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INTRODUCTION 

During the past 25 years, the Bureau 
of Reclamation has studied the structural 
behavior of its major concrete dams. The 
performance of dams under operating con­
ditions has been measured by instruments 
embedded in the mass concrete of the struc­
tures. The measurements had their begin­
ning at Hoover Dam where embedded instru­
ments were installed in the mass concrete 
during the period 1933-34 while the dam was 
under construction. Since that time instru­
ments have been installed at Grand Coulee, 
Shasta, Canyon Ferry. Hungry Horse, and 
Monticello Dams. Similar installations are 
to be made in new high dams under construc­
tion by the Bureau of Reclamation. 

The measurements and analyses of the 
structural behavior of these major dams 
were conducted to obtain a better understand­
ing of the stress variation within the mass 
concrete and to determine the effects con­
tributed to stress by progressive construc­
tion, loading of the dam during reservoir 
filling, contraction joint grouting, and tem­
perature variation. This monograph pre­
sents the results of such a stress study un­
dertaken for Hungry Horse Dam. The study 
analyzes:stress and its development near the 
foundation of the dam. in several cantilever 
elements, and at several locations within one 
complete arch element. The results of this 
study are shown graphically in the accom-

1 

panying drawings which illustrate normal 
vertical stresses, normal horizontal arch 
s tresses, s hear stresses on transverse 
planes, and the principal stresses in the 
planes of the cantilevers and in the planes 
of the arches. 

This analysis indicates that compres­
sive stresses are present at all times, ex­
cept for slight tensile stresses that developed 
during the early construction of the dam. At 
no time does unit stress at points of observa­
tion approach the allowable design stress . 
The effect of the longitudinal contraction joint 
is reflected in the distribution of stress in 
both vertical and horizontal planes, and in­
dicates that portions of the blocks divided by 
the joint have their own stress distribution. 

The structural behavior measurements 
in Hungry Horse Dam thus have twofold im­
portance. Of primary importance is infor­
mation by which the actual structural safety 
of the structure can be gaged. The results 
obtained also serve as criteria [1]*. which 
when integrated with similar data from other 
arch dams [2],[;1], [4], aid designers by in­
creasing their understanding of in-service 
stress conditions of existing structures. This 
should lead to ilnproved and more economical 
designs of future arch dams. 

�ers refer to publications in List of 
References • 



FIGURE l - Photograph of Hungry Horse Dam and Powerplant . 
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GENERAL 

Hungry Horse Dam 

Hungry Horse Dam is the principal fea­
ture of the Bureau of Reclamation's Hungry 
Horse Project. The dam, shown in Figure 
1, is a variable thickness concrete arch 
structure on the South Fork of the Flathead 
River, about 9 miles southeast of Columbia 
Falls, Montana. Ranking with the highest 
and largest dams in the United States, the 
dam has a height of 564 feet above founda­
tion, is 2, 1 15 feet long at the crest, has a 
base thickness of 330 feet on the plane of 
centers, and contains 2, 935, 000 cubic yards 
of concrete. 

The dam foundation is Pre-Cambrian 
blue-grey limestone containing appreciable 
quantities of clay, silica, and magnesia. 
Bedding planes of the rock are regular and 
range in thickness from a few inches to sev­
eral feet. All planes dip in the same direc­
tion, following closely the left abutment of 
the dam. In the bottom and on the right abut­
ment the foundation line cuts the planes. 

Several vertical faults on the left abut­
ment and in the river channel were effec­
tively sealed by cutoff shafts at the upstream 
and downstream toes of the dam. The foun­
dation was grouted to prevent seepage of wa­
ter through seams and cracks in the founda­
tion rock. Low-pressure shallow grouting 
over most of the foundation was performed 
prior to the placement of any concrete in the 
dam. Final high-pressure grouting of the 
foundation to depths of from 50 to 200 feet 
followed the placing of sufficient concrete 
to prevent any displacement of the founda­
tion rock. 

The dam has a vertical upstream face 
and a downstream face which slopes o. 6 :1 
on the plane of centers. The downstream 
face slopes become flatter toward the abut­
ments. 

The spillway for the dam consists of 
a glory-hole shaft and tunnel near the right 
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abutment. Water flowing over the spillway 
drops about 480 feet and discharges through 
an outlet structure 550 feet downstream from 
the dam. The spillway discharge tunnel is 
concrete lined for its entire length and has 
a capacity of 50, 000 cubic feet per second. 

Hungry Horse Powerplant at the toe 
of the darn houses four 75, 000-kilowatt gen­
erators, e ach unit driven by a 105, 000-
horsepower turbine. 

Concrete Placement 

Hungry Horse Dam was constructed in 
four annual stages, concrete placement being 
discontinued during the cold weather months 
from about November until about March of 
each year. The first concrete was placed 
from September to November 1949; 60, 000 
cubic yards were placed during this 3-month 
period. Construction resumed in March 1950 
and 909, 000 cubic yards of concrete were 
placed by November. In 1951, 1, 330, 000 
cubic yards were placed between April and 
November. During 1952, the final year of 
construction, concrete placing began on 
April 7 and the final bucket of concrete was 
placed in the dam on October 4. The volume 
of concrete placed during the final year was 
636, 000 cubic yards. The construction prog­
ress for the dam and the water surface ele­
vation record for the reservoir are shown 
in Figure 2. 

The interior mass concrete of Hungry 
Horse D am averaged approximately 192 
pounds of portland cement, 83 pounds of 
pozzolan (fly ash), 158 pounds of water, 847 
pounds of sand, and 2, 802 pounds of coarse 
aggregate per cubic yard. The exterior, or 
face, concrete averaged approximately 288 
pounds of portland cement, 86 pounds of fly 
ash, 174 pounds of water, 818 pounds of 
sand, and 2, 724 pounds of coarse aggregate 
per cubic yard. The interior and face con­
crete contained 3. 7 percent and 3. 3 percent 
of entrained air, respectively. 

The average grading of the coarse ag­
gregate for the mass concrete was as follows: 



Size 
6 inch to 3 inch 
3 inch to 1-1/2 inch 
1-1/2 iDCh to 3/4 inch 
3/4 inch to No. 4 

Percent retaiaed on screeD 
liiterlor Face 
� � 

22 
27 
25 
28 

21 
27 
24 
28 

The interior and face concrete both averaged 
23 percent sand by weight of the total aggre­
gate. 

W ate r - cement plus pozz olan ratios 
averaged 0. 58 for the interior mix and 0. 46 
for the face mix. Average yearly strengths 
of inte rior concrete test cylinders showed 
a 28 -day strength of between 2, 580 and 2, 830 
pounds per square inch, and a 4 -year av ­
erage strength of 2, 740 pounds per square 
inch. The average 28-day strength for the 
face concrete for the 4 -year construction 
period was 3, 890  pounds per square inch. 
Tests of 1 -year cylinders for the first 3 
years of the 4-year period showed strengths 
of 5, 2 7 0 pounds per square inch for the in­
terior concrete and 6, 080 pounds per square 
inch for the face concrete. laboratory tests 
on 8 -year- old concrete cores removed from 
the interior concrete indicated a compres ­
sive strength of 5 ,  4 6 0  pounds per square 
inch. 

Temperature Control 
of Concrete 
The dissipation of heat generated by the 

setting of the cement in the concrete of the 
dam was controlled by an artif icial cooling 
system of embedded pipes through which 
river water was circulated. The concret e  

··� 
---

5CO ------------ I 
I 

wa s coo led to the desired minimum temper­
ature of 3 8° F, at which temperature the 
contraction j oints of the dam w e re opened 
to their maximum width. The cooling sys ­
tem was used during the early age of the 
conc rete to control c racking by lowe ring 
the temperature rise of the concrete. This 
expedient, in tum, permi tted the wider spa c­
ing of contra ction jo]nts than would otherwise 
have been permissible. 

The dam was divided by a series of 
vert ical radial joints into blocks 80 feet wide 
at the upstream face. The joints were con­
tinuous from the upstre8111 to the downstream 
face of the dam. As the base thickness of 
the dam is 330 fee t at the maximum section, 
a single longitudinal joint was provided in 
the design for the larger blocks to prevent 
d evelopment of c ontinuou s w ide c racks 
across the blocks. The longitudinal j oint 
was offset in adj acent blocks and so placed 
that the longest block would be 1 86 feet in 
length. The largest blocks were thus 80 by 
1 8 6  feet; they contained 2, 700 cubic yards 
of concrete in each 5 - foot lift. 

The water used in cooling the concrete 
w as circulated through 1 - inch -diameter 
thin-wall steel tubing spaced 3 to 5 - 1 / 2 feet 
horiz ontally and placed on the foundation 
rock and top of each 5-foot lift of concrete. 
The total length of tubing embedded in the 
dam is 4, 435, 140  feet. 

Grouting 

To assure monolithic action of the dam 
structure and p rovide as surance of arch 
action, the contraction j oints w e re filled 
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FIGURE 2 - Construction progress ana reservo1.r surt·ace elevation record. 
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with cement grout under pressure through 
a system of grout pipes after the concrete 
was cooled to the predetermined tempera­
ture of 380 F. Grouting of joints followed 

5 

progressive construction and concrete cool­
ing, the joints being grouted as soon as pos­
sible after initial cooling had been com­
pleted. 



INVESTIGATION PROGRAM 
Instrument Layouts in Dam 

slix types of instruments. totaling 681 
units, were embedded in the concrete of 
Hungry Horse Dam to measure the behav­
ior of the structure. These instruments 
c om prise 5 08 strain meters, 12 stress 
meters, 22 reinforcement meters. 80 joint 
meters, 6 hydrostatic pressure gages, and 
53 resistance thermometers. 

Most of these instruments, which were 
strain meters installed in groups. were 
provided to determine the stress distribu­
tion on gage lines at seven sections in the 
.dam, as shown in Figure 3. The locations 
s ele cte d fo r g age lines of strain meter 
groups are representative of areas of maxi­
mum stress. Five of the gage lines are in 
the plane of one arch and thus provide for 
investigation of representative stress dis­
tributions in this arch. The additional two 
locations provide gage lines at the bases 
of cantilevers, the gage lines of the canti­
lever bases being directly beneath gage lines 
in the arch. Included with each gage line 
of strain meters is a pair of strain meters 
for the determination of volume change within 
the dam concrete. These pairs of "no­
stress" strain meters were placed near the 
top of the lift containing strain meter groups. 
A 40-inch-diameter metal cover plate sup­
ported a few inches above the free concrete 
surface covers the meter pairs. Concrete 
placed over these installations is not in con­
tact with the free surlace of concrete beneath 
the cover, and thus there result these stress­
free areas in the mass concrete of the struc­
ture. By this expedient, the vertical strain 
meter measures only changes in volume due 
to temperature variation, moisture varia­
tion, and autogenous growth. The hori­
zontal strain meter measures changes re­
sulting from horizontal stress that could 
contribute, through Poisson's ratio effect, 
error to the vertical strain meter measure­
ments. 

Near the bases of the cantilevers where 
the gage lines of strain meter groups cross 
the longitudinal contraction joint, strain me­
ter groups were provided on either side of 
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the joint to determine stress conditions near 
the edge of each portion of the block that re­
sulted from the effects of the joint [5]. At 
three locations near the faces of the dam 
strain meter groups were provided to study 
the variation of stress near these free sur­
faces. 

Two stress meters were included with 
each of the six groups of strain meters form­
ing the gage line at the base of the maximum 
section. These meters provided a check of 
stress in the vertical direction. 

Strain meters were installed at two 
elevations on the shell of one of the four 
penstocks and reinforcement meters were 
installed at companion locations in the re­
inforcing steel that surrounds the penstock. 
The strain meters were located at four points 
about the circumference of the penstock, and 
the reinforcement meters were similarly 
located in the surrounding rings of reinforc­
ing steel. Other reinforcement meters were 
installed in reinforcement steel above and 
below a gallery and in the vertical reinforce­
ment steel of a trashrack structure. These 
installations provided determinations of 
stress variation in each particular construc­
tion detail. 

Joint meters were installed on both ra­
dial and longitudinal joints bounding or cross­
ing blocks containing gage lines of strain 
meter groups and were used to measure the 
beginning and extent of joint opening. On 
the longitudinal contraction joint the meters 
were located at several elevations to meas­
ure joint opening as the dam was loaded. 

Hydrostatic pressure gages were lo­
cated on a radial line at a selected location 
near the base of the dam at varying dis­
tances from the upstream face to trace the 
development of pore pressure within the 
concrete of the dam. 

Resistance thermometers were in­
stalled on a 50- by 50-foot grid pattern in 
a maximum section of the dam. These in­
struments determine the distribution of 
temperature. The determination of tem­
perature is of great importance, as volume 
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change of the concrete caused by temper­
ature change is one of the major factors 

contributing to stress in a concrete arch 
dam. 

7 



Other Systems of 
Measurement 
In addition to the measurements made 

by embedded instruments, plumb lines were 
installed in specially provided wells at three 
locations in the dam. Near the center of the 
dam, radial and tangential deflections were 
measured with respect to the top of the dam 
at four elevations. At the quarter points of 
the dam, radial and tangential deflections 
were measured only at the lower ends of the 
plumb lines. Figure 4 shows a plumb-line 
observation station, the micrometer car­
riage, and microscope apparatus being used 
to obtain the plumb-line position with re­
spect to a fixed reference mark . 

A system of piping consisting of five 
series of individual: lines of piping between 

3 5 points located on the foundation and ter­
minating in the galleries of the dam pro­
vides for observing the under-pressures at 
the contact between the foundation and the 
mass concrete of the dam. Each of the five 
series of piping provides for six or seven 
points of uplift pressure measurement at 
uniformly spaced intervals on radial lines 
through sections of the dam. 

A seismograph station located near 
the dam site gages the seismic activity of 
the area and determines if any such activ­
ity might be originating on the Swan or Flat­
head faults between which the dam is located, 
The station was installed prior to the dam 
construction to determine whether the mass 
of the dam and impounded reservoir might 
later contribute to possible seismic disturb­
ances in the area. To date, seismic ac­
tivity in the area ha::; been limited to shocks 

FIGURE 4 - Plumb line observation station showing micrometer carriage 
and microscope . 
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FIGURE 5 - Strain meter gro� at base of 
maximum section . 

of minor nature occurring at points of con­
siderable distance from the dam. 

Strain Meter Groups 

The groups of strain meters were em­
bedded in the dam in two types of arrays. 
Near the base of the maximum cantilever 
section, the gage line of strain meter groups 
is about 5 0  feet above the foundation rock. 
The installation consists of 6 groups of 10 
meters each. The strain meters in each 
group are oriented in five directions. Each 
direction is provided with duplicate meters. 
In addition, each group includes two stress 
meters placed to measure stress in the ver­
tical direction. At the base of the dam, the 
maximum cantilever is divided by the longi­
tudinal joint into two parts about equal in 
length. Three strain meter groups were 
placed in each part. These groups are at 
the center of the blocks and 5 feet from the 
upstream and downstream edges of the blocks. 
In each of these groups the strain meters 
were placed individually in fresh concrete 
as shown in Figure 5. The strain meters 
were alined using a template, level, and 
protractor, the groups being located from 
surveyed reference points. A companion 
pair of stress meters is shown in Figure 6. 

All strain meter groups on the gage 
lines in the other 6 sections of the dam com-
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prised 12 meters each. In these groups, 
1 1  meters were assembled to a spider or 
holding fixture as shown in Figure 7. The 
whole array was placed on a leveled base 
of fresh concrete, oriented for direction, 
and covered with concrete. The twelfth 
meter was embedded vertically at the side 
of the cluster. Figure 8 shows a pair of 
"no-stress" strain meters being installed 
in the concrete, and Figure 9 shows the steel 
cover plate placed over the pair of strain 
meters to form the stress-free surface. 
Readings from all instruments began im­
mediately preceding embedment and con­
tinued on a time scale of four readings the 
first day, two on the second, and daily for 
more than two weeks; readings were then 
taken on a gradually increasing interval to 
one week which continued during the con­
struction period. Following completion of 
construction, readings were reduced to a 
semimonthly basis and finally to a monthly 
basis, on which schedule the readings are 
continuing. 

]oint Meters on 
Longitudinal ]oint 

The joint meters installed at several 
elevations on the longitudinal joint in the 
maximum section of the dam were provided 
to measure the joint opening between the 
upstream and downstream portions of blocks 
in the central part of the dam as loading on 
the dam increased. These joint meters also 
serve to detect the effectiveness of the grout­
ing of this joint. Figure 1 0 shows a typical 
joint meter installation. Two vertical rows 
of joint meters are installed on the staggered 

FIGURE 6 - Stress meters prior to embedment . 



longitudinal joint in blocks that adjoin each 
other. B lock 17. which contains major 
strain meter groups. contains one vertical 
row of join t m eters, and Block 18, im­
mediately to the right, contains the other 
vertical row. In Block 17. joint meters 
are located at elevations 3050, 3065, 31 00, 
3150, 3250, and 335 0  near the top of the 
joint. In Block 18, joint meters were in­
stalled at identical elevations with the ex­
ception of the top and bottom meters. The 
bottom meter was placed at elevation 3055, 
and the top meter of this row was placed at 
elevation 3250 near the top of the joint. The 
reading schedule for all joint meters is the 
same as that for strain meters. 

Creep Properties of Concrete 

Simultaneously with the embedment of 
instruments in the dam, a series of fifteen 
6-inch by 12-inch-long cylinders of identi­
cal concrete, each containing an embedded 
strain meter, was fabricated in the concrete 
laboratory of the Bureau's engineering lab­
oratories in Denver. These cylinders were 
loaded at v arious ages. The purpose of 
these tests [ 61 was to determine separately 
the creep function for the dam concrete. 
This information is required in the method 
of determining the stresses in the dam. The 
cylinders were completely encased in neo­
prene rubber jackets to avoid loss of mois­
ture, and thus, as nearly as practicable, 
approximate conditions of curing similar 
to those of the curing of the mass concrete 
in the dam. 

Fr om the laboratory tests a loga­
rithmic function was found that would com­
pletely define creep in the dam concrete. 
This function is expressed as: 

FIGURE 7 - Strain meter group showing 
instruments assembled to 
holding spider . 
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FIGURE 8 - Pair of strain meters for 
determining volume change 
in mass concrete . 

1 
E = 'ET+ F(K) ln (t + 1) 

where 

E 

E' 

F(K) 

ln (t + 1) 

is elastic strain+ creep strain, 
in inches per inch per pound per 
square inch 

is the instantaneous modulus of 
elasticity. varying with age, in 
pounds per s quare inch 

is creep function, a constant in 
inches per inch per pound per 
square inch for each particular 
age of loading 

i s  the natural logarithm of the 
time in days after loading plus 
1 day 



FIGURE 9 - Steel cover plate placed over 
pair of embedded strain meters . 

The following table shows the param­
eters of the creep function for the various 
ages of cylinder loading: 

Loading age 1 
in da;ts ET F(K) 

2 0 . 360 0 . 0550 
7 0 . 240 0 . 0478 

28 0 . 220 0 . 0275 
105 0 . 194 0 . 0201 
365 0 . 175 0 . 017 4 

5 years 

A coefficient of thermal expansion of 
6. 00 millionths of an inch per inch per de­
gree F was determined by separate tests. 
Other tests determined Poisson's ratio for 
this concrete to be 0. 1 7 • 

Stress Computations 
The records from the embedded strain 

meters extend over a period beginning im-
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mediately prior to embedment and continue 
through to date. However, the results of 
this study were terminated at the end of 
1953, the cutoff date selected for the anal­
ysis. At some future date extension of the 
results is anticipated to include an addi­
tional period of 5 to 7 years of in-service 
operation of the structure. During the pe­
riod o f  study, temperature and concrete 
properties have varied considerably. Suc­
cessive corrections were required for tem­
perature effect in the concrete and for the 
Poisson's ratio effect. Dilatation correc­
tions were required to obtain elastic com­
patibility in all combinations of three mu­
tually perpendicular strain meters in the 
strain meter groups. These corrections 
are described elsewhere.[7], [8) 

The designers of Hungry Horse Dam 
had expressed the desire to have available 
at progressive intervals during construc­
tion the distribution of stress at the base 
of the maximum cantilever as concrete plac­
ing operations progressed and as the reser­
voir water load increased on the dam dur­
ing reservoir filling. The designers also 
requested to have available the complete 
stress history for cantilevers and the ·com­
plete ar�h at about the time reservoir wa­
ter surface had reached normal operation 
elevation. However, computations· of stress 
from strain using the method of superposi­
tion and the creep of concrete [9) as per -

. formed using hand methods in ea-rlier com­
pleted studies [ 8) were tedious and time con­
suming. ResUlts were not available until 
several years after completion of a dam. 
Thus, several successive improvements 
over earlier procedures were required in 
computation methods to accelerate produc­
tion of stress results. 

FIGURE 10 - TYpical joint meter 
installation. 



A method was devised by which the 
computations of stress were considerably 
facilitated [ 10], using' punched cards and 
high-speed electronic digital computers. 
Initially. the machine process reproduced 
m echanically the routine formerly per­
formed by hand but at a more rapid rate. 
This improvement over hand processing 
was found to require more time than desired. 
and a further refinement of the method [11] 
was subsequently made. 

The initial computation may be rep­
resented as: 

where 

6u = 6e 
�+ F(K) ln (t + 1 )  

6u is the change in stress 
during an increment 
of time in pounds per 
square inch 

is the total measured 
strain at the end of 
the increment of time, 
m i n u s)the ela s t i c  
strain plus the creep 
strain at the begin­
ning of the increment 
of time in inches per 
inch per pound per 
square inch 

ir+ F(K) ln (t + 1) is the function of elas­
tic and creep strain 
obtained from the lab­
oratory tests in inches 
per inch per pound per 
square inch 
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E' is designated as in­
stantaneous modulus 
of elasticity in pounds 
per square inch 

In this computation. cards were punched 
for intervals of time for the creep function 
and for the observed total strain. The ma­
chine computers then integrated for the in­
dividual strain meters, and for each inter­
val of time, the elastic strain plus the creep 
strain from. a ll p revio us increm ents of 
stress, subtracted the total from all pre­
vious increments of stress. subtracted the 
total from the observed strain, and computed 
the next increment of stress� The punched 
cards were reshuffled and the process re­
peated for the next increment of stress. and 
so on to the end of available data. 

In the further refined process, a stress 
computation method was devised using an 
average logarithmic concept for the creep 
function that reduced considerably the amount 
of processing and also provided a readily 
usable method adaptable to hand computa­
tion. Through the latter modification, the 
summation of total strain could be carried 
forward in successive computations, making 
unnecessary the computation of individual 
increments of creep for each interval ci time� 
Using the advanced method of computation, 
stress at the base of the maximum canti­
lever became available within about a day 
or two after meter records were received 
from the field, thus providing the designers 
of the dam information on the stress state 
as the construction progressed� The method 
also expedited the processing of the field 
and laboratory data for all times of stress 
investigation and made possible the stress 
results presented in this monograph within 
a reasonably expected length of time. 



INVESTIGATION RESULTS 

Stresses, Temperatures, 
and Deflections 

Th e results of this investigation show 
the manner in which stress, temperature, 
and dam deflections are developed progres ­
sively with time for the sections of the dam 
that have been investigated. Several impor­
tant factors become evident from the study . 

The stress distribution curves for sec­
tions of cantilevers and sections of arche s 
o f  H ungry Horse Dam indicate no exces

'
­

sively high compres sive stre sses at any 
of the points of stress investigation. Indi­
c ated tensile stre sses are gene rally low 
and are limited to locations near the faces 
of the structure. The exceptions to low 
tensile stress occurred during early c on­
s truction of the dam , when m agnitudes 
greater than 100 pounds per s quare inch 
w e re indicated in the v e rtical direction 
near the downstream face of Block 12, ele­
vation 3200, and in the horiz ontal direction 
near the upstream face of the arch at eleva­
tion 3370, Block 2 1 .  These tensile stresses 
disappeared within a few month s after addi­
tional construction raised the height of con­
crete on the sections. 

Shear stresses on the tran sverse plane s 
of arch and cantilever intersection s are inci­
cated to be low, th e  maximum being approxi­
mately 100 pounds per square inch and ap­
pearing at the base of the downstream por­
tion of B lock 1 7. 

Temperatures within the mass of the 
dam were effectively decreased by cooling, 
and by the time of the final conditions of 
stress shown for the study, the tempera­
tures were within limits of approximately 
400 to 460 F throughout the dam, with the 
exception of temperatures at measurement 
points near the downstream face of the dam. 
Temperature at these downstream face points 
fluctuated with the seasonal temperature 
cycle . 

The principal stresses in the planes 
of the cantilevers show a direction of major 
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principal stress approximately parallel to 
the faces of the upstream base portions of 
the blocks divided by the longitudinal con­
traction j oint and tipped in the upstream di­
rection in the base portions of the blocks 
downstream. from the longitudinal contraction 
j oint . In the planes of the arches investi­
gated, the principal stresses show directions 
of the major stress to be pa rallel to the line 
of arch thrust at the upper elevation investi­
gated except near the faces of the structure 
at the abutments.  At the abutments the prin­
cipal stresses near the face of the sections 
are rotated toward each other with respect 
to the crown of the arch. At the lower ele ­
vation a t  the abutment, the principa l stresses 
are oriented approximately normal to the 
abutment foun dation rock. Principa l stresses 
were not determined in the plane of the arch 
at the base of the maximum cantilever .  

The radial deflections of the dam from 
plumb- line measurements are indicated to be 
downstream at the center and quarter points 
of the dam . The tangential deflections at 
the quarter points indicate very slight de ­
flection toward the plane of centers of the 
dam, and at the center of the dam the tan­
gential deflection is indicated to be prac­
tically z e ro; only a very slight deflection 
trend is indicated toward the left . 

Figure 1 1  shows the normal stresses 
from the strain meters and the average unit 
stress on the various sections for the final 
conditions of stress.  For this loading, the 
concrete placement in all parts of the dam 
had been completed for approximately 9 
m onths; contraction joint grouting was com­
pleted to the top elevation of the dam; and 
the reservoir water surface had reached 
approximately 90 percent of normal o per­
ating level, being at elevation 3515.0, or 
45 feet below the n ormal o perating level. 
Temperatures at the points of stress meas­
urement are between the approximate limits 
of 42° to 45° F. 

Details of Stress 

The detailed results of the measure­
ment program are shown in the series of 
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drawings, Figures 12 through 24. In gen­
eral, dates have been s e le c ted at about 
4 -m onth intervals . For each date there 
are shown the plots of str e s s  distr ibution 
and temperature distribution on the sec­
tions of the cantilevers and the section of 
the arches where the measurements were 
made . The major dead and live loads on 
the s tructure are shown on the s e ctions 
above the stress plots for cantilevers . On 
these sections are shown the elevation to 
which concrete had been placed, corre s ­
ponding reservoir elevation, and conditions 
of completed grouting. No reservoir water 
is shown during 1 950 and 1951 ,  as the river 
was held back by a cofferdam at that time 
and the water had not at that time come in 
contact with the lower arch elevations . 

Cantilevers (Vertical Stresses) 

Figures 12 through 16 show the dis­
tribution of stress on the gage lines through 
the cantileve r s .  V ertical stress ,  shear 
stress, and temperature have been plotted 
for selected dates every 4 months beginning 
about 3 months after the groups of s train 
meters were placed, and continue for more 
than 2 years . After 2 years stresses and 
temperature are plotted twice each year .  

El. 3100, Block 17 (Base of 
Maximum Cantilever) 
Figure 12 shows the vertical stress 

distribution at the base of the maximum 
cantilever . The initial stress conditions 
indicate that each block on either s ide of 
the longitudinal joint acted separately and 
developed its own vertical stress pattern. 
A s  time elapsed and with the appearance of 
the smoother curve for stress, the progres­
sive stress plots indicate th e  dam to b e  act­

. ing more as a uni t  than as individual blocks . 

Examination of the curves of vertical ( and 
horiz ontal) shear stress in the transverse 
plane indicates discontinuity induced by the 
longitudinal joint; this discontinuity became 
more evident as concrete and water loads 
increased on the dam . The s tre s s  plots 
indicate that m o s t  of the shear s tres s  is 
r e s isted in the downstream portion of the 
block. The included plots of temperature 
indicate variation through the section and 
greatest variation at the downstream face . 

El. 3200, Block 12 {Base of 
Quarter Point Cantilever) 

Figure 1 3  shows the vertical stress 
d istr ibution at the base of the cantilever 
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located approximately at the left quarter 
point of the dam . The initial and succes ­
sive str e s s  conditions at the base o f  this 
cantilever indicate, as evident in Block 1 7, 
that the blocks on either side of the longi­
tudinal joint acted separately and each block 
developed its own vertical stress pattern. 
The progressive plots of stress indicate that 
at this location the dam acts more as two 
parts rather than as a s ingle unit . The 
curves of vertical ( and horiz ontal) shear 
s tress indicate slight discontinuity due to 
the longitudinal j oint . As concrete and 
water load increase on the dam, the stress 
plots indicate the shear is resisted about 
equally by both blocks . 

The temperature plots indicate great­
est variation at the downstream face of the 
dam . Increa sing face temperature shows 
the str e s s  curves resulting in increased 
stress at the downstream face.  

El. 3370, Blocks 8, 12, 17, 
21, and 24 
Figures 14, 1 5, and 16 show the ver­

tical stress distribution, shear stress, and 
temperature conditions on the several gage 
lines of strain meters through the sections,  
all  on the same elevation. Near the abut­
ments, Blocks 8 and 24, the gage lines may 
be considered at the bases of short abutment 
cantilevers, the remaining gage lines being 
at approximately the right and left quarter 
points of the dam, Blocks 12 and 21, and at 
the crown, Block 1 7 . The elevation of these 
gage lines is above the upper extremity of 
the longitudinal joint . Thus, the stress dis­
tributions on the sections are not affected by 
the longitudinal joint, as they are at the lower 
elevations .  Strain meter groups on all five 
gage lines were placed within a period of 
approximately 2 months . Comparison of 
vertical stresses at the five cantilever lo­
cations shows a remarkable similarity of 
stress trend for the same dates, although 
c ertain pe culiarities in the shapes of the 
stress curves are present near the down­
stream face for Blocks 12 and 2 4 .  

The general trend of  vertical stress 
at each section shows the increase of stress 
in the upstream portions of the sections as 
concrete placement progressively increases 
in elevation. As reservoir water increases 
above the elevation of the strain m e ter 
groups, the stress at the upstream face 
stabiliz e s,  indicating the effect of stabi­
liz ed temperature; at the downstream face 
s tr e s s  varies in accordance with flu ctu ­
ating temperature at the downstream face. 
Shear resistance is generally indicated to 
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be greater in the downstream portion of the 
sections . 

Principal Stresses (Plane 
of Cantilever) 
Figures 17,  1 8, and 1 9  show the prin­

cipal stresses and their orientation in the 
vertical planes .  The directions of the major 
principal stresses are shown to be nearly 
vertical in the upstream portion of the blocks 
divided by the longitudinal joint and nearly 
parallel to the downstream face of the dam 
in the downstream portion of the blocks . At 
the higher elevation, above the longitudinal 
joint, the major principal stresses are ori­
ented nearly parallel to  the vertical in the 
upstream portion of the sections that have 
the greatest amount of covering concrete. 
The directions of the stresses are par:allel 
to the face in the downstream portion of the 
sections that have a sloping face .  

1 9  

I t  can b e  seen that the longitudinal 
joint apparently has considerable effect in 
disrupting the smooth variation of stress 
from upstream to downstream face. Marked 
discrepancies of stress on either side of the 
joint may be caused by joint grouting, re ­
sulting in a " locked - in" str e s s  condition 
that may remain long after the dam is com­
pleted, loaded, and in service . 

Arches (Horizontal Stresses) 

Figures 20, 21,  and 22 show the devel­
opment of horizontal arch stress at the base 
of the maximum cantilever, at the left abut­
ment of the arch between the quarter points 
of the dam, and at five locations in a com­
plete a rc h .  Temperatur e  conditions are 
shown for each condition of stress distri­
bution.  
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El. 3100, Block 17 (Crown 
and Base of Dam ) 

Figure 20 shows the horiz ontal arch 
stress for the identical dates and loading 
c ond itions that are indicated on the can­
t ilev e r  stress  figures . H oriz onta l  arch 
stresses increase in magnitude at this loca­
tion as tP,e load increa se s .  Effects of the 
longitudinal j oint, as well as the influence 
of temperature variation, are significant . 
Increasing temperature at the downstream 
face induces increased stress near the face .  
A t  this base location the structural element 
appear s more as a rectangle with curved 
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fac es than as an arch. The str e s s  plots 
indicate stress in the element to be devel­
oped in each portion of the block divided by 
the longitudinal joint, each portion having 
its own stre s s  pattern but approaching a 
smooth, continuous curve at the last plot 
of stress . 

El. 3200, Block 12 (Left 
Quarter Point of Dam ) 

Figure 2 1  shows the horiz onta l  arch 
stress at this location to have developed in 
a manner similar to that at the base of the 



max imum s ection . The horizontal struc ­
t ural element a t  this elevation approaches 
the dimensions of a thic k arch,  altho ugh 
c urvature is rather slight. The stress plots 
indicate that near the abutment the stress is 
developed for each portion of the b lock di ­
v ided by the longit udinal joint, and for all 
dates and increasing load conditions the up­
stream portion of the arch element develops 
more stress than the downstream portion . 
V arying temperature at the downstream face 
c a us e s  flu c t uat ing s tress near the dow n ­
s tream face .  -'\s  reservoir water increases 
a bov e the elevation of the strain meters, the 
upstream face stresses appear to stabilize 
and then increase in magnitude with increas ­
ing load on the dam . 

, . Stroinmeter groups 

COMPRESSION(-) TENS iON(+) 

El . 
21, 

33 70, 
and 

1 7, 
Arch) 

Blocks 8, 12, 
24 {Complete 

Figure 22 shows the horizontal arch 
s t r e s s  as  dev e loped near the a b utments, 
quarter points, and c rown of one complete 
arc h .  Dimens ionally this arch approaches 
a uniform thic kness arch, s ince near the 
abutments there is only a slight increase in 
thic kness ov er the crown. Early stress de­
v elopment indicates tensile stress at several 
locations, partic ular ly near the upstream 
face .  As load comes on the dam and reser­
voir water rises above the elevation of meas­
urements, st resses at the upstream face 
a ppear to stabilize .  The final stress devel-
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FIGURE 21 - Horizontal stresses and temperatures--el . 3200, Block 12. 

25 

� 
� "' 
r � " 

� 0 0 



N � 
N 

� 
� � � 

� � "' 
� � � 

� � z � 

BLOC.: 8 

BLOG"i 12 

B LOCtli 17 

BLOCtli 2 1  

B L O C K  2� 

00MPA£SSION I-1 TE .. SION I+ I 
' 

S C A t..E O F  S'lil:f: SSES - P. S i 

STRESS P.S.I. 
OEGR EES F 

H O A i lOtiiTAL ARCH 5TAfSS 
AVt:AAG£ GROUP TEMPE:AATURE 

EL. l370 

FIGURE 22 - Horizontal stresses and temperatures--el . 3370, Blocks 8, 12, 17, 21, and 2 4 .  

oped shows greater compressive stress at 
the downstream face and center of sections 
for crown and quarter points . At the abut ­
ments stress is greatest at the extrados of 
the arch and decreases to approximately 
one -half at the intrados . 

The strain meter groups near the down­
stream face of the dam indicated fluctuating 
temperatures.  These temperatures fluctu­
ate according to seasonal temperature. vari­
ations and cause a corresponding variation 
of stress near the downstream face . 
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Principal Stresses (Plane 
of Arch ) 
Figures 23 and 24 show the principal 

s tresses and their orientation at the abut ­
ment of the elevation 3200 arch and at the 
several sections in the plane of the elevation 
3 3 70 arch. The maj or principal stresses 
are shown to be generally in the direction 
of expected arch thrust.  Near the faces of 
the dam at the abutments of each arch the 
stre ss is rotated more than in the central 
portion of the arch. 
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Conditions of Temperature 

The temperature of the blocks of the 
dam was effectively reduced to 3 80 F which 
had been determined as a desirable level 
from a temperature study made prior to 
construction of the dam . This temperature 
value was derived from records of annual 
air temperature, river water temperatures, 
and effects due to solar heat . Grouting oper­
ations were performed on radial and longi­
tudinal joints when concrete temperatures 
reached the value of 3 80 F .  Thus, after 
grouting, and with rise in temperature, 
expansion of the concrete occurred. The 

I 

. 
I 

. .  

effect of the expansion was an increase in 
stress due to temperature rise.  The effect 
of the temperature rise and increased stress 
is particularly noticeable at the downstream 
face of sections for which distributions of 
stress are shown. At the upstream face of 
the dam the same effect is noticeable for 
measurement elevations that are above the 
water surface of the reservoir, the stress 
varying with temperature . After the reser­
voir elevation increased to above the ele ­
vation of the measurements the stresses at 
these locations stabiliz ed. 

A point that shows effectively the stress 
caused by temperature variation is that at 

\-
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FIGURE 24 - Principal stresses in horizontal plane--el . 3370, Blocks 8, 12, 17, 21, and 24 . 
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the downstream group of strain meters at 
the base of the crown cantilever, elevation 
3 1 00, Block 1 7 .  The powerhouse structure 
is located over this strain meter group lo­
cation. A t  this point vertical stress during 
the early period of records indicated a low 
magnitude of stress. After powerhouse con­
struction was completed the vertical stress 
increased at the point of measurement . The 
temperature gradient for the line of strain 
meter groups through the section shows in­
creased tempe ratures at the downstream 
face stabilizing at about 56° F .  The stress 
gradient for the section shows a marked in­
crease in stress for this point, greater than 
at a point at the interior. Thus, the effec ­
tivene s s  o f  warm ing the face o f  the dam 
through room temperature of the portion of 
the powerhouse that is against the dam is 
reflec ted in the stress shown from the strain 
meter group at that location . 

Final temperatures at the interior of 
the dam obtained by strain meter groups are 
indicated to have increased from 6° to so F 
above the temperatures at time of grouting, 
ranging from 44° to 46° F .  Near the down­
stream face of the dam, the rise has been 
more pronounced in some instances, in ­
creasing to 56°, a rise of 1 8° F .  Near the 
downstream face of the dam, the temperature 
fluctuates with annual air temperature. Near 
the upstream face of the dam the tempera ­
ture is affected by reservoir water tempera­
ture.  This effect is  particularly noticeable 
when the reservoir is only a few feet above 
the elevation of measurement. As the reser­
voir elevation increases, there is a gradual 
decrease in concrete temperatures which 
indicates the effect of the reservoir temper­
atures .  

Radiant Heat Effect 

The temperature at which a dam is to 
be grouted is dependent not only on the mean 
annual air temperature but also upon the 
added temperature effect due to radiant heat 
derived from the sun. The increment due 
to solar effect is dependent on the orienta­
tion of the dam with respect to the path of 
the sun and the angles at which the sun ' s  
rays strike the faces of the dam . During 
construction, when no reservoir is present, 
the exposure of the upstream face of a dam 
to the sun must be considered as well as the 
exposure of the downstream face. At Hungry 
Horse Dam the temperature effect caused by 
solar energy was determined to be from 
4. 6 ° F to 5. go F for the downstream face, 
and for the upstream face, prior to reser­
voir storage, to be from 4.  3° F to 6 .  1° F .  
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Movements Indicated by 
Plumb Lines 
R adial deflection of the crown canti­

lever, as indicated by plumb-line measure ­
ments, is shown in Figure 2 5 .  This figure 
shows radial downstream deflection at all 
points of measurement between the lower 
extremity of the plumb line and the top of 
the dam . N e ar the quarter points of the 
dam , the plumb lines show radial down­
stream deflections of lesser magnitude. The 
tangential movements of the dam indicated 
by the plumb lines are slightly toward the 
left abutment at the crown and generally 
toward the opposite abutment at the quarter 
points .  These tangential movements indicate 
that along with the downstream radial de ­
flections there is a slight closing together 
of the quarter points of the dam. 

The deflections shown in Figure 2 5 
are made for time intervals that corre ­
spond to those selected for stress conditions 
on the stress plot s .  As plumb lines were 
not installed in H ungry H orse Dam until 
about the end of 1952 ,  only a small amount 
of deflection data is shown for the period of 
time included in stress result s .  The in­
creasing deflections of the dam occur be ­
tween 1 9 5 3  and 1 9 5 6  after the end of the 
s tress investigation. 

Behavior of Longitudinal 
] oint, Blocks 1 7  and 18 

The two series of  joint meters, each 
series comprising five instruments,  that 
are located at several elevations on the lon­
gitudinal joint at the center lines of Blocks 
1 7  and 18 between the base of the sections 
and the top of the joint, include a vertical 
height of 300 feet in Block 1 7  and 2 50 feet  
in B lock 1 8 .  The behavior of the joint in 
these two blocks, at all elevations, is pre ­
sented in Figures 2 6  and 2 7 .  The figures 
show that the opening of the longitudinal 
joint in each block increases with increase 
in elevation and is about equal in each block 
at corresponding elevations . Near the base 
of the section prior to grouting, the record 
of joint opening progressing with time indi­
cates an opening to 0. 062 inch in Block 1 8  
and an opening to 0 .  060 inch in Block 1 7 .  At 
successive higher elevations, the joint open­
ing is progressively greater than at the lower 
elevation and is a maximum near the top ele­
vation. The maximum opening prior to grout­
ing is 0 .  20 inch and occurs in Block 1 7 .  At 
the time of longitudinal joint grouting the 
j oint was indicated to be 0 .  0 5 5  inch at the 
bottom and 0 .  2 1  0 inch at the top. 
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A fter grouting, the b ehavior of the 
j oint in each block is indicated to remain 
approximately stable . At most points of 
joint-opening measurement, the magnitude 
of opening remained within limits of a few 
thousandths of an inch. However, at the top 
of the joint in Block 1 8  there is an indication 
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of a s light increase in joint opening as the 
magnitude of the opening gradually increased 
about 0 .  020 inch from time of joint grouting 
in 1 952 until the end of 1 95 4 .  The point of 
indicated increased joint opening was at the 
upper extremity of the j oint in Block 1 8 . 
P ossible movement m ay be attributed to 
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transient temperature effect since the point 
is in the thinner section of the block where 
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the transverse thickness of the section de­
creased to nearly zero. 



SUM MARY 

The stress investigation described in 
this monograph serves the dual purpose of 
analyz ing the structural behavior of Hungry 
Horse Dam and providing criteria for use 
in the design of future dams . The data de ­
rived from the study are valuable additions 
to data obtained from similar s tudies of 
other arch dams . 

From a s tress standpoint, Hungry 
Horse Dam is considered to be of safe de ­
sign, as observed stresses are less than 
maximum allowable stress used in the d e ­
sign. The stresses at points of measure ­
ment show that for the maximum water load 
on the dam during the period of study, ele­
vation 3 5 1 5 . 0,  the greatest indicated com­
pressive stress is about 600 psi. This stress 
is about eight-tenths of 750 psi, the allowable 
design average unit stress . 

Only slight tensile stresses were found 
at any of the points of measurement in the 
dam . Tensile stresses were indicated in 
the vertical planes near the downstream face 
of the dam at the elevation of the complete 
arch analyzed, and occurred during periods 
of greatest  change in temperature at the 
points of measurement. At no time was ten­
sile stress indicated in the plane of this arch. 

During e ar ly construction vertical 
tensile stresses were indicated at the faces 
of the sections near the bases of the canti­
levers in Blocks 1 2  and 1 7 .  As concrete 
weight and water load increased on these 
sections the tensile stresses disappeared . 
In the planes of the low er arches tensile 
stresses w ere present at the sections of 
measurement only during the earliest rec­
ord .  T he low tensile stresses near the 
downstream fac e of the arch sections also 
disappeared as concrete and water load were 
added to the dam . 

The shape of each vertical section of 
the dam where stress was measured is r e ­
flected in the distribution of vertical stress 
for the sections . The maximum stress is 
in the upstream portion of the section, that 
is, at points in the section above which there 
is the greatest elevation of concrete . This 
relationship would indicate that the vertical 
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stress distribution could be controlled to 
some extent by design and by the method of 
construction . 

The influence of the shape of the ver­
tical section on stress is apparent in both 
arch stresses and cantilever stresses at  
elevation 3 1 00, Block 1 7 ,  and at  elevation 
3200, Block 1 2 .  At each of these locations 
the transverse b locks are divided by the 
longitudinal contraction joint of the dam, 
and as a result the design is reflected in the 
stress distribution for both vertical and hori­
zontal planes . In the plane of the arch at 
each of these elevations there appear to be 
a primary and a secondary arch, each having 
its own horizontal stress distribution and a 
sharp dis continuity at the division by the 
longitudinal joint . 

In the plane of the cantilever at ele­
vation 3 1 00, Block 17 ,  and elevation 3 200, 
Block 1 2 ,  the upstream portion of the trans­
verse block and the downstream portion of 
the transverse block each reflect a stress 
distribution characteristic of the shape of 
the b lock . In the downstream portion of 
Block 17 at elevation 3 1 00 the weight of the 
powerhouse and the effect of the temperature 
within appear to be reflected in the down­
stream part of the vertic al stress distri­
bution curve.  

The shear stress curves indicate that 
load is being carried by shear in the down­
stream portion of the transverse b locks 
divided by the longitudinal contraction joint. 

This study indicates that the longitu­
dinal joint in a dam has marked effect on the 
stress distribution on a section of the dam 
divided by the joint. Considerable discon­
tinuity of stress can result, and the portions 
of the block on either side of the joint will 
each have their own individual stress dis ­
tributions . G routing of the opened joint 
may cause increased stress at the base of 
vertical sec tions and a redistribution of 
stress on horizontal arch sections caused 
by increased moment as a result of grouting. 
This stress distribution m ay be due to a 
" locked- in" stress condition that remains 
long after the dam is completed and in serv ­
ice . The stress distributions for both arch 



and cantilever indicate that a longitudinal 
joint may cause a primary and secondary 
arch, each having a separate and distinct 
stress distribution. The vertical stress 
distribution on sections separated by the 
longitudinal joint reflects the general shape 
of the sections. the stress largely being de­
termined by the mass of the block. Thus, 
should the discontinuity in the stress distri­
bution be considered undesirable in future 
dams, the criterion indicates that it would 
be advisable to obtain a continuous distri­
bution of stress across a longitudinal joint . 

The deflections of a dam as obtained 
by plumb -line measurement s  indicate the 
movement of upper portions of the structure 
with respect to the foundation. These de­
flections are useful to establish indicated 
trends of stress on sections of the structure. 
However, determination of any deformation 
of a structure with respect to the surround­
ing foundation and abutment structure re ­
quires additional measurements between dam 
and foundation or between dam and abutment 
structure . Thus. a system of points on the 
downstream face of a dam on which precise 
triangulation measurements may be made 
from points at some distance from the dam 
would be useful to determine deformation 
of the structure with respect to the founda­
tion as well as -deflection of the cantilever 
and arch elements of the structure . This 
method of measuring movement of dams by 
precise surveying has been used success­
fully at other dams . [4 ] 

The results of this measurement study 
show the indicated stre ss at the internal 
points of measurement as reflected by the 
conditions of loading, temperature, and de­
flection that exist in the dam at the specific 
times indicated . In contrast. the results 
of an analytical study show the conditions 
of stress at the faces of the structure for 
the spec ific assumptions of the study and 
the selected conditions of loading and tem ­
perature. The results of the analytical study 
are the stress conditions for the one, and 
only one, condition of loading and show the 
stresses that result for only the conditions 
stipulated by the analysis . 
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A design study is usually made for 
the maximum loading on a dam. including 
added effects such as ice load, earthquake, 
and maximum reservoir water elevation, 
and will not serve for comparison with re­
sults of a measurement study. These added 
effects for maximum conditions contribute to 
stress within the structure and cause too 
great a difference in stress at the points of 
study to make a realistic comparison with 
stresses obtained by measurement . 

Comparisons of stress results from 
measurement studies and stress re sults 
from analytical studies should be made only 
on a basis of average stress on a section or 
on a basis of stress trend. Measured stress 
is in terms of unit stress derived from 
strain, the strain being determined in masses 
of concrete which creeps under load. Com­
puted stress from an analytical study is in 
terms of average unit stress at the faces of 
the structure . This is because stresses 
depived in the analytical study of a section 
are in terms of totals of forces and moments . 

Structural behavior investigations thus 
indicate the need for analytical studies based 
on conditions that are comparable to condi­
tions of measur ement studies .  A lthough 
analytical studies of maximum conditions 
of structural loading fulfill the require­
m ents for the de sign of a structure, they 
do not supply stre ss results that may be 
considered comparable to stresses that will 
exist in the structure during conditions of 
normal loading . Similarly, these studies 
do not arrive at stresses which may be due 
to a partial reservoir or a full reservoir 
loading combined with temperature effects 
in the structure during early and normal 
operating service conditions . The addi­
tional analytical studies are thus needed so 
that comparisons on an equal basis may be 
made between results of the two types of 
studies .  C omparisons between results of 
analytical studies and results pf measure­
ment studies for similar loading conditions 
of a structure will permit similarities and 
differences in stress to be noted. C onclu­
sions may be drawn which will lead to econ­
omies in construction and realistic stress 
distributions in structural design. 
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