a s t e r i s k .  C o r r e c t e d  values  are  a l so  g ive n
fo r  the l ines  to t he SM series of markers . These va lues  were obtained d i f f e r e n t l y
as exp la ined la te r  in the  r e p o r t .

Table lB is a similar listing of measurements from monument CM-2 and table
IC is a l i s t i n g  of l eng ths  f rom CM- 4 .

The Cont ro l  F igure

The longest  l ine  in the  c o n t r o l  f i gu r e is CM-2 to CM-4 and this line was p icked
as a bas i s  f o r  a c o o r d i n a t e  sys t em . This a l s o  p laces a l l  of the othe r  m o n u m e n t s
i n  the  f i r s t  q u a d r a n t  w i t h  p o s i t i v e  va lues  of X and Y .

*Kenneth D. Robertson , The Use and Calibration ‘1 Dis tance  Measu r ing  E j~~i j~n &n t
fo r  Precise  Mensura t ion  of Dams, U . S .  Arm y Eng inee r Topographic L a b o r a t or i e s ,
F o r t  Belvoi r , V a . ,  ETL-0048 , March 1976 . AD-A023 759 .

B2



Control monument CM-2 was a r b i t r a r i l y assigned a pos i t ion  of X = 1000 .000 and
Y = 1000.000 . CM-4 was also assigned a Y coordinate of Y-l000.000 and X
coordinate which would give a distance between CM-2 and CM-4 of 5946.540 feet.
This is the mean of the four corrected distances as measured with the Geodolite
thus (All positions are given in feet)*

CM-2 X=l000.000
Y=l000.000

CM4 X=6946.540
Y=l000.000

In addition the mean corrected length from CM-2 to CM-3 is 5860.851 and from
CM-4 to CM-3 is 5238.821. These lengths together with the positions of CM-2
and CM-4 give a pos ition for CM-3 of X=4553.803

Y=5660.478
The equation at the bottom of pg 47 in the yellow manua~*was used for this calculation.
Finall y, in a similar m anner , the position of CM- I was determined to be

CM-i X=55l9.412
Y=lôl6.418

A tmospheric Corrections

No measurements of temperature and pressure were taken for the markers on
the dam. The refractive index corrections to the observed distances were made
ins tead thr ough the use of comparisons with a reference line .

Table 2 shows a section of Table IA , measurements 7 through 15. From measurements
of the con t ro l  f i gure it has been determined the true distance ffom CM-i to CM-
3 is 4158.715 feet. When measurement 7 was made the instrument gave a length
of 4l58.o~j7. The differe nce between the two values was due to the refractive
index . Dividing the true distance by the observed d is tance gave a r e f r a c t ive index
correction of 1.00000433. Some t ime later when measurement 9 was made t1~e
correction had crtanged to 1.00000481. Assuming a linear change , the refraction
correction for the atmosphere at the t ime of measurement 8 would have been

1..0u000457. App lying this to the observed distance for measurement 8. a refrac t ive
inde.< corrected value of 3525.439 was obtained for the length from CM-i to
SM-I. Th is t echnique has been used to correct all lengths • t~ e SM series of
~~; I amen • S .

Dam Positions

Tab1~ 3 was derived from the corrected lengths of table 2. The lengths of table
3 together with the positions of CM-I , CM-2 , and CM-4 y ield the positions of

Tabl e ~a for the SM series of monuments. Once again the equation at. the bottom
of pg 47 in the yellow man ual was used .**

Fin all y an alignment calculation was made of SM-2 , SM-3 .ind SM-4 using monuments
SM-I and SM-5 as .~~3puin ts. The departures of each marker from a line between
the end points is given in table 5.

Th u ent ry  w a, not fl o r iq i na l
**Kenneth D. Robertson , The Use and Calibra tion of Distance Measuring Egui prient
for Prec ise Mensuration of Dams~ U.S. Army Engineer Topograp h i c  Laburatortes ,

Fort Belvoir , Va. , ETL-0048 , March 1976 , AD-A023 759.

B3
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Conclusions

A compariso~ of positions as determined from two sets of lines as given in table
4 shows agreement of about 2 millimeters (.006’) in both X and Y. This  approaches
1 par t  per mi l l ion  of the longer distances measured .

KENNETH D. ROBERTSON
Research Ph ysic is t
Research Institute
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GEODOLITE DATA SHEET

TIME 1045 MEAS. NO.

DESCRIPTION KEYSTONE DAN

FROM CM-i TO CM-4

REFLEX NO. 1.568 (3) — DATE 17 NOVEMBRR 19 7 5

1St OFFSET 1, 564 (2)  CORR. x 101 4,372 (4) —

x (0 2 54

I 41367

xIO 3 5,6

2 4 m 3 6 8

x104 1,6

3 4~~368

4 368 x IO 0 .1

5 4 .368 1554 
~
372 (5)

6 _ _ _ _ _ _ _ _ _  
6 R

7 ________________________ Hi. 0,93 0,30

8 ________________________ EL. 691 i 46 714.61

9 _ _ _ _ _ _ _ _D0b$ 1554 ~l57 (6)

tO TEMP. 17 8 19 ,2

2Ud OFFSET l~~564 (2) PRESS. 29.40 _ _ _ _ _ _ _ _ _

MEAN 4,368 ( 1~ DCO~’ 1554 , 162 (7)  . 

-

Figure 2.
B6
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TABLE LA
MEASUREMENT S FROM CM-I

MEAS No STATION D obs D corr

1 CM-3 4158.701 4158.716*
2 CM-2 4561.101 4561.114*
3 CM-4 1554.157 1554.162*
4 CM-4 1554.156 1554.161*
5 CM-3 4158.697 4158.713*
6 CM-2 4561.098 456 1.112*
7 CM-3 4 158.697 4158.715*
8 SM-I 3525.423 3525.439
9 CM-3 4158.695 4158.712*
10 SM-2 3238.191 3238.207
11 SM-3 2973.361 2973.375
12 CM-3 4158.695 4158.713*
13 SM-4 2737 .122 2737.135
14 SM-5 2533.232 2533 .243
15 CM-3 4158.697 4158.716*

TABLE lB
MEASUREMENTS FROM CM-2

16 CM-i 4561.094 4561.125*
17 CM-4 5946.504 5946.541*
18 CM-3 5860.807 5860.854*
19 CM-i 4561.095 4561.128*
20 CM-4 5946.502 5946.541*
21 CM-3 5860.805 5860.853*
22 CM-3 5860.802 5860.849*
23 SM- I 5554 . 184 5554 .23 1
24 CM-3 5860.801 5860.848*
25 514—2 5593 .705 5593.753
26 SM-3 5657.996 5658 .044
27 CM-3 5860.800 5860.849*
28 SM-4 5745.855 5745.904
29 SM-S 58~8.l04 5858 .154
30 CM-3 5860.801 5860.850*

B7 



TABLE 1C
MEASUREMENTS FROM CM-4

MEAS No STATION D obs D corr

31 CM-3 5238.811 5238.818*
32 CM-i 1554.171 1554.172*
33 CM-2 5946 .536 5946 . 541*
34 CN-2 5946.534 5946.539*
35 CM— i 1554.170 1554.170*
36 CM-3 5238.809 5238.817*
37 CM-3 5238.804 5238.820*
38 SM-i 4602.290 4602.305
39 CM-3 5238.803 5238.825*
40 SM-2 4254.112 4254.128
41 SM-3 3913.847 3913.862
42 CM-3 5238.799 5238.821*
43 SM-4 3583.723 3583.738
44 SM- S 3260 .423 3260.437
45 CM-3 523o.798 5238.823*

TABLE 2
REFRAC TIVE INDEX CORRECTIONS

FROM CM-l
TRUE LENGT H CM-i TO GM-3 = 4158.7 15

MEAS No STATION D obs R .I. CORR D corr

7 CM-3 4158.697 1.00000433
8 SM- i 3525.423 (1.00000457) 3525.439
9 CM-3 4158.695 1.0000048 1
10 SM-2 3238.191 (1.00000481) 3238 .207
11 SM-3 2973.361 (1.00000481) 2973.375
12 CM-3 4158 .695 1.00000481
13 SM—4 2737.122 (1.00000465) 2737.135
14 SM-5 2533.232 (1.00000449) 2533.243
15 CM-3 4158.697 1.00000433

L. 
B8 
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TABLE 3

LENGTHS TO DETERMINE
POSITION S

LENGTHS FR~ 4
STATION CM-i CM-2 CM-4

SM-i 3525.439 5554.231 4602.305

SM-2 3238.207 5593.753 4234.128

SM-3 2973.375 5658.044 3913.862

SM-4 2737 .135 5745.904 3583.738

SM-5 2533 . 243 5858.154 3260.437

TABLE 4

POSITIONS

- OBTAINED FRf~1 -

CM-i & CM-2 CM-2 & CM-4

SM-i X = 4786.196 4786.202
Y = 5063.767 5063.761

SM-2 X = 5082.519 5082.526
Y = 4824.017 4824.010

SM-3 X = 5377.042 5377.040
Y = 4585.383 4585.385

514-4 X = 5669.407 5669.402
Y = 4348.440 4348.447

SM-S X = 5964.982 5964.976
Y = 4109.168 4109.177



_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :
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TABLE 5

ALIGNMENT

STATION DEPARTURE DISTANCE FRC~4 SM-l

SM-2 -0.168 381.166

SM-2 -0.072 760.230

SM-4 +0.069 1136.554

+ DOWN STREAN

- UPSTR EAM

BlO
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Appendix C. Cou rse Letter of Acknowledgment

DEPARTMENT OF THE ARMY
• /‘ ~ /‘~~~~ UNITED STATES ARMY ENGINEER TOPOGRAPHIC LABORATORIES

FORT BELVOIR, VIRGINIA 22060

ETL-RI

Dear

Your app lication for the training course , entitled : “Development of
High Precision Survey Capability ” has been accepted for the week of
20-24 September at Green Peter Dam near Albany, Oregon .

We would like to make the course as practical as possible. It is
designed for the field surveyor using or contemp lating the use of
distance measuring equipment and/or the -surveyor with the responsibility
for making measurements of dam disp lacements.

A course outline is inciosed . Note that during the final day, time will
be set aside for discussion of specific problems you may have . I hope
many of the class will be able to stay for this session to provide an
exchange of information and ideas.

The course will be held at Green Peter Dam and at the Swept Wing Motel ,
1212 Price Road , Albany , Oregon 97321 , Telephone (503) 926-6031. The
motel is near the intersection of Interstate Route 5 and Route 20. The
class will begin there at 1300 on 20 September 1976.

Information on motel accommodations and reservations may be obtained
from :

Mr. Roger Campbell
Survey Section
Po r t land  Dis t r i c t , Corps of Engi neers
P.O. Box 2946
Portland , Oregon 97208

ci
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ETL-RI

The district will not be able to furnish transportation .

A hand calculator with t r ig  funct ion  wil l  be useful  but not necessary.

I appreciate you r interest  and look forward to seeing you in September.
If you have any questions regardiri~ the course write or call me at
(703) 664-6194.

Sincerel y yours ,

I lad KENNETH D. ROBERTSON
As stated Research Physicist

Research Institute

• C2
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DEVELOPMENT OF HIGH PRECISION SURVEY
CAPAB ILITY

Course Outline

Sep 20 - Swep t Wing Mo tel , Albany , Oregon

1300-1700
How Di stance Measu r ing Equi pment works  - Error sources : how
to recognize and avoid them - Calibration techniques.

Sep 21
0800-1200

Atmospheric correc t ions - Baseline measurement.

1300 - 1700
Ratios - Proper Geometry
Tr ila tera t ion vs. Triangulation .

~~
p 22 - Green Peter Dam
0800-1200

Field measurements - Reflector calibration - Baseline .

1300-1700
Control figure and dam measurements - Ratios .

Sep 23
0800- 1200

Calcula t ions  and data redu ction .

1300-1700
Examinat ion of a dam f rom beg inning to end .

~~p24
Review of data reduction and use of ratios .

Questions - General discussion of Spec i f ic  Problems (Please br ing
y o u r s ) .
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Appendix D.

THE USE OF ATMOSPHERIC M2DELS
WITH TRILATERATION

US Army Engineer Topographic Labora tories
Fort Belvoir , Virg inia 22060

1Kenneth D. Robertson , “The Use of Atmospheric Models with Trilateration ,”
Survey Review , vol xxiv , 186 , October 1977.
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ABSTRACT

In trilaterati -o n , when lengths are observed in pairs or groups ,

it is frequentl y possibl e to apply refractive index corrections

obtained from an atmospheric model . This paper presents a comparison

of results using a model with those obtained from temperature and

pressure measurements .4

Three series of length measurements have been made at Oahe D0m ,

a large earth filled structure on the Missouri River in South Dakota ,

U.S.A. The measurements were made to moni tor possible movements of

the dam and to provide a test of atmospheri c reduction techniques

which mi ght imp rove the precision of the survey and if possible re-

duce the time and personnel required. The measurements were made

during June 1973, October 1973, and May 1974. The approach used ~~s

to measure lengths in pairs or groups from a single station withi n

a short period of time. It is believed that lengths measured in

this fashion exhibi t the following two proper ties :

1. The ratio of the observed l engths of two lines , measured

at the same time and from the same station , remains constant.

2. The corrected lengths of two lines measured at the same t ime

and from the same station contain si m ilar scale errors.

Observed lengths are those which have not been corrected for the

refractive index of the air. Corrected lengths are those to which

refractive index corrections have been applied. “At the same ti r~~”

was considered to be within a period of sixty minutes although the

experience gained at Oahe indicates thirty minutes would have been a

better choice. D2



THE CONTROL FIGURE

It is desire d to measure possible movements of ma rks on the darn

relative to stable contro l positions which are sufficiently rerote

to be free of the forces acting on the structure . Because o’ terrain

and other factors this is not always possible and it becomes necessary

to measure the control figure during each survey to deterrnire the

stability of the control monuments .

Figure 1 shows the positions of four of the control monuments

at Oahe D~nri . ~‘easurements of the dam were made from three of tht se ,

PHCMY—A , Fl—A , and Snake Butte . The fourth monument , CM-3E3 , served

as a reference . Table 1 lists the observed and corrected distances

for the prima ry triangle for each of the three series of n-easurement~.

The lengths , both observed and corrected , have been reduced to chord

distances on the Clarke 1866 spheroid. Previous studies (1) h.ive

shown the potential advantages of measuring lines in pairs or groups

and of computing angles from ratios rather than from line lengths.

Thus , in the triangle ABC of Figure 2, if 0, E, and F are the ratios

of the lengths a , b, and c measured from the three vertices , the COS

of angle c is given by

(1) COs C = 1/2 (~ + -

F 0/

Similar expressions may be derived for the other two ang les of the

tr iangle.  Using the corrected lengths from Table 1 , June  1973 ,

the folln~.inj ratios and angles are obtained.

Di
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0 = 12083.086 / 11125.304 = 1.08609041

E = 11125.298 / 13747.433 = 0.80926366

F = 13747.421 / 12083.089 = 1.13774061

A = 72° 30’ 52 29

B = 56° 5 7’ 47”91

C = 50~ 31’ 19.80

When this computation is perfo rmed using the other lengths from

Table 1 a comparison of angles may be made for the three series of

measurements . Table 2 gives the result of the comparison for both

observed and corrected distances .

The agreement between the three series for either the corrected

ratios or the observed ratios is much better than the agreement between

the corrected ratios and the observed ratios for one series of measure-

ments . This is because lines at different eleva cions travel through

air of different refractive indic es and no account has been taken of

this with the observed ratios. It does , however , bear out the validity

of the assumed property of length ratios , namely that the observed

ratio remains constant with time . Table 3 gives the elevati ons of the

four control monuments.

The refractive index equation for correcting distance measuring

instruments may be written in the form

(2) Lcorr = 
k LOBS

Lcorr is the corrected length , LOBS the observed length , k is a constant

for the instrument (the refractive index for ~vhich the instrument
D4
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gives a correct length) , and n is the mean refractive index along

the l1ne.

If two measurements are made within a short period of time :

(3) Lcorr 1 = k LOBS 1

Lcorr 2 k LOBS 2

The ratio of the corrected lengths is a constant. Thus , if the

ratio of observed lengths is a constant it is because the ratio of

refractive indices is a constant. Al though it may not be possible

to use an atmospheri c model to determine a true refractive index - for

either line a model may be used to determine the ratio of the two.

That is ~~ — 
n MOD2 although 

~2 ~ ~ 
MODE and n1 ~ n MOD1ni nMOD 1

This was done with the data taken at Oahe dam by assuming that

a standard sea l evel temperature of 200C and pressure of 29.92 inches

of mercury existed at the moment each length was measured . Because

the ratio is almost independent of the actual sea level conditions

these need not be known .

The instrument used at Oahe Dam was the Geodolite Model 3G built

by Spectra Physics. Equation (2) for the Geodolite is written

(4) Lcorr = 1.00027975 LOBS.

n, the refractive index of the line , is given by

‘5’ — 1+ O .00274 1295P
~ / n — 273.2 + T

where P is atmosp heric pressure in inches of Hg and T is the tempera-

ture in °C. A pressure and temperature mod2l was then used to deter~

mine n as a function of the midpoint e3evation , h , of each line.

~~~~~~~~~~~~~~~~~~~~~~~~ :~~ ~~
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The value of P was determined from a barometric altimetry equation

(6) p = 29.92 (l-0.0000068754h)5’2561

and I was determined from a simple linear lapse rate.

(7) 1 = 20 — O.0025h

Substituting these equivalents for T and P into (5) then provided an

equation for n as a function of the elevation , h , of the midpoint

of the line. Finally, this value of n was used in (4) together wi th

the observed length to obtain a model length , LMOD.

LMOD = k LOBS and from (3)
n MOD

(8) Lcorr 1 
= 

LMOD 1
Lcorr 2 LMOD 2

Table 4a lists model lengths for the three series of measurements.

These have been obtained from the observed lengths of Table 1 and

the midpoint elevations of the lines. The model lengths have then

been used to determine the angles of the triangle PHCMY-A , Snake Butte ,

Fl -A and are listed in Table 4b. Ag reement between these angles

and those obtained from ratios of corrected lengths has been imp roved

through the use of the atmospheric model .

The model used at Oahe Dam does well for projects of limi ted

extent where large differences in elevation do not occur. However ,

in a strict sense the model suffers from two defects which become

more important , where longer lines and greater elevation differences

are involved. The first of these is the obvious one that temperature

gradients do not behave in a predictable way. The second defect is

the assumption of an unchanging standard condition at sea level. An

example will show the magnitude of these effects for an Oahe Darn ratio.

________ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -,



In the primary triangle , PHCMY-A , Snake Butte , Fl-A the lines

from PHCMY-A have the largest difference in elevation. From Table 1 ,

series 1 and Table 3 the lengths and midpoint elevations of the two

lines are:

Observed length Midpoint el.

PHCMY-A to Fl-A 13747.145 feet 1652 feet

to Snake Butte 12082.811 feet 1829 feet

The model lengths derived from these observed distances depends on the

assumed temperature gradient for the model . Table 5 shows the effect

of the gradient on the ratio of the model lengths of the two lines.

Table 6 shows the effect of the assumed sea level reference con-

ditions on the same ratio.

The tables show that the temperature gradient is by far the more

important of the two effects , but even if the gradient were in error

by as large an amount as 5°C/b OO feet the effect on the ratio would

be less than one part per million. The agreement between the three

series of measurements bears this out.

While the results from only one tri angle have been gi ven here,

experience with large numbers of measurements in several locations

indicates that with ratios slightly more consistent results are ob-

tained from models than from refractive index measurements and wi th

less effort. The poorest result are those where the corrected lengths

are used directly wi thout forming ratios .

D7
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MONUMENTS ON THE DAM

A slightly different technique has been used to monito r movement

of monuments on the dam. In order to produce measurements in an

efficient manner it is not practical to occupy each of the monuments

on the dam with the instrument. Instead measurements are made to

each monument from at least two of the control monuments. At Oahe

Dam Fl-A and Snake Butte ~ere used for this purpose. Ten monuments

along the crest of .the dam were measured from the two control points

for each of the three series of measurements . Additional measurements

from PHCMY-A have not been included because these were made only during

the second and third series .

In order to use an atmospheri c model with data of this type a

reference monument , CM—3B , was established and made a part of the

control network. Positions were assigned to the four control monuments

as fol l ows:

Fl-A X = 10000.000
Y = 10000.000

Snake Butte X = 21125.308
Y = 10000.000

CM—3B X = 5238.151
V = 14940.070

PHCMY-A X = 1 7494.777
V = 21524.767

The coordinate system is deri ved from a PHCMY-A to Fl-A length of

1 3747.434 feet and the mean of corrected angles from the three series of

measurements.

The observatior~al procedure for measurements of the dam was to first

measure to the reference monument CM-3B, then to several of the dam

D8
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monuments and then finally to the reference again.

Tab le 7 is an example of such a set of measurements . Column (1)

cons ists of lengths to which a model refractive index has been applied.

Equation (8) may be rewri tten as

Lcorr 1 = LMOD1 x Lcorr 2
LMOD 2

The tab le gives the true length  of t he line from Snake Butte to CM-3B

and a model length. If these values are substituted into the equat ions

the length of the line from Snake Butte to SC 5 may be determined

LREF = 13485.183 x 16637.489 = 1 3485.350
16637. 283

The length LREF to SC 5 has had two atmosp heric corrections app lied to

it. The fi rst was the calculation of LMOD~ 
which took the midpoint

eleva tion of the line into account. The use of a refe rence line has

applied a correction for the actual temperature and pressure at sea

level at the time the line was measured. LREF in the table are lengths

obtained in this manner and Lcorr are the lengths which have had the

measured refractive index applied. One final step needs to be taken to

obtain the LREF lengths. This is to allow for changes in the model

length of the reference line. This length changed from 16637.283 to

16637.273 during the 75 minute measuring period. The values of LREF

for lines to positions on the dam have been determined by assuming a

linear change in the length of LREF as a function of time .

The va l ues of LREF and Lc orr ha ve been ca lcu lated for  ten mo nument s

on the dam from both Fl—A and Snake Butte for all three series of

monuments. From these lengths and the positions of Fl-A and Snake Butte

D9 
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coordinates have been determined for the 10 monuments and are listed

in Table 8. An exami nation of this table indicates that slightly

better repeatability is obtained in the X direction from use of an

atmospheric model , with a standard deviation on the order of 0.011

feet compared wi th .015 feet for the corrected data. In the V direction

the reverse is true with standard deviations of 0.005 and .007 being

obtained. The mean line lengths involved were 13400 feet in the X

direction and 9500 feet in V.

D I O
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CONCLUSIONS

During three trips to Oahe Dam almost 1000 lines were measured

to mon ito r movements of the dam and to develop techniques for

reducing the effects of atmospheri c refraction . The results pre-

sented here, while only a portion of the total , are believed to be

typical of the whole. They show that the use of a simple atmospheri c

model provides results as good as or better than those obtained

from temperature and pressure measurements made at the end points

of the lines . Further , the region around Oahe Dam is arid and

devoid of trees and is subject to rather strong winds. These

conditions contribute to good mixing of the air in the l ower atmos-

phere and thus permi t unusually accurate temperature measurements

to be made. Experience in other areas , particularly calm sheltered

ones , indicates an even greater improvement through the use of models.

At Oahe Darn it was possible to measure both the control figure and

the positions of the monuments on the dam with measur oments of tempera-

ture and pressure being made on only one line , to provide scale , and

only during the first series of measurements.

The techniques developed at Oahe Dam are now being used on several

dams with equivalent results , the limiting factor in most cases being

the distance measuring instruments availabl e rather than the problems

invol ved wi th accurate determinations of refractive index.

D 11



TABLE 1

OBSERVED & CORRECTED LENGTHS
(feet)

SERIES 1 JUNE 1973

DATE TIME OBSERVED CORRE CTED

SNAKE BUTTE TO PHCMY-A 1100 12082.804 12083.086
6—25 TO Fl-A 1107 11125.039 11125.304

Fl —A TO SNAKE BUTTE 0932 11125.069 11125.298
6-26 TO PHCMY-A 1025 13747.140 13747.433

PHCMY-A TO Fl-A 1408 13747.145 13747.421
6-27 TO SNAKE BUTTE 1410 12082.811 12083.089

SERIES 2 OCTOBER 1973

SNAKE BUTTE TO PHCMY-A 1000 12083.064 12083.066
10-16 TO Fl-A 1035 11125.304 11125.304

Fl-A TO SNAKE BUTTE 0852 11125.264 11125.294
10-17 TO PHCMY-A 0921 13747.397 13747.428

PHCMY-A TO Fl-A 0904 13747.366 13747.430
10-18 TO SNAKE BUTTE 0906 12083.028 12083.096

SERIES 3 MAY 1974

SNAKE BUTTE TO PHCMY-A 0916 12082.945 12083.103
5—7 TO Fl—A 0858 11125.189 11125.320

Fl—A TO SNAKE BUTTE 1002 11125.230 11125.320
5-6 TO PHCMY-A 1016 13747.340 13747.450

PHCMY-A TO Fl-A 0841 13747.324 13747.444
5-8 TO SNAKE BUTTE 0839 12082.965 1 2083.091

L D 1 2  
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TABLE 2

ANGLES FROM THREE SERIES OF MEASUREMENT S

USING CORRECTED RATIOS

ANGLE SERIES 1 SERIES 2 SERIES 3

A 72° 30’ 52”29 52”33 52”4 1

B 56° 57’ 47”91 47”7l 47”76

C 500 31’ 19~8O 19~96 19~83

USING OBSERVED RATIOS

A 72° 30’ 52”6l 52”55 52”7O

B 56° 57’ 47”66 471155 47”41

C 50° 31’ l9~73 19~9O l9~89

D 13
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TABLE 3

MONUMENT ELEVATIONS
(feet)

SNAKE BUTTE 1922

Fl—A 1568

PHCMY-A 1736

CM-3B 1797

MARKERS ON THE DAM 1959-1664

Elevations are given to the nearest foot for the purpose

of computing an atmospheri c model .

D 14
1~.



I

TABL E 4

MODEL LENGTHS AND ANGLES

(a) MOREL LENGTHS

SERIES 1 SERIES 2 SERIES 3

SNAKE BUTTE TO PHCMY-A 12082.971 12083.231 12083.112
TO Fl—A 11125.186 11125.451 11125.336

Fl-A TO SNAKE BUTTE 11125.216 11125.411 11125.377
TO PHCMY-A 13747.312 13747.559 13747.512

PHCMY-A TO Fl-A 13747.317 13747.538 1 3747.496
TO SNAKE BUTTE 12082.978 12083.195 12083.132

(b) ANGLES FROM MCEEL RATIOS

ANGLE

A 72° 30’ 52.30 52.23 52.39

B 56° 57’ 47.92 47.81 47.67

C 500 31’ 19.78 19.96 19.94

ANGLES FROM CORRECTED RATIOS (TABLE 2)

A 72° 30’ 52.29 52.33 52.41

B 56° 5V 47.91 47.71 47.76

C 50° 31’ 19.80 19.96 19.83

D I.5



TABLE 5

MODEL RATIO AS A FUNCTION OF TEMPERATURE GRADIENT

GRADIENT °C/l000’ RATIO

+5 1.13774 121

+2.5 1.13774 160

O 1.13774 201

-2.5 Oahe Model 1.13774 244

-5.0 1.13774 290

-7.5 1.13774 339

-10.0 1.13774 392

A negative gradient is taken to mean a decrease in temperature with

an increase in elevation .

The reference conditions at sea level are 20°C and 29.92 inches

mercury.
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TABLE 6

MODEL RATIO AS A FUNCTION OF ASSUMED REFERENCE CONDITIONS

REF. TEMP REF.PRE SS RATIO
_________ 

“Hg 
______

20 27.92 1.13774 254

20 28.92 1.13774 250

20 Oahe Model 29.92 1.13774 244

—20 29.92 1.13774 229

40 29.92 1.13774 251

40 27~92 1.13774 261

—20 30.92 1.13774 223

D 17



TABLE 7

MEASUREMENTS FROM SNAKE BUTTE 25 JUNE 1973

TRUE LENGTH OF REFERENCE LINE = 16637.489

TO ( 1 ) (2) (3)
TIME MONUMENT L MOD L REF L CORR

1250 CM 38 16637.283 l6c37.489 16637.452

1 300 SC 5 13485.183 13485.351 l3~~5.324

1315 SC 4 13766.256 13766.429 13766.4~e

1342 SC 3 13931 .551 13931.729 13931 .704

1400 SC 2 14074.693 14074.875 14o74.~ -;~

1405 CM 3B 16637.273 16637.489 lE~37.4~?
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TABLE 8

POSITIONS FROI~ SNAKE BUTTE & Fl-A -

SERIES 1 SERIES 2 SERIES 3

Sc i REF . X 8507.705 .703 .706
Y 171 86 173 .174 .176

CORR. X 85C7.725 .748 .723
V 17186. 1CI  .180 .181

Sc 2 REF . X 9414.900 .9 14 .933
V 17808.231 .241 .240

CORR . X 9414.937 .959 .946
V 17808 .237 .247 .244

Sc 3 REF . X 9744.197 .207 .262
V 18035.135 .114 .120

coRR . X 9744.222 .251 .275
V 18035.127 .119 .126

Sc 4 REF. X 1015 6.233 .233 .219
V l831~ .292 .269 .272

CORR . X 10156.251 .267 .235
V 18318.280 .272 .279

sc 5 REF. X 10980.669 .650 .661
V 18884.876 .863 .869

CORR . X 10980.694 .693 .685
V 18884.864 .865 .875

Sc 6 REF . X 11804.433 .425 .441
V 19450.671 .659 .664

CORR. X 11 804.463 .471 .464
V 19450.664 .655 .667

SC 7 REF . X 12666.926 .925 .926
V 20043.218 .217 .213

CORR . X 12666.949 .967 .938
V 20043.211 .208 .214

SC 8 REF . X 13545.943 .944 .945
V 20407.095 .097 .083

CORR . X 13545.964 .979 .951
V 20407.083 .081 .083

Sc 9 ~EF . X 141 92.713 .729 .705
V 20675.138 .141 .130

CORR . X 14192 .729 .755 .713
V 20675.125 .119 .129

sc 10 REF . X 15394.941 .955 .930
V 2 1172.823 .829 .828

COR R . 15 394.950 .978 .94 1
V 21 172.811 .807 .823

D 1 9  
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