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Preface

Engineers concerned with the safety of concrete
arch dams should be reasonably certain that the struc-
ture will behave during operation as predicted by the
analysis. For more than 30 years the Bureau of Rec-
lamation has instrumented large concrete arch dams.

The two principal reasons for instrumentation are:
(1) to obtain information which can be used to detect
abnormal behavior of the structure, and (2) to obtain
measurements which can be used to evaluate the
effectiveness of the analysis method and the reliability
of assumptions.

In line with the second reason, the purpose of the
investigation reported in this publication is to demon-
strate the efficacy of the trial-load method and the
reliability of assumptions used for the design of Flam-
ing Gorge Dam. Comparisons were made between
measured and computed data. Changes in concrete
stresses and deflections of the dam were compared for
conditions at two periods of time.

The initial period, from October 9, 1963, to March
26, 1964, was used for the comparison of deflections
and stresses due to seasonal temperature variation.
Since reservoir and tailwater elevations did not change
appreciably during this period, results show the effects
of seasonal temperature variation alone. This permits
an evaluation of the temperature assumptions used in
the trial-load analysis, as well as the effects of tempera-
ture on movements and stresses in the dam.

The differences in structural behavior results for
the second period, from March 26, 1964, to March 6,
1966, indicate the deflection and stress changes due

to reservoir water level fluctuations. The tailwater
elevation remained constant during this period. Differ-
erences in temperature of the concrete between the
two dates were small.

Because of the length of time covered by this study,
the effects of concrete creep were introduced into
the trial-load analysis by reducing the modulus of
elasticity for the concrete. This study, which shows the
effects of reservoir water level fluctuation on move-
ment and stresses in the dam, gives an indication that
the assumption made to include the effects of con-
crete creep is reasonably accurate.

Good agreement was obtained between the results
from the trial-load analysis and those obtained from
structural behavior measurements.

This report was prepared by Milton A. Kramer and
Louis H. Roehm under the general direction of L. R.
Scrivner and G. C. Rouse. These structural engineers
are on the staff of the Chief Engineer, Bureau of Rec-
lamation, Denver, Colo. Drawings were prepared by
F. L. Dockhorn.

Included in this publication is an informative ab-
stract and list of descriptors, or key words, and “iden-
tifiers.” The abstract was prepared as part of the
Bureau of Reclamation’s program of indexing and re-
trieving the literature of water resources development.
The descriptors were selected from the Thesaurus of
Descriptors, which is the Bureau’s standard for listing
of key words.

Other recently published Water Resources Techni-
cal Publications are listed on the inside back cover of
this report.
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Introduction

This report presents comparisons of results from
trial-load analyses and structural behavior measure-
ments for two loading conditions on Flaming Gorge
Dam. Stresses and deflections from the analytical stud-
ies are compared with the results of measured data
for each loading condition.

Flaming Gorge Dam is a concrete arch structure
with an axis radius of 650 feet. The height of the dam
above the lowest excavation for the foundation is 502
feet. The length of the crest is approximately 1,180
feet. A plan, elevation, and sections of Flaming Gorge
Dam are shown on figure 1. The dam is on the Green
River near Dutch John, Utah.

During the year, the dam is subjected to both daily
and seasonal temperature variations. The period from
October 9, 1963, to March 26, 1964, was selected for

the investigation of the effects of seasonal temperature
change. The reservoir water surface and tailwater sur-
face remained very nearly constant at elevations 5932
and 5600, respectively. This loading condition per-
mits an investigation of temperature effects on the
dam.

The period from March 26, 1964, to March 6, 1966,
was selected to investigate the effect of a rise in reser-
voir water level from elevation 5932 to elevation 6000.
Although the change in water surface elevation oc-
curred during the early part of the 2-year period, the
later date was selected to eliminate as nearly as pos-
sible the effects of temperature change of concrete
from the study. The tailwater surface remained con-
stant at elevation 5600 throughout this period.
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Figure 1.—Flaming Gorge Dam—Plan, elevation, and sections,




Data for Trial-LLoad Analyses

Data used in the trial-load analyses of Flaming Gorge
Dam are as follows:

a. Top of dam, elevation 6047.

b. Base of dam, elevation 5555.

c. Reservoir water surface assumed constant at ele-
vation 5932 for the period of October 9, 1963, through
March 26, 1964.

d. Reservoir water surface raised to elevation 6000
during the early part of the 2-year period after March
26, 1964, and maintained at that elevation through
March 6, 1966.

e. Modulus of elasticity for short-time loading of
concrete, 4.0X 10® pounds per square inch.

f. Modulus of elasticity for concrete under a sus-
tained loading for the 2-year period March 26, 1964,
to March 6, 1966, 3.0 X 10° pounds per square inch.

g. Sustained modulus of elasticity for abutment rock
on the left side, 2.0 X 10° pounds per square inch,

h. Sustained modulus of elasticity for abutment
rock on the right side and at the base of the dam,
1.0 X 10°® pounds per square inch.

1. Poisson’s ratio for concrete, 0.20.

j. Poisson’s ratio for abutment rock, 0.04.

k. Coefficient of thermal expansion for concrete,
5.0 X 10-¢ per degree Fahrenheit.

. Unit weight of concrete, 150 pounds per cubic
foot.

m. Unit weight of water, 62.5 pounds per cubic
foot.

n. Tailwater surface remained constant at elevation
5600 throughout the period covered by these studies.

o. Effects of silt, ice load, and earthquake are not
included.

p. Contraction joints grouted to elevation 6047. Two
joints, one near each abutment, remain open above
elevation 6000.

q. Temperatures used in the analyses were recorded
at strain meter and stress meter locations for each of
the three dates selected.

Previous studies* indicate a lower modulus of elas-
ticity for the abutment rock on the right side of the

! Numbers designate literature cited in the “Bibliography”
at the end of this report.

dam. Bureau laboratory tests indicate an average value
of about 1.5 X 10° pounds per square inch for all rock
specimens tested. However, values for the modulus of
elasticity in approximately the directions of resultant
forces were not obtainable for many of the specimens
on the right side of the dam and those available are, in
general, lower than the values for the left side speci-
mens. The values obtained near the base of the dam are
also lower. Therefore, moduli of elasticity of 2.0 X 10°
pounds per square inch for the left abutment rock and
1.0 X 10° pounds per square inch for the right abut-
ment and base rock were assumed. Bureau laboratory
results show that a modulus of elasticity of approxi-
mately 4.0 X 10° pounds per square inch might be
expected for the concrete over a relatively short loading
period such as exists between October 9, 1963 and
March 26, 1964. However, tests of Flaming Gorge Dam
concrete, for sustained loading over a 2-year period,
table I, show a modulus of approximately 3.0 X 10°
pounds per square inch. Thus, the change in deflections
and stresses between March 26, 1964 and March 6,
1966, reflects not only a rise in the reservoir water level
but also a change in the modulus of elasticity due to the
effects of concrete creep for concrete under sustained
loading.

Table I—MODULUS OF ELASTICITY FOR
CONCRETE UNDER SUSTAINED LOAD

[Laboratory tests of Flaming Gorge Dam concrete]

Age of concrete 1 Loaded age Modulus of elas-
(days) (days) ticity X 108 psi

367 2 4.6

375 10 4.0

430 65 3.7

585 120 3.4

745 280 3.3

802 437 3.2

968 603 3.1

1,122 757 3.1

1 Age of concrete at the time of initial loading was 1 year.



Trial-L.oad Analyses

The trial-load method of analysis? assumes the
dam to be divided into a system of horizontal and verti-
cal elements, each system occupying the entire volume
of the dam and independent of the other. The loads
applied to the dam are divided between these elements
in such a way that geometrical continuity is attained
throughout: Three displacements and three rotations
may be satisfied in steps called adjustments. The radial
deflections of the elements are brought into agreement
by a radial adjustment. The tangential adjustment ac-
counts for the tangential movements and may include
vertical displacements and rotation about the radius.
Rotations about the tangential and vertical axes are
accounted for in the twist adjustment. The effects of
vertical displacements and rotation about the radius
are usually found to be small and were not included
in these studies.

Tangential and rotational agreements are accom-
plished by introducing internal self-balancing tangen-
tial and twist loads at points common to the horizontal
and vertical elements. The effects of foundation move-
ment caused by the loaded dam are included.

The trial-load method is limited to a linear tempera-
ture variation from upstream to downstream face.
Therefore, the measured temperatures, which may not
vary linearly, must be represented by an equivalent
linear temperature gradient. Stresses in these analyses
are corrected for the variations of the recorded tem-
peratures from the assumed gradient.

An electronic computer was used to perform the
trial-load analyses of Flaming Gorge Dam for loading
conditions which existed on each of the three dates
selected.

Stresses and deflections were determined for sea-
sonal temperature variations by using the temperature
differences between October 9, 1963, and March 26,
1964. The results represent the effects of a tempera-
ture change from seasonal maximum to seasonal -

Stresses and deflections for the rise in reservoir water
level are changes from March 26, 1964, to March 6,
1966.



Instrumentation

To study the effects of loads, instruments of various
types have been installed in concrete dams. Flaming
Gorge Dam has been instrumented to provide structural
behavior information.

Location of Instruments

Field measurements at Flaming Gorge were made
using six types of structural behavior apparatus: strain
meters,® stress meters,® joint meters,® resistance ther-
mometers,® plumblines,* and triangulation targets.* Lo-
cations of this equipment are shown in figures 2 and 3.

The instruments embedded in Flaming Gorge Dam
are: 912 strain meters, 61 stress meters, 116 joint me-
ters, and 32 thermometers. Strain meter groups are
embedded in 10 cantilever elements located in Blocks 3,
5,7,9, 10, 13, 16, 17, 19, and 22, respectively. “No-
stress” strain meters used to measure autogeneous
growth of the concrete are also located in the same 10
cantilever elements.

Thermometers were installed in a grid pattern in
Block 13. The spacing is about 50 feet vertically by
about 20 feet horizontally.

At elevation 5670, Block 13, 6 stress meters were em-
bedded around strain meter Group 12, 2 meters each
in Directions 1, 2, and 3, as shown in figure 4. At ele-
vation 5880, 20 stress meters were embedded in the
axial direction, 5 meters each in Blocks 7, 10, 16, and
19. At elevation 6000, 35 stress meters were embedded
in the axial direction, 5 meters each in Blocks 3, 7, 10,
13, 16, 19, and 22.

Joint meters were embedded across contraction
joints at all elevations where strain meters or stress
meters are located. At elevation 5760 and below, 3
joint meters were installed across each joint. At eleva-
tions 5880 and 6000, 2 joint meters were installed
across each joint.

Two systems for measuring deflections were pro-
vided. The first consists of three plumblines located in
12-inch-diameter wells extending from the top of the
dam to near the foundation in Blocks 8, 14, and 18 (see
figure 2).

The second system consists of a grid of 42 targets
located on the downstream face of the dam. Triangu-

lation measurements were made on the targets from
four piers. No triangulation measurements were made
on October 9, 1963, and March 6, 1966; therefore,
only deflection measurements obtained from plumb-
lines are reported.

Reading of Instruments

Readings from strain meters, stress meters, joint
meters, and thermometers were begun immediately
following their embedment and were continued on an
increasing time scale until readings were taken bi-
weekly. Plumbline readings were taken weekly. During
the period of this study, all instruments were read on
a weekly or biweekly schedule.

At each scheduled reading, a test set * which is basic-
ally a Wheatstone bridge, is used to obtain values of
resistance ratio, reverse ratio, and resistance sum for
each strain meter, stress meter, and joint meter. Re-
sistance thermometers require only a resistance sum
reading.

Plumbline deflections were obtained using a 20-
power microscope. A micrometer slide is attached to the
microscope. Four readings are taken for each mounting
position, two each for the target and for the plumb-
line. Graduation of the lead screw knob provides for
micrometer readings to the nearest 0.0001 inch.

Analysis of Data

Before a comparison between measured and analyti-
cal results can be made, the measured data must be
reduced to values of temperature, stress, and deflec-
tion. The methods and computer programs used to
reduce the instrument data to temperature, stress, and
deflection are completely described.**%7 These pro-
grams can be used to reduce these types of data for any
structural behavior installation.

The calculation of stress from strain in concrete in-
volves the concept of the “creep surface.” Concrete is
a material which exhibits changing elastic properties
with increasing age and deformation of the concrete
under constant load. The Bureau of Reclamation lab-
oratory has been making creep tests on concrete for
over 20 years.®®%11 To describe the changing elastic
properties of concrete, an equation was developed using

5



utility galiery €t 6015.0., Top of Dam £1. 60470,
g s | . ® A .y CRNA Y
'
£1.6030.0--- T 1 N ad K1)
T Inas X
L —+ = —¥
27, 7
| S — - .
16000
» J Pl ; f
“Strainmeters - e -~Plone of centers
ey a Pumb-line well
x
k =€ Plumb-line weil
£1 5940 y12s a
L2 ]
. R o hs I “Filling line gollery £1, 5865.0
5 T T 39,38 %0
Teu e " se.2 “~Resistonce thermometer 132
Moss Concrete in i qE. © Resistonce thermometer (T,
Trashrock Structure N lre 13,1418 ?'— ?rrfssmner I;.'---! )
N Gotlery 1. 3065 -1 _27EL 5 2 Creep stressmeter (cprz), .
£1.50200 \reo . %1“[‘ HE Guoup of i stroimetarsic) )
TRy~ Detoil 8 i fhctess gollery £15775 @ No-stress stroinmeter poir(Ns1,--)
Y Trote of g T o T + Jointmetert . )
W ur-—=1~Troce o e TH 44 I : ! =<3 Defiection farget
\ Penstock No.3 \ : | 18 Termino! boord (s}
! £1.5700- X . | I
® @ B B
£ s700 e, ) '
¥ e 10 v, Detail A gy e 13- E1 5880 £1 96700 | ]
£1.5737.5~ 0,02 " reese !
N 1.5640.0
£1.578.0 Gollery £t 5737, 5> " & 1.5 NOTES
2 : Ll s | : Elevations given are rominal, Themometers, jotmetecs, ond
P YT - ! I Sressmeters. were. piced & vetw oy 5 AT .
B €1 8% Y I 6r0ups of stroinmefers were pioced an 0 prepared bed 24
~Penstock No.3 11 at S te 1ift and goit Selow #0p of lift
s . . ,
£1. 5670, - H o e Cefonerete ft and goltery £1 55800 Unless othemise indicated dimensions shown far locations
%700y = § ] WEALE of instruments in elevotional plans of Block 3 ore
a ~1-=Cobles rise fo gatier) -used for the same elevotions ot instrument locations
£(.5880.0y | ¢ 3 ; Cobles rise 1o galiery H\‘\/_ in oll other blocks. )
£1.586507y i Pairs of No~stress Strainmeters, are located in same lifts
kU ELEVATION LOOKING DOWNSTREAM o5 Strainmeter Groups ond 0°0ff of € of Blocks.
frseasn T -8 07 EL3610 I=poi ; VLR pment cations) THSTRUMENTATAON |
26 0 £1. ‘Showing genercl mejor o W _
O tas 8LOCK 10 EL.8000 (Shoming rew oy
053950 BLOCK 13- £L.5780 _Galtery €1,58650 —Pwnstock No.3 Shroimeters vz
<Gatlery €1.55800 Stressmeters m
£1.5580.0- a 1% e . - Joimtmeters u’sz
£.55600y | ° % * Bloctsy Strainweter spiders 5
3 @ 3 M ><Dio. 5
& i3 S " Termina! boerds 5t
€ scock 13 ;1 i £.57600°y i Deflection targels Jamprm 142
"
cobles to T82] N
PLAN,
BLOCK 13- EL. 5870 DETAIL A
£157500
LGallery £ 5380 -Galtery £1.5500
ol :: ¥ g 10 ,
- 5 foce of dom
» -
x x e
4 _
§ g < = g 2wl 150200
- w’ Al 3 NO é
[ 09O RO 2 2 ; P=Ef
VT T e iod “Colfes to 7835
“Cables drop in conduit to galiery

BLOCK 13-EL.3587.3 BLOCK 13-£L.5595 -
JOINT METERS i THRY 8 AT EL.3610

DETAIL 8

8LOGK 10-EL.ST60

Figure 2—Layout of structural behavior instruments—Blocks 10 and 13.



89—0 0%1—-208

4

Stressmeters
QHEL 60000 -

158800

£1.57600-,

BLOCK 3-£L.6000 .

£rs6mo.. |

-—~Gollery EL.60I5.0
£156400-..,

~Jt meters ot £1. 5902.5, ~Gallery £1.5902.5

BLOCK 5-EL.5880

8LOGK 9 -EL.B870

Goilery £5.60150

oLock 7

i "6 £l
T
5{~ ol m n/n;
S T 17°F
- 1
| —Gotiery
' £159650
ra

BLOCK 7-EL.5880.0

(Gatlery £1.57675

i w we

£1.576007

mLock 7

€ aLocx 7

BLOCK 7 -EL.5760.0

|

€ acock 16

ITAMD
= /- Gatiery a.50150
€1.56700- f : g s i
-y
RacEs § | & Al ock 22
- oy
o= B4 Vol
o8l
€ sLock 17 sLOCK (7-EL.8670 L!’.‘.T’— Lo MEBTI
e T 3
x - atery 160150 8LOGK 22 - EL.6000
i g
£1.5000- (@) quOQ ,-Cable to 132 in
- tmont rock, Er. 0652,
204 | 'nx.do] i 2T 3050 R0 / _ Gollery 158650
- D T £
BLOCK 19-EL. 6000 i
€ ook 22 N DB E
£1.60000- P i A
x J Nt
Sigf = —
M h ® soo x o=
® 1 [} n.meters ot £1. 5900
=23 )
BLOCK 22-EL. 5880
- .
Goltery EL6OVS-pn | - H
"7. ! £1.58000-- H
% pasbpasoes £1.58650-~ | -
i
[
wa [P BLOCK 19-EL.5880
8LOCK 18-EL.6000
o fGeltery 150650 £1.57800-
o ’_‘ L I ¢ ] -
. B £1.57375--y, s
= °©
- PR P s
3T I
N ' €8.0cK 19
i
iy B
[TY3 BLOCK 19- EL.3760
BLOCK 16-EL.5880
NOTES

~ Mnlln-y ELSTITS

sLock 16

BLOCK 16-EL.5780

Uniess otherwise indicated, dimensions shown for locations of
nsll‘wnn?s m ll"tﬂmmll plons of Block i3, Figure |, were
ased for 1! elevations ot instrument locations in oll
other Nock:

Pairs of No-stress Stroinmeters were focofed in some concrete
iift os Stroinmeter Groups, and 10’ Off of € of Biocks.

Figure 3.—Layout of structural behavior instruments—Blocks 3, 5, 7, 9, 16, 17, 19, and 22.



SN
%f////////////%//////m

TAA—————————5

—

Figure 4.—Orientation of strain meter group.

data obtained from Bureau of Reclamation laboratory
tests. A detailed description of the equation is given in
Reference 5. .

The following table shows the modulus of elasticity
and some of the creep data obtained from laboratory
tests on Flaming Gorge concrete. Creep strain is as-

sumed to be directly proportional to stress. The maxi-
mum stress applied to the test cylinders was 600 psi.

Table I1—ELASTIC AND CREEP DATA—
FLAMING GORGE CONCRETE

Concrete age Modulus of elas- | Creep strain X 10~6
at loading time ticity X 108 psi in./in./psi loaded
(days) at loading time for 200 days
7 2.8 0.31
28 3.5 0. 15
90 3.9 0. 09
367 8 4.6 0.07
730 ' 4.6 ®

! No creep tests for this age of concrete.

A computer program was written to compute the
best fit surface using the elastic and creep data from
laboratory tests.»5 The equation expresses the labora-
tory data in a form which can be used by the computer
to calculate stress from strain meter data.

Bureau laboratory tests indicated a Poisson’s ratio
of approximately 0.20 for Flaming Gorge concrete.



Comparison of Analytical and Measured Data

Seasonal Temperature Change

Radial deflection changes due to the seasonal tem-
perature variation are shown graphically in figure 5.
Deflections from the trial-load study and measured
deflections are shown at the plumbline locations.

Agreement between radial deflections for the trial-
load study and measured deflections is good. The maxi-
mum difference between the radial deflections from
the analytical study and measured radial deflections is
approximately 0.11 inch. The comparison indicates the
moduli of elasticity for abutment rock and concrete are
correct and the linear temperature assumption used
in the trial-load study does not appreciably affect the
radial deflections.

Table III lists the measured and computed radial
deflections at the top of the dam, elevation 6047 and
elevation 6000. The maximum radial deflection is 0.88
inch for the measured data and 0.91 inch for the trial-
load study.

Table III. — SEASONAL TEMPERATURE
CHANGE—COMPARISON OF TRIAL-LOAD
ANALYSIS RADIAL DEFLECTIONS AND
MEASURED RADIAL DEFLECTIONS

Radial deflections (inches)
Block Elevation

Trial-load Measured

8 6047 0. 60 0. 64

14 6047 0. 91 0.88

18 6047 0. 68 0.69

8 6000 0.49 10.62

14 6000 0. 76 10.83

18 6000 0. 55 10,60

1 Measured deflections are at elevation 6015.

Measured tangential movement changes are toward
the left abutment. The trial-load study indicates move-
ment toward the left abutment in Block 8 and toward
the right abutment in Block 18. Although the tangen-
tial movements are small, the differences between ana-

lytical results and measured data shown in figure 5
indicate 2 movement of the abutments toward the left
in the lower part of the dam. This may have been
caused by a movement of foundation jointing as a
temperature drop caused the dam to deflect down-
stream for the first time. Later measurements show
tangential movements consistent with trial-load results.

Horizontal and vertical stress changes are shown in
figures 6, 7, and 8. Stress distributions from the struc-
tural behavior measurements are represented by solid
lines and those from the analytical study are shown
as dashed lines. Stresses from the trial-load study were
corrected for the deviations of measured temperatures
from the assumed linear temperature gradient. A mod-
ulus of elasticity for concrete of 4.0 X 10° pounds per
square inch and an assumed 100-percent restraint were
used for this correction. A representative linear stress
distribution for the analytical study is shown with the
corrected stresses at elevation 5880 on Block 19 in fig-
ure 6. The seasonal temperature changes, along with
the assumed linear temperature distributions, are
shown adjacent to the meter locations.

Horizontal arch stresses are shown in figures 6 and
7 at meter locations along the horizontal arch ele-
ments. The comparison between measured arch
stresses and the trial-load analysis stresses is good. At
elevation 5670 near the downstream face, the measured
data indicate stress changes of 340 psi, 310 psi, and 280
psi. At the same locations, the trial-load analysis in-
dicated stress changes of 340 psi, 375 psi, and 305 psi.
The maximum measured arch stress change at eleva-
tion 5760 was 320 psi in Blocks 13 and 16 near the
downstream face. The trial-load analysis indicated
stress changes of 340 psi and 350 psi, respectively. At
elevation 5880, the measured data indicated stress
changes of 230 psi increase to 300 psi decrease. The
trial-load analysis indicated stress changes of 275 psi
increase to 300 psi decrease at elevation 5880.

As shown in figure 8, the comparison between many
of the measured vertical stresses and similar trial-load
analysis stresses is good. At elevation 5670 near the
downstream face, the measured data shows stress

9
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changes of 190 psi, 200 psi, and 230 psi, at Blocks 9, 13,
and 17, respectively. The trial-load analysis indicates
stress changes of 190 psi, 175 psi, and 220 psi at the
same locations. Stress changes indicated by the analyti-
cal study and the measured data are not in good agree-
ment in some instances, particularly in the vertical
elements.

The assumption of 100-percent restraint for the
temperature correction of the vertical stresses from the
trial-load analysis appears to be high for the points
located in the interior of the dam. As may be noted
in the figures, some of the meters were indicating erratic
data.

Reservoir Water Level Fluctuation

Radial deflection changes for a variation in reservoir
water level are shown in figure 9. Deflections from the
trial-load study and measured deflections are compared
at the plumbline locations.

Agreement between deflections for analytical results
and measured data is very close. The maximum differ-
ence between computed and measured radial deflec-
tions is 0.07 inch. The comparison indicates the moduli
of elasticity for concrete and abutment rock used in
this analysis are approximately correct.

Table IV shows the measured and computed radial
deflections at elevations 6047 and 6000. The maximum
measured radial deflection is 0.74 inch and the maxi-
mum computed radial deflection is 0.69 inch.

The comparisons of tangential deflection changes are
shown at plumbline locations in figure 9. Unlike the

Table IV—RESERVOIR WATER LEVEL FLUC-
TUATIONS—COMPARISON OF TRIAL-
LOAD ANALYSIS RADIAL DEFLECTIONS
AND MEASURED RADIAL DEFLECTIONS

Radial deflections (inches)
Block Elevation

Trial-load Measured

8 6047 0.34 0. 38

14 6047 0. 69 0.74

18 6047 0.44 0.51

8 6000 0. 31 10. 37

14 6000 0.65 10.71

18 6000 0. 40 10.48

1 Measured deflections are at elevation 6015.
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previous comparison of tangential deflections, the an-
alytical results and measured data are very close. The
maximum difference between the tangential deflections
for the trial-load study and measured deflections is
0.064 inch.

Horizontal and vertical stress changes are shown in
figures 10, 11, and 12. As for the previously discussed
study, the stresses from the trial-load analysis were
corrected for the variations of measured temperatures
from the linear temperature gradients, assuming 100-
percent restraint. A modulus of elasticity for concrete
of 4.0X10°® pounds per square inch was used because
of the relatively short period over which temperature
changes occur. The changes of measured temperatures
and assumed linear temperature distributions are shown
adjacent to the meter locations.

Horizontal arch stresses are shown at meter locations
on the horizontal arch elements in figures 10 and 11.

The comparison between measured and computed
arch stresses is good. At elevation 5670 near the down-
stream face, the measured data indicate stress changes
of 80 psi and 130 psi at Blocks 17 and 9 respectively.
The trial-load analysis indicates stress changes of 41 psi
and 100 psi at the same locations. At elevation 5760,
the measured arch stress changes vary from 260 psi
increase to 20 psi decrease. The trial-load analysis in-
dicated stress changes of 143 psi increase to 6 psi in-
crease. At elevation 5880, measured arch stress changes
vary from 290 psi to 20 psi. The trial-load analysis in-
dicated stress changes of 245 psi to 69 psi.

Vertical cantilever stress changes are shown at the
locations of meters on the vertical cantilever elements
in figure 12. The comparison between analytical results
and measured data is good. At elevation 5670 near the
downstream face, the measured data show stress
changes of 110 psi at Blocks 9 and 17. Trial-load results
indicate stress changes of 94 psi at Block 9 and 65 psi
at Block 17.

In general, the agreement between stress changes
from the trial-load study and the measured data is not
as close for this loading condition as it was for the sea-
sonal temperature change. However, the longer period
covered by this loading condition may allow the effect
of concrete creep on stresses existing prior to October 9,
1963, to influence the stress changes indicated by the
measured data. This effect was not included in the
trial-load analysis.
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Conclusions

The following conclusions were reached as a result
of the comparison of structural behavior data and the
trial-load analyses for the two loading conditions:

1. The linear temperature variation assumed for the
trial-load analyses gives excellent deflection agreement.
The resulting linear stress distributions from the trial-
load analyses must be corrected for the differences be-
tween linear temperature distributions and measured
temperatures. The comparison indicates that the as-
sumption of 100-percent restraint was reasonable for
horizontal stresses but high for the correction of verti-
cal stresses.

2. The excellent agreement between the trial-load
radial deflections and measured radial deflections for
both loading conditions indicates the ratio of the as-
sumed moduli of elasticity for abutment rock to the
modulus of elasticity for concrete was correct. The
radial deflection agreement for the 2-year period indi-

cates the sustained modulus of elasticity for concrete
including the effect of concrete creep is correct.

3. Measured tangential deflections indicate greater
movements than the trial-load analysis for October 9,
1963, to March 26, 1964. Tangential deflection agree-
ment for the change between March 26, 1964, and
March 6, 1966, is very good. Between October 9, 1963,
and March 26, 1964, the dam deflected downstream
for the first time. These results indicate inelastic be-
havior of the abutment rock during this period.

4. As shown in figures 5 and 9, seasonal temper-
ature changes produce slightly greater deflections of
Flaming Gorge Dam than the change of reservoir water
surface from elevation 5932 to elevation 6000. The
trial-load studies show 0.91 inch and 0.69 inch, re-
spectively. Measured results show 0.88 inch and 0.74
inch.
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Abstract

Efficacy of the trial-load method and reliability of
assumptions used in the design and analysis of con-
crete arch dams can best be demonstrated by compari-
son of analytical results with deflections and stresses
from structural behavior measurements for an actual
dam. Instruments that indicate length change, temper-
ature, and deflection were installed in Flaming Gorge
Dam. Readings from these instruments were recorded
at scheduled intervals. An electronic computer was
used to reduce the data to stresses, temperatures, and
deflections. Stress and deflection changes were de-
termined for two incremental loadings. Changes from
October 9, 1963 to March 26, 1964, show the effects
of seasonal temperature variation. Reservoir water and
tailwater levels remained essentially constant during
this period. The changes from March 26, 1964 to

March 6, 1966, are the effects of a rise in reservoir

22

water level. Average concrete temperatures were ap-
proximately the same for both dates and the tailwater
level remained constant over the entire period. Using
an electronic computer, trial-load analyses were made
for the same incremental loadings. Comparisons of
stress changes and deflection changes for each loading
increment are presented. Agreement between analyti-
cal studies by the trial-load method and structural be-
havior results is very close.
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