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The origiia]. material presented in this thesis is condensed for clerity 

nd cannot therefore be of maximum value without a brief introduction fol- 

lowed by an outline of the context. 

The general question of special cements will not be dealt with since 

much authentic data are available on this subject. The problems of mass 

concrete construction will be briefly Bet forth and the historical back- 

ground of Portland-puzzolan cement outlined; also the special probleLrs of 

he Bonneville spiliway dam. 

The remainder of the thesis has to do with special investigations made 

s a basis of selection of the cement as used in mass concrete of the spill- 

\,ay dam, Bonneville Project. This research resulted in Portland-puzzolan 

cement being selected as most suitable for the special conditions brought 

out in the design of the darn which was directed by the writer. Followir1g 

the first investigation and as soon as cement became available, an exten- 

cive series of trial mix tests were conducted, using aggregate produced 

for the spiliway dam. The result of this experiment was some fifteon 

mixes of concrete of sufficient range to meet all requirements of the 

structure throughout. With the cement and aggregate to be used also was 



m&asured the drying shrinkage, adibatL.. temperature rise, thermal expansion and 

contraction, plastic flow .nd modulus of elasticity at early ages. 

The use of this cement in mass concrete only is then recounted in which the 

temperatures are measured. The strengths resulting from routine testing, the 

measured and computed strains compared and by close observation, the condition 

of concrete as evidenced by cracks and other defects is set forth in considerable 

detail. 

Viith these facts in hand, resulting from actual field conditions, a stres8 

analysis of the tensile stresses existing at the base of the dam# is presented 

with which e ccpared the measured strains at the same points. This stress 

analysis is entirely original and it is hoped can be further improved and be- 

come an accepted necessary step in the design of any hydraulic structure 

similar in character to a gravity dam. 

The restraint of foundation rock and volume change are fu.1y dealt with. 

The rare opportunity afforded the writer to direct the design of a dam 

after which close contact with all technical phases of construction justifie$ 

recommendations for improvements in this type of construction. These recoin- 

inondations are aimed principally at the design of the dein rather than the 

purely construction procedure. 

The recoimnendations are as follows: 

1. Portland-puzzolan cement should be given an increasing( 

important place among special cements for mass concrete. 

2. A construction program can be adopted that will minimize 

tensile stresses. 

3. A method of design analysis should take accurate account 

of thermal tensile stresses. 
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THE VALUE OF PORTLAND PUZZOLAN CEMENT 

IN MASS CONCRETE 

I 

MASS CONCRETE PROBLEMS 

Volume change of concrete elements in a structure of large dimen- 

sion constitutes one of the utajor problems of mass concrete design and 

oonstruction. In 'ny cases the principal cause of shrinkage is loss 

of heat which must include the total range from the maximum to final 

stable temperature which may be assumed to exist for all structures of 

mass concrete. This would still be true if a cernent would be oroduced 

from which no heat of hydration resulted since the placing temperature 

of concrete is often above the normal stable temperature. The seasonal 

variations thereafter are of little consequence within the mass. 

The cement itself is therefore of first importance in solving the 

troblems of design and building in such a way that the structure begins 

its life as a monolithic homogeneous mass with internal stresses well 

balanced and with an exterior surface such that the weathering agenoies 

will not cause heavy maintenance or result in necessity of replacement. 

Other factors to be considered in perfecting mass concrete in 

modern construction are as follows: rate of method of construction, 

thermal oroDerties, adiabatic teinDerature rise, elastic and plastic 
properties of the concrete and the modulus of elastloity at early ages. 

The nroper apolication of design principles will accomplish much when 

assisted by favorable utilization of cernent characteristics that are 

known and that can be controlled by oroper concrete technology. 
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The proper selection of cement is therefore the first chal- 

lenge that meets the designer of mass concrete. After this, special 

considerations of the structure, nature of bed rock and construction 

plan rmist be considered. The nonuniformity of cement becomes more 

evident under the very close consideration given to it's composition 

and reactions when being considered as a special cement. The observa- 

tions to follow In this text do not always lead to positive conclusions 

which indicates lack of knowledge in this respect. Progress is being 

made and will continue. Mass concrete problems have been greatly in- 

creased by modern methods of construction which have been developed 

to meet the demand for concrte in large masses. The economic phase 

of special cements in mass concrete will not be considered in this 

thesis. 

II 

BRIEF HISTORY OF PORTLD PUZZOLAN CE?T 

While the term "Portland. Puzzolan Cement" is not generally under- 

stood or often heard in civil engineering it is not to be considered 

that it is a strictly new product or that the principal Is a recently 

discovered aid in concrete making. Research has advanced more rapidly 

for Standard Portland Cement then for Portland Puzzolan Cement. As 

an introduction to this subject certain known facts are set 
forth as 

an aid to the more specialized data that follow as a result of this 

s tu ày. 
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It la well to first understand the influence of the several 

major compounds which are commonly considered to exist in portland 

cement upon atrength and heat of hydration. There are four such corn- 

pounds: Trioaloiuni silicate, dicalelum silicate, tricalcium aluminate, 

and tetracalolurn alumino-ferrite, Tricalciuni silicate and dicalcium 

silicate, which in a normal cement together comprise about 75 percent 

of the total, are the strength-producing compounds. Pricalcium sill- 

cate, which in normal portland cements is present to the extent of 

about 50 percent, hydrates rapidly as compared with the dicalcium sui- 

cate, and Is the compound which produces early strength in concrete. 

Dicalcium silicate, on the other hand, hydrates slowly and is the corn- 

pound which produces a long-continued gain in strength, provided 

moisture is available. Tricalcium aluminate, for which the percentage 

varies considerably nong commercial cements (ranging from 6 percent to 

15 percent), accelerates the strength of concrete during the first few 

days but is detrimental to later strengths. Tetracalcium alumino- 

ferrite apparently has little influence upon either the early or later 

concrete strengths. 

or these several compounds, tricalcium aluminate contributes more 

than double the heat of any of the other compounds present. Tetra- 

calcium aluxnino-ferrlte contributes almost no heat; tricalcium silicate 

contributes more heat than does dicalcium silicate, but most of this 

heat is generated during the f irt few days, nd therefore under nonna]. 

conditions of mass concreto p1acnent there is considerable opportunity 

for its heat to be dissipated to the air. 
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In other respects besides ultimate compressive strength and heat 

ot hydration, many investigations have demonstrated the desirability of 

having a cement low In tricalciuin aluniinate. 

In a portland-.puzzolan cement, the puzzolanic material in itself 

contributes to early strength only inasmuch as the small particles of 

puzzolan may act as a filler between the larger particles of portland 

cement, At the later ages, however, there is considered to be chemical 

combination between the puzzolan and lime which is liberated during the 

process of hydration of the portland-cement constituent, forming a 

calcium silicate which produces a long-continued gain in etrength with 

a very low heat of hydration. The characteristic features of portland- 

puzzolan cement concretes are: (1) a high degree of workability which 

makes for easy placement in the forms, (2) a high degree of impermea- 

bilIty, (3) freedom from bleeding or water gain, (4) a lower heat of 

hydration than that which would be obtained by the use of the same 

quantity of portland cement of the saine composition as that of the 

clinker used in the portland-puzzolan cement, and (5) a long-continued 

gain in strength. 

That this material is not new is evident when it is known that in 

Europe, for many years cements of this type have been nployed for con- 

struction of river and harbor works, dams, and hydraulic structure8 in 

general. In this country the so-called "silica" or "eand" cements 

which were used by the Army agineers and the old U. S. Reclamation 

Service twenty-five years ago, and which were produced by intergrinding 
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in some cases as much as 45 percent of siliceous materials with 

portland cement, may be considered as portland-puzzolan cements 

although the puzzolanic activity of these siliceous materials, as 

indicated by the strength of concrete, was generally low. Reference 

is made to an article, entitled "Testing of Hydraulic Cement," which 

appeared in the September 12, 1901, issue of "Thigineering News." This 

article includes specifications for "silica" or "sand" cements. 

amp1es of three structures in which these cements were employed 

are: The Arrowrock Dam, Elephant rtte Dem, and the Lahontan Dam. For 

further information regarding the cement which was used by the old U. S. 

Reclamation Service reference is made to an article, entitled "Blended 

or Sand Cements"; Results of the Study and per1ence of the U. S. 

Reclamation Service, which appeared in the 3une 19, 1913, issue of 

"Engineering News.". In these three structures the ratio of siliceous 

material to portland cement was 45 to 55, and the cement content of the 

concrete was 1 bbl. per eu. yd. 

In the casa of the Arrowrock Dein, the siliceous material was a 

decomposed granite, which recent investigations have indicated as having 

a puzzolanic activity about 1/20 of that of the puzzolanic material used 

in the cement for Bonneville Dam. 

Another puzzolanic material that has been used to a considerable 

extent in the State of California Is pumicite. This occurs naturally 

in a finely divided state and there are several deposits In the San 

Yoaquin Valley. 



Massive structures of more recent date employing portland-.puzzolan 

cements include the 8outh pier of the Golden Gate Bridge, and the San 

1rancisco anchorage and pier No. i of the San Francisco-Oakland Bay 

Bridge. The puzzolanic niaterlal was a calcined Monterey shale. The 

oient was produced by intergrinding the puzzolan with portland-cement 

clinker. For the pier of the Golden Gate Bridge and for a portion ot 

the anchorage of the San Francisco-Oakland Bay Bridge, a regular comner- 

dal clinker was ip1oyed (containing approximately 12 percent tricalcium 

aluminate) with approximately 30 percent of puzzolan. In the remainder 

of the anchorare and in pier No. i of the Sen Francisco-Oakland Bay 

Bridge, a low-heat clinker, containing about 5 percent tricalciuni 

aluminate and about 50 percent tricalcium silicate, was used. 

Much could be said as to the behavior of this cement in structures 

now in use but this study will be limited to that of one project in 

which close control and careful consideration was given to the utiliza- 
tion of this cement. 

III 

A SPFZ IAL APPLICATION OF POWLAND PUZZOLAN CEMENT 

The vrlter of this thesis was privileged to act as Designing 

Engineer of the Spiliway Dam of the Bonneville Project and in this 

capacity to actively direct the design of this structure and maintain 

the closest contact with all technical phases of construction. The re- 

quirements of mass concrete design became a highly specialized subject 
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due to the nature of bed rock, the unusual demands of the adopted con- 

struction program and the competitive methods adopted in building. The 

maximum opportunity was given for preliminary consideration of cient 

and concrete and for observation and recording valued results aa the 

work progressed. Close control was observed for the following: Con- 

crete placing temperatures, Water Cement Ratio, Type and amount of 

oennt, Type and character of aggregate, Physical properties of cement, 

Thickness of lifts, Time of exposure for each lift and a rather corn- 

plete installation of nbedded Instruments consisting of Strain meters, 

Jolnt meters, Stress meters and Resistance Thermometers, also at 

appropriate intervals careful surveys were made of the condition of 

the concrete as evidenced by cracks and other surface defects. 

Pressures were also measured in uplift pipes, foundation grouting 

systems and wells left to bed rook. 

A brief reference to the cross section as adopted for the darn 

will be helpful In understanding the factual data that follow and 

which is chiefly concerned with the use of Portland Puzzolan Cement 

in this structure. 

By reference to Fig. i It is evident that the proportions of the 

Bonneville Dam are quite different from other large dams, in that the 

ratio of its base width to height Is large. Calculated compressive 

stresses are low. The darn is divided into blocks sixty feet long by 

contraction joints to be grouted. Downstream a vertical joint 



parallel with the axis and 97 ft. distant divides the gravity section 

from the baffle deck. This joint is also to be grouted. Specifica- 

tions call for mass concrete to be placed in 5 ft. lifts and an 

interval of three days to lapse between lifts. 

In the original investigation two designs were considered, one of 

which provided vertical contraction joints parallel with the axis and 

so designed to trannit shear through the joint and gould become more 

positive on subsequent grouting. This design was ultimately rejected 

for a design without such contraction joints, but with provision for 

a special type of cement from which ft was thought concrete could be 

produced that in itself uld meet the requireìients of design and to a 

large extent prevent cracking. 

Practical considerations played no small part in this decision. 

So far as is known, a dam has not yet been built in a river of equal 

flow and in which the force of the current was as great. It was felt 

therefore that anything that uld increase the time of actual work 

within the cofferdam for each season should be eliminated as far as 

possible. This decision therefore greatly increased the importance 

of cement and concrete investigations h1ch supplied data concerning 

the type of cement under consideration. 

IV 

CKFT VESTIGTION AND SELECTION 

In the Interest of low thermal changes, it was considered de- 

sirable that there be employed a cement for which the ultimate heat 
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or hydration would be reasonably small but which u1d generate a 

large part of Its heat of hydration during the early hardening period 

in order that as much as possible of the heat might be dissipated from 

each lift to the air before the lift would be covered by the succeeding 

litt. Also, it was considered desirable that the cement content be 

as low as consistent with the requirements of early strength end 

Impermeability. The spiliway section wIll 8eldom be exnosed to dry- 

ing and then only for short periods. A low contraction coefficient on 

drying was therefore not of primary importance. 

In the light of previous experience, it was considered particularly 

desirable that the cement be of a character th'tt would produce in lean 

mixes a plastic workable concrete exhibiting a minimum tendency toward 

segregation and water gain. 

Requirements of Concrete 

Under the generally prevailing conditions of low placement tempera- 

ture, lt was considered necessary that the concrete have reasonably good 

early strength in order that forms could be removed at an early age. 

Since the calculated stresses due to load on the dam were small, hlgZi 

ultimate compressive strength of concrete was not a primary requisite; 

but high tensile strength was considered desirable in order that the 

structure might better resist without cracking the stresses incidental 

to temperature changes within the concrete masa. 

Types of Cement Considered 

Having in mind the design features of Bonneville Darn end the 
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particular conditions surroundinr its construction and use, it appeared 

that there were possibilities of producing concrete of the desired 

properties with a fairly finely ground cernent of one of the following 

three types: 

Type A; A portland canent low in tricaloiuxn aluminate but 
nonna]. in composition as regards tricalcium silicate; 
similar to that employed in the construction of Norris 
and Tygart Dams and the Colorado River Aqueduct. In 
current literature, this type of cement is often re- 
ferred to as "modified" portland cernent. 

Type B: A portland cement low in tricalcium aluminate and high 
in dicalcium silicate; similar to that used in the 
construction of Morris and Boulder Dams. In current 
literature, this is tenned a "low-heat" portland ce- 
ment. 

Type C: A portlaud-puzzolan cement produced by intergrinding a 
portland cement of the modified type with a puzzolan. 
A puzzolan is defined as a 8iliceous material that in 
the presence of moisture will combine with lime to 
fonn an insoluble strength-producing compound. During 
the hydration of portland cement, lime is liberated. 
During the hydration of portland-puzzolan cement, 
the lime liberated by the portland-cement constituent 
is considered to combine with the puzzolan. Portlar- 
puzzolan cements have been extensively used in Europe 
for hydraulic structures. Recent examples of American 
construction in which cements of this type have been 
employed are certain massive piers of the Golden Gate 
Bridge and San Francisco-Oakland Bay Bridge. 

Investigations Prior to Purchase of Cement 

An investigation of the three types of special cement--modified 

portland, low-heat portland, and portland-puzzolan--was undertaken for 

the War Department by the University of California in December 1934. The 

cements were manufactured in the Eugineering Materials Iboratory of the 

University. The portland-puzzolan cements (Type C) contained 25 percent 
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of uzzo1an. The 3zzo1ans inoluded ot1oined Monterey shale, caloined 

diatomaceous earth, calcined pumicite, and calcined clay. Concretes of 

two cement contents were used in the tests, 0.8 and 1.0 bbl. per eu. yd. 

The aggregates were from the same supply as that used in the construo- 

ti.on of the Bonneville power house and locks; the maximum sizes of aggre- 

gate were l-1/2, 3, and 6 inches. For a given test, the concretes oon- 

taming the various cements were of fixed consi8tenoy. For many of the 

tests the speoimens were cured under simulated mass-ooncrete temperature 

conditions from a plaoemont temLerature of 400 F. The following prop- 

erties of cement, mortar, or concrete were determined under various con- 

ditions of tests: Water requirement; water gain; permeability; heat of 

hydration and temperiture rise; thermal oroperties; strongth and elas- 

tiotty in com)ression sud tension; volume changes due to drying and to 

changes in temperature; plastio flow under sustained load; and extensi- 

bility. The total number of seoimens was about 4000 and the number 

of tests considerably more. 

Tests Results 

The chemical and physical oroperties of the three types of cement 

are shown in Table 1; and the results of certain of the tests are shown 

in Tables 2 to 4. In order to include as many test results as possible 

within a limited sPace and to reduce the irregularities of test,the 

reorted values in as many oases as oossible represent average results 

for two finenesses of cement or two cement contents of concrete. The 

values of specific surface shown in the tables were determined by the 

hydrometer method*, and are not comparable with values which would be 

* - "A Hydrometer Method for Determining the Fineness of 

Portland-ouzzolan Cements", by S. B. Biddle Jr. and 

Alexander Klein, A.S.T.M., 1936 
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obtained under the Dresnt A.S.T.M. standard, C115-34T. 

In Table 1, it is seen that as oom?ared with the portland cements 

the nortland-nuzzolan oemnts were of lower specific gravity and re- 

quired more water for normal consistency of neat-cement naste. The 

nortland-ouzzolan cements characteristically exhibited tensile strengths 

of standard mortar which at the early ages were greater than those 

for the low-heat nortlanri cement and at the later ages were greater 

than those for either of the portland cements. 

The water requirement of the various cements for concrete of a 

fixed consistency is shown in Table 2. The oortland-puzzolan cements 

containing shale and diatomaceous earth required more water than the 

portland cements, but the portland-puzzolan cements containing pumicite 

and clay require less water than the nortland cements. 

At the time of manufacture of speoimens,it was observed that con- 

aretes containing the portland puzzolan cements were markedly more 

niastia and workable, and tended less to segregate, than those con- 

taming the nortland cements. As between the two portland cements, 

the difference in workability was small. 

The ability of a oeinent to retain the mixing water during the set- 

ting period is a oroerty of oonsiderable importance in producing homo- 

geneous concrete. In this investigation, the water rising to the 

surface of 18 by 36-in. concrete cylinders during the first 2 hours 

after casting was oollected by means of blotters and was weighed. 

Table 2 shows that the water gain for the portland-puzzolan cement 

was only about one fourth as great as that for the modified portland 

cement and only one half as great as that for the low-heat portland 

cement. 



13 

The oermeabilit of mass concretes containing the three types of 

cement was determined by measuring the inflow of water under pressure 

into large specimens of concrete. The water was introduced through a 

Dorous mortar cylinder at the center of the seoimen. Table 2 shows 

that the inflow of' water for the ortland-puzzo1an cement was roughly 

one third of that for the modified portland cement and roughly one half 

of that for the low-heat oortland cement. 

As shown in Table 3, the heat of hydration at 7Q0 F. of the 

portland-puzzolan cements was less than that of the modified portland 

cement at all ages up to 29 days. On the average, the portland- 

puzzolan cements generated more heat at 700 F. than the low-heat port- 

land cement, but the difference in heat generation as between the 

oortland-puzzolan cement containing oumicite and the low-heat port- 

land cement was not great at ages of 3 to 28 days. At the control 

temoerature of 400 F., the portland-puzzolan cement containing shale 

exhibited a considerably higher ratio (0.57) of 3-day to 28-day heat 

of hydration than did the modified portland cement (0.47) or the low- 

heat oortland cement (0.40). 

Comoressive strengths of conoretes containing the various cements 

are shown in Table 4. Under the condition of mass curing from 400 F., 

the low-heat portland cement exhibited very low compressive strengths 

of concrete at early ages, but excellent strengths at later ages. On 

the average, under either of the two curin conditions, the oomDres- 

sive strengths of concrete did not differ greatly as between the 

modified oortland and the portland-puzzolan cements. 
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At all ages of test, the tensile strength of concrete was higher 

for the portland-puzzolan cement than for the portland cements (Table 4). 

In a separate investigation the volume changes of portland-puzzolan 

cements containing the various puzzolans were determined. The following 

tabulation shows the relative contraction of mortar bars after 5 months 

of drying in air of 50 per cent relative humidity at 700 F. 

Cement 
Percentage of Net Contrae- 
tion of I1ortar Containing 
High-lime Portland Cement 

High-lime portland (59%3Cs, 11%3CA) loo 

Low-lime portland (37%3CS, 11%3CA) 135 

Portland-puzzolan 

(75% high-lime portland, 

25% puzzolan) 

Shale 169 

Diat. earth 140 

Pumicite 125 

Clay 109 

Average 136 

It is seen that the portland-puzzolan cements exhibited consid- 

erably greater contraction than the high-lime portland cement,but that 

on the average the contraction was about the sanie for the portland- 

ouzzolan cements as for the low-lime portland cement which was most 

nearly oomparablo to the low-heat portland cement of the Bonneville 

Dam cement investigation. 

Plastic flow as measured by the su8tained modulus of elasticity 

(unit stress divided by the sum of the elastic and plastic unit deform- 

ations) of concrete made from the "ca cement was higher than that of the 

"B" cement, but lower than the "A" cement. At later ages the sustained 
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modulus of the "C" cement was lower than for either of the other two 

cements, which means a higher plastic flow coefficient, 

Selection of Cement 

In addition to the results of the investigation 3ust described, 

there were available the results of previous investigations and of 

construction experience. It appeared that a low-heat portland cement 

could not be employed because when cast at low temperatures its very 

low early strengths would have seriously delayed the removal of forms. 

xsminations of existing mass-concrete structures in which modified 

portland and portland-puzzolan ceiients had been nployed led to the 

conclusion that the tendency toward serious cracking due to thermal 

changes was considerably less for the concretes contain1ni portland- 

puzzolan cements. Further considerations which resulted in the 

selection of a portland-puzzolan cement over a modified portland 

cOEnent, as disclosed by test results, were lower heat of hydration, 

higher tensile stren?th, greater impermeability, greater workability, 

greater freedom from segregation, and lovcer water gain. 

V 

SPECIAL CIMENT SPECIFICATIONS 

The specifying of the properties of a suitable portland-puzzolan 

cennt involved several new problems, inasmuch as standard specifications 



16 

had not been established in America and as European specifications 

did not appear to be adequate. In order to obtain portland-puzzolan 

cement of the desired characteristics, it was considered necessary to 

establish certain chemical requirements for the clinker and chemical 

and physical requirements for the puzzolan, as well as chemical and 

physical reauirements for the finished cement. Methods of chemical 

analysis formerly used or recently proposed were extended as necessary 

to include the analysis of puzzolanic materials. 

Specifications and Acceptance Tests 

It was desired to employ an acceptance test for the puzzolan which 

would Indicate its activity, or ability to combine with lime. For this 

purpose there was employed a test of puzzolan-lime-sand mortar which 

consisted in detenining the 7 and 28-day compressive strenghts of 2 

by 4-in. cylinders of mortar containing 2 parts by weight of puzzolan 

of stated fineness, 1 part of hydrated lime of stated composition and 

fineness, aM 9 parts of standard Ottawa sand. The water content of 

the mortar was determined by the method used for standard mortar con- 

taming portland cement. The cylinders were cured in sealed metal 

cans, at 700 F. for 12 hr., then at 1000 F. for 12 kirs., then at iO 

F. until 12 lire. before the time of testing, and then at '70° F. 

Anothr special problem was the determination of fineness of port- 

land-puzzolan cement. Satisfactory turbidimetric methods had been 

developed for portland cements which were opaque; but as puzzolans were 

translucent to various degrees these methods were not generally 

applicable to portland-puzzolan mixtures. A sedimentation test 
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ip1oying a sensitive hydrometer was adapted from that used In the 

measurement of fineness of soils. Briefly, the ithod of test was as 

follows: A semple of portland-puzzolan cement was disperse in kerosene, 

in a tall cylinder. As the cement settled, at intervals the hydrometer 

was Inserted and the specific gravity of the suspension at the level 

of the hydrometer bulb was measured. By means of Stokes' law pertain- 

ing to bodies falling in a viscous medium, the percentages of various 

size tractions of cement were calculated; and from these data the 

surface areas of the fractions were calculated and surnnied to obtain tbe 

total surface area. 

VI 

FINAL CONCRETE UD lES 

As soon as cement and aggregate became available in the sunmier of 

1935 an extensive program of mixture design experiment was conducted. 

Characteristics of Cement as Purchased 

Average results of laboratory tests made In the course of routine 

inspection for acceptance are shown in table 5. The tests cover the con- 

struction period from September 1935 to May 1936. 

The heat of hydration at 700 F., detennined by means of the vane 

calorimeter, was considerably less for the Bonneville Dam portland- 

puzzolan cement than for any of the portland-puzzolan cements previously 

tested. The following tabulation affords a comparison with the average 

of the portland-puzzolan cements containing shale, diatomaceous earth, 
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puinloite, and olay. 

Heat of Hydration at 700 F., 

CEMFNT oalories oer gram inc1udin 
inmiediate heat of hydration 

i da. 3 da. 7 da. 28 da. 

Bonneville Darn oortiand- 
ouzzolan 32 49 63 68 

Ave for four -ort1and-ouzzo1an 
cements shown in Table 3 38 56 69 80 

Trial mix tests 

Aggregate supolies were first studied and gradation curves estab- 

lished as a guide to Diant operations. Specimens were prepared and 

tested in which the first shipment of cement was used. While it ws 

extected that the greater part of the mass concrete would be placed 

in winter months, these trial mix tests were made in August but at 

the coldest time period in the day, namely, midniht to dawy. These 

tests were iade in part at Bonneville and in part at the University of 

California and included 105 mixes having a. wide range of cement con- 

tent (0.75 to 1.80 bbl. per cu. yd.). It was found that there was an 

optimiii of cernant content of 1.5 bbl. whioh if exoeeded resulted in 

orazing or surface oracking. The workability was rated by visual 

inspection at the time of mixing and molding. The results of this 

set of experiments made possible the adoption of a strength classifi- 

cation chart, which is shown as Fig. 2. 

Owing to the lower tricaloiurn silicate content of the average 

cement used in construction as compared with the cement used in the 

trial mixes, the 7-day compressive strengths of concrete were lower 

for the field mixes than for the corresponding trial mixes. The 
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re5ults of trial mix tests for water gain and workability ooìnpare 

favorably with the results of the early investigations. This is fur- 

ther borne out by field oonditions in whioh it is continually noted 

that in both lean and rich nixtures there is an absence of water gain 

or bleeding. It is to be noted that the lower specific gravity of the 

puzzolan cement results in a greater bulk volume of oement per barrel, 

consequently a more Qiastio mixture. This also improves the property 

of imermeability since the tuzzolanio materials when interground 

with portland cement clinker evidently grinds to a greater fineness 

than the clinker. This is proven by the fact that in screen analysis 

the residue is invariably ort1and oement. 

Routine Testing 

Test by cylinders taken from job mixes at regular and frequent 

intervals are cured by standard curing methods. The data obtained to 

date from routine testing is reproduced herewith on Fig. 3,and includes 

a total number of specimens tested to date, about 3,000 in all. The 

strengths for the second season are consistently higher than those for 

the first season. One thing that doubtless contributes to this higher 

8trength is the reduction in quantity of j4'4 to 3/8" material in the 

course aggregate. 1936 test records are not yet sufficiently complete 

to be treated separately. The principal mixes used throughout are 

shown in Table 6 which are again first season or 1935 values. 

All cylinders are 6" x 12" and the mixes containing coarse aggre- 

gate larger than l-1/2" are wet screened through a two inch sieve. 

The strengths of mixes containing 6" maximum aggregate have been re- 

duced by 20% and those containing 3" maximum size aggregate by 10% to 

comoensate for the alteration of the mix wet screening. The twenty- 
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eight day strengths for mixes 8 and #16 are within the shaded section 

of the strength classification chart of the trial mix tests. The 

strength of mix 3 is slightly higher than its design strength. Also 

to be noted is the relatively large gain in strength after 28 days age; 

this is a characteristic of concretes made from oortland-ouzzolan 

cements. The ratios of the six month to the 28 day strength are 1.33, 

1.46, and 1.61 for mixes 3, '8, and #16 respectively. 

In addition to the trial mix tests, certain other tests were made 

at the University of California to determine the following: shrinkage 

of mortars and oonerete, temperature rise of adiabatically cured con- 

crete, thermal rroperties, and plastic and elastic properties of con- 

cretes at early ages. 

Drying Shrinkage 

Tests made on mortar bars to compare shrinkage of the job cement 

with that of the "A" and "C" cements of the earlier investigation 

showed that at the age of 135 days, after being moist cured for 14 

days and then stored in air at 70° F. and 70% RH.,the sr,eoimen made 

from the job cement had contracted about 20% more than those made of 

the tAI( cement and 26% less than those made of the tiCti cement. Shrink- 

age tests were also made on concrete bars 3 by 3 by 40 in. and on a 

large concrete prism 2 by 2 by 3 feet. Within the prism Carlson 

strain meters were embedded parallel and transverse to the longitudi- 

nal axis of the prism, also strain-gage olugs were provided on the 

2 by 2 feet surfaoes. At the age of 15 days the four 2 by 3 feet 

faces were painted with three layers of coal tar cut back leaving 

the ends exnosed and simulating the drying conditions in a wall 

exoosed on two sides. The bars at an age of 170 days contracted 
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more than two and one-half times as much as the exposed surfaces of 

the prism. The strainneters showed that the internal shrinkage of the 

orism was about one-half that at the surface. 

Adiabatic Temperature Rise 

The adiabatic temperature rise of a mass mix containing O. bbl. 

of cement oer cubic yard and O to 6 in. aggregate was determined from 

12" x 14" cylinders with sensitive resistance thermometers embedded 

for temperature control and measurement. The specimens were cured in 

sealed cans in an. insulated adiabatic calorimeter room equipped for 

oreoise temperature regulation. The temperature of the room was auto- 

xnatioally regulated to be the same as the temperature of the specimen. 

The initial curing tomeratures were 40, 50, 60 and 70° F. The re- 

suits of these tests are plotted in Figure 4 which shows that at the 

early ages, the lower the placement temperature the 1o;.er the tempera- 

ture rise, but at the age of 28 days the lower the placement temera- 

ture the hiher the temperature rise. This relation has been observed 

in tests on other cements. 

Thermal Expansion and Contraction 

The results of tests to detrmine thermal expansion and contrac- 

tion coefficients gava values as followsa 0.000004 per degree F. for 

the first day and 0.000005 per degree F. thereafter. 

Plastic Flow Coefficients 

From the results of tests made to determine the olastic character- 

istios at early ages of concrete oontaining one barrel of cement per 

cubic yard ourves were plotted of flow per unit of stress against time. 

These curves for cylinders loaded at different ages had essentially the 
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sae shape after the load had been aoplied for several days although 

the amount of flow as different for eaoh age of loading. To plot 

the TtBI ourve, Fig. 5, the curve of the cylinder loaded at the earliest 

age wa plotted starting with a flow coefficient of zero. The ourves 

for specimen Nos. 2 and 3 were plotted from thts curve by plotting 

the flow coefficient at the oldest age on the curve of the s2ecimen 

No. 1. The remaining values of flow coefficient were plotted with 

reference to the plotted position of the value at the oldest age. 

This procedure left the starting ooints of the several curves 

below the curve for the specimen No. i loaded at the earliest age 

and above the zero ordinate of flow coefficient. The "A" curve was 

next drawn through the starting ooints of all the speolmens. 

The amount of flow caused by a load applied at a given age for 

a given length of time is the produce of the unit stress multiplied 

by the difference between the ordinate of the "A" curve at the age 

the load is ao:iied and the ordinate to the tIßtt curve at the age 

the load is removed. 

Modulus of Elasticity 

Cylinders, 6" x 12", stade from the same oonorete as used for 

the plastic flow specimens were tested for modulus of elasticity at 

early ages. The cylinders were tested at the ages of 18, 24, 32, 

48 hours, 3 days and 28 days. Deformations viere mea8ured with a 

single-dial--gage compressometer of conventional type having a gage 

length of 8". Figure 6, shows the stress-strain relations determined 

by these tests. 

VII 

EMBEDDED INS TRUMENTS 
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Measured temoeratures and strains have an important plaoe in 

studies of volume changes in mass oonorete and for a guide in at- 

temts at rational analyses of stresses and strains in masa oonorete. 

Canson electrical resistance thermometers were embedded in the 

foundation and concrete of blocks 9, 10, and 14 of the first season's 

construction. Fig. 7 shows the location of the thermometers in block 

10 and is tycical for blocks 9 and 14. Canson elastic wire strain- 

meters were embedded in the foundation and concrete of block 10 to 

measure vertical and horizontal deformations of the rock. The loca- 

tion of these instruments is also shown by Fig. 7. 

Temperature Records 

Fig. 8 shows the observed tem?erature at various Doints in 

blocks 9, 10 and 14. 

Isothermic lines for block 10 on November 1, 1935 and September 1, 

1936 are shown in Fig. 9. The average temoerature of the block 

reached a maximum on November 1, 1936 with 950 near the center of the 

mass. Ten months later the center temperature had fallen to 750, 

Fig. 10 shows the variation in termerature in two lifts of block 14. 

An abrupt fall in air temperature of nearly 200 F. on the day follow- 

in.g the placing of the lower of the two lifts oaused a greater range 

of temperature within this lift than was usually the case, and re- 

suited in a larger rise of temperature at the surface when the suo- 

oeeding lift was olaoed. The low air temperature and seven day 

interval between lifts resulted in a low average maximum temperature 

rise of' about 27° for this lift. Fig. li is a study of the effect of 

the eriod of exoosure, plaoing and air tenì7eratures on the rise in 
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temperature of a 5 foot interior lift. Comaring curves 4 and 5 for 

which the time of exposure is nearly the sa it is seen that tern- 

erature rise of curve 5 is about 30 F. more than ourve 4. This is 

the effeot of the higher air and plaoin temperatures for curve 4. 

The higher temperatures cause the cement to generate heat at a more 

ra,id rate thus oermittthg more heat to be dissipated during the 

neriod of exoosure. Comparing curves 3 and 5 for which the placing 

temoeratures were the saine the longer oeriod of exposure and lower 

air temoerature for curve 5 caused a 50 F. less temperature rise. 

The average temoerature rise of all concrete in which thermometers 

were nlaced was about 350 F. 

Strainineter Records 

The observed reading of horizontal strainmoters embedded in the 

foundation and concrete of block 10 are shown in Fig. 12. The cor- 

reoted strains and temoeratures are averages for the two groups of 

meters located at the axis and 94 feet downstream from the axis. The 

records of the meters 20 feet upstream from the axis are affected by 

the cut-off trench and are not comoarable with the other two groups. 

Corrected strain is obtained by subtraotin algebraically the strain 

caused by temperature change from the actual strain as determined by 

the meter. If it be imagined that the base of the dam were free to 

move, the strain measured by the meters would be equal to the strain 

oomouted from the measured temoerature change and coefficient of 

exoansion and the corrected strain for this case would be equal to 

zero. The actual conditions of restraint change the results and 

make corrected strain a measure of stress and because of this fact it 



25 

i utilized as a check on computed stress under similar conditions. 

It is believed that a change in moisture content of th concrete at 

the base of the dam is impossible, therefore all strain is assumed to 

be the effect of temerature change and stress. Referring to Fig. 12 

it is seen that at the age of 3 days the expansion of the concrete 

that would occur if unrestrained was prevented by the underlying rock 

causing a corrected strain of contraction in the rock and concrete 

where the temperature increased and corrected strain of elongation 

in the underlying rock where there was no increase in teroerature. 

The temperature of the rock four feet below the base began to rise 

after three days, and the restraint of expansion by the underlying 

rook caused a corrected strain of contraction. As the temperature 

of the concrete one foot above the base began to fall the contrac- 

tion tion strain decreased and the elongation strain of the rock 9 

feet below the base also decreased. These strains were not used to 

determine stress because of uncertainty as to the plastic and elastic 

orooerties of the rook. However, a comparison of these strains with 

oomuted strains will be made in connection with computed temperature 

stresses. 

The vertical strainineters embedded in the foundation and concrete 

of block 10 were located so as to determine the distribution of the 

heavy concentrated pier load over the foundation. The iers as yet 

have not been loaded with gates and horizontal water thrust so the 

chief value of these meters has not yet been realized. However, the 

meters have given an indication of the distribution of the weight of 

concrete in a transverse direction and the resulting deflection of the 

foundation. Fig. 13 shows the sequence of lifts in block 10 and the 
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def1ction curves in a transverse direction. The deflection caused 

by the two lifts olaoed on the 22nd and 25th of September which did 

not cover the whole foundation have been disregarded and the defleotions 

slotted in Fig. 13 are those which occurred after the id of October. 

The instruments were read daily. The difference between the first read- 

ing made after a lift was olaced and the previous reading was regarded 

as elastic deflection of the foundation. The increase in deflection 

shown by the change in strain of rook during the period between lifts 

was taken to be plastic. As deflection was determined at only three 

points and these were not symmetrically located, it cannot be said that 

the smooth curves of the figure give the true shape of the deflected 

foundation. A set of meters located at the center of the base would 

probably show greater deflections. The effect of these deflections on 

stresses in the concrete have been calculated,and the comutation and 

results will be briefly discussed later. 

VIII 

CONSTRUCTION EXPERIENCE AND CONDITION OF FINISID CONCRETE 

Following is a brief statement of the problems encountered in both 

seasonts work and the present (December 1936) condition of finished 

conorete. 

First Season's Experience 

Rapid progress was made in preparing bed rock the first season 

(1935) and the placing of concrete therefore began somewhat earlier 

than anticipated which resulted in olacing temperatures much higher 

than 2lanned. For the first and second seasons the placing temperature 
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at the former was about 700 until mid-October when It droDoed to about 

500 and remained there for most of the mass concrete. txiring the warm 

weather of 1935 a false set occurred soon after placement but not un- 

tu the mass had been vibrated. This early hardening is characteristic 

of fine cements and was noticeable here because of the contrast with 

other parts of the oroject where coarser cements were used. Other 

than this the workability and lack of segregation of the concrete was 

Very satisfactory. Tests made at Berkeley showed that portland 

ouzzolan cement stiffened no more raid1y than did normal portland 

oement rroduced at the saine mill when of the sante fineness. Construc- 

tion records of other projects where fine cements were used disclose 

the same results. This condition at Bonneville so far as is known to 

date is accomoanied by no ill effects on the physical properties of 

the concrete. 

The higher starting temoerature was accompanied by a less total 

rise, thus resulting in a com7ensatin effect. 

Design Changes 

In the interval between the first and second steo construction, 

i.e., the swrixner of 1936, studies were made with a view of improving 

the design of the second half of the dam, based on knowledge gained 

from concrete and foundation rock. It was decided to adopt a cement 

factor of .9 bbl. oer cu. yd. of concrete for the mass, and to reduce 

the slumo to a maximum of 2". As evidenced by the photoelastic studies 

there can be no doubt but that the sawteeth ledges in foundation rook 

cause a very considerable increase in existing stresses. Since it 
was determined that the foundation rock possesses a wide margin of 

safety in shear, there was no longer reason for continuing to build 
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these sharo breaks as had been done for the first step. The new de- 

sign, therefore, called for a reasonably flat base but always with a 

slight slope downward in an upstream direction. The surface of the 

rock breaks very rough and was therefore left in this condition to 

receive the concrete. 

Second Season's Work 

The second season's work progressed more rapidly than the first 

and there was no problem with the early set as described above. The 

concrete was entirely satisfactory from the standooint of workability, 

water gain, etc. It is not known just why the early set 8hould vary 

with cement of substantially the same composition. 

The first season's work was with a new concrete plant and new 

organization; the concrete w's conveyed to the opposite end of the 

dais, whereas the second years work was a much shorter distance and 

with a well aerfected organization. 

Condition of Finished Concrete 

Due to the shaoe of the spiliway block and to the special cernent 

used, great interest existed 5 to the nature and apoearance of the con- 

crete as evidenced by surface inspeotion. The 8pillway dam has been 

insoected by numerous visiting engineers, who are primarily interested 

in coriorete, and the uríriimous verdict has been that the structure is 

surorisingly free of cracks, sand streaks, honeycomb and other evidence 

of segregation. However, on close inspection it is seen that small 

cracks have occurred in localized areas. 
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Block 10 was the first built and preceded adjoining blocks by a 

few lifts. A transverse inspection tunnel in this block disclosed two 

vertical cracks parallel with the axis and at points distant from the 

axis corresponding with the tops of ledges or "saw-teeth" as noted on 

Fig. 1. At these positions bulkhead forms were inadvertently built to 

the height of about 4 ft. The cracks evidently are extensions of 

these construction joints. As block 9 was built up its north face was 

exposed inside the cofferdam and was closely watched. It also soon 

cracked in positions corresponding to 10. In each case the cracks 

oceurred about 15 days after the lifts containing cracks were placed. 

Brase plugs were installed in such a way as to measure the changing 

width. No other cracks of any kind were observed during the working 

season of 1935-1936 although a thorough in8pection was made. Not 

only were no other cracks visible but the surface was also largely 

tree of crazing, honeycomb, sand streaks and lime deposits. 

As soon as the water subsided in august 1936, the interior of all 

blocks were again examined, and cracks Iiown to exist in block 10 were 

measured and found to bave closed somewhat. Those on the north face 

of block 9 were also measured and found to be about the saine as the 

season before. In November 1936 a crack survey was made in which all 

finished surfaces were closely inspected and a record made of all 

imperfections then visible. The second half of the dam was then sub- 

stantially finished up to the spillway crest and the survey included 

surfaces visible on all faces of blocks, piers and inspection tunnels 

as well as many large exposures in wing walls and abutment structures. 



As a part of this survey, the aotua]. width of all craoks was measured 

by the use of a Brinell microscope in which the readings are direct 

to 1/lo of a millimeter. It was also found entirely practicable to 

further estimate to i/ioo of a millimeter which pernitted an accuracy 

of O".00039. The structural cracks in block 10 were found to be O".027 

in width at this time. Since the adjoining block on the north of block 

9 covered the cracks there, it was impossible to measure them. Some 

leakage occurs in both cracks in block 10 and a small amount of lime 

decosit on the surface indicates that leaching will take place even 

though the amount of water present is very small. At one other point 

only is this surface deposit visible and that is the upstream face of 

main insteotion tunnel where the wall is damp and discolored for a 

distance of about ten feet. 

In addition to those mentioned, the crack survey disclosed three 

vertical structural cracks over the entire barrel of the transverse 

tunnel of block 5; the widths being respectively 0".005, Ott.005, 

O".0l5. There are also numerous others in block 5 both vertically and 

horizontally but disconnected. There was analmost uniform width of 

0".004, and at intervals of from 3 ft. to 10 ft. On the spiliway crest 

of this block two diagonal cracks were evident which on examination 

were found to be O".005 wide, which were entirely closed and when seen 

under the microscope appeared to be tightly filled with material cement- 

ed in place, - thus perhaps falling in the class of self-healing cracks. 

Attention should be called to the fact that block 5 was built 

much in advance of adjoining blocks for a large part of its mass. 

This resulted in raoid cooling and was cossibly res jonsible for the 

excessive cracking which occurred in this block as compared with all 
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others. 

In the transverse tuimel of block 18 a vertical crack was found 

in one wall and aoross the floor, thus probably extending to the foun- 

dation rock some fifteen feet below. This crack was O?1.012 wide. 

Thus in three of the five transverse tunnels, vertical craois occur 

and in the others none occur that are visible under close inspection. 

Other cracks were evident in the tunnel walls in limited areas. 

They were found to be about O".005 wide and open. It was thought, 

however, that they are in the surface only since those passing through 

bolt holes with smooth interiors apoeared to terminate at about l-1/3" 

under the surface. They are all disconnected and may have resulted 

from the cold waters of the revious seasonal flood a few weeks 

earlier. Study of the isothermic charts indicates a maximum drop of 

about 200 F. in temperature below the maximum. 

The crack survey disclosed two other conditions, both of which 

appeared on the olers. In numerous olaces cracks were recorded, almost 

all being horizontal or nearly so and from two to ten feet in length. 

Not all were measured but those that appeared to be the most extensive 

were measured and found to be 011.004 to 0".005 wide and closed In much 

the same way as described on the surface of block b; which leads to a 

rossible conclusion that a self-healing crack may be one that occurs 

in a zone of stress. So-called autogenous healing is doubtless assisted 

by subsequent hydration of de'osited material. In both cases mentioned, 

the stress is the dead load of the structure only. 

Other signs of cracking on piers, until more carefully examined, 

had been called crazing. Isolated areas had a spiderweb appearance, 
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whioh on close examination was found to be in a thin film on the sur- 

face only. When ground down and studied under the microscope, the 

surface was entirely unbroken. This film undoubtedly collects on 

the smooth surface of the forms and at some stage of the orooess 

shrinks or weathers enough to roduce the rather unusual effect. At 

numerous other places, throughout the period of construction, rein- 

forced concrete structures erosed for a Deriod of months, were 

closely inspected and disclosed no cracks with the exception of one 

wing wall which exhibits three small cracks similar to those on piers. 

These struotures were generally reinforced with about 0.4% temperature 

reinforcement and were often from 75 ft. to 100 ft. in length without 

joints. The cement factor in these oases was about 1.4 bbl. per yard 

of concrete and curing was 14 days with cold river water. The super- 

structure consisting of extremely heavy reinforced concrete girders, 

uaraet walls, floor anels, etc. are cree of cracks and other sur- 

face defects. 

From a study of these data it can readily be seen that the cracks 

in the structure range from O".027 downward - which apears to be an 

unusually satisfactory condition. 

Ix 

THERMAL TENSILE STRESS 

Thus far the text of this paper has been primarily concerned with 

reciting factual data that concern Bonneville problcms only. The 

sDecial consideration given to the cement, the properties of perfected 

concrete mixes and the quality of the concrete as evidenced by visual 

insoection can now be acceoted as the basis for an intelligent analy- 

sis of stress in the mass due to thermal changes. 



33 

There is a well known prinoiple of struotural meohanios which 

states that if the two ends of a Pri8m are inurLovably fixed when under 

no strain and if the temperature is lowered through a known range, then 

the body suffers a tension oroportional to the fall in temperature so 

long as the stress remains within the elastic limit. If one end were 

free to move, then for a rise or fall of one degree a unit of length 

would change by an amount equal to the ooeffioient of expansion. Any 

given length then will change by an amount equal to the length times 

the coefficient of expansion times the number of degrees fall (or ri8e). 

If this contraction is revented a foroe will be set up which is the 

product of the modulus of elasticity, the coefficient of expansion, and 

the temoerature change. From this it is evident that for a given tern- 

oerature change, stresses in different materials are proportional to 

the moduli of elasticity and the coefficient of expansion, or in other 

words, their simple rigidity. 

A mass concrete darn is usually built up in layers with an interval 

of time between lifts. The amount and rate of temperature rise in each 

lift is a function of the temperature of the concrete when olaced, the 

cement content, the air temperature, the depth of the lift and the time 

interval between the layers. The temperature at any time in the con- 

crete varies in a manner similar to variation shown in Fig. lO. For 

the first few weeks after the concrete is placed the variation in tern- 

oerature is large; at later ages this variation becomes much smaller. 

Stresses are developed in the concrete by these temperature variations 

as oartial restraint against movement is provided by the foundation, 
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which usually changes In temper9ture much less than the concrete, &id 

by the concxete Itself. The sections whIch are at the highest tempera- 

ture being partially restrained against expansion by the cooler sections 

which are in turn expanded somewhat by the warmer concrete. 

It is generally known that the modulus of elasticity of concrete 

varies with stress and with age. The different ages of the lifts and 

the variations in temperature with depth in each lift at early ages 

m&lces the deteinilnation of temperature stresses in mass concrete a much 

more difficult problem than the example of the prism given above. 

An analysis of stresses resulting from thermal changes alone has 

been made of one block of the spiliway dem in which the above principles 

have been applied. Block 10 was selected because in it was placed an 

extensive system of thermometers and in the rock below its base strain- 

meters were embedded in such a way as to measure both the horizontal and 

vertical deformations. In addition to this, it Is the only block of the 

first step construction in which cracks were observed to such an extent 

as to justify consideration from the standpoint of analysis. The value 

of this type of calculation is that lt is not based on a wide variety of 

assumptions, but on actual measured coefficients of the materials in- 

volved. Again, sections for analysis are selected in which instruments 

have been placed, the results of which are a check on computations. 

At the time cracks occurred in block 10, the fall in tempera- 

ture was only 40, although it is usually considered that under com- 

plete restraint concrete can stand a temperature drop of at least 

15e. Therefore, the existing condition must have been more severe 
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than that of oom)lete restraint. Upon examination lt was evident that 

there were other causes contributing to the formation of the cracks 

that occurred. They may be enumerated as follows: 

1. Simultaneous rise in temperature of overlying and 
underlying material. 

2. Effect of vertical load on yielding foundation, 
resulting in a non-uniform depression of base, 
the central portion being depressed more than 
the sides. 

3. Rapid application of force due to expanding 
concrete abo-e. 

4. Presence of abrupt changes in cross-section 
produced by saw-teeth in the foundation rook 
and bulkheads in concrete. 

To evaluate the foregoing causes, a step-by-step analysis was 

made to determine the temperature stresses when the cracks occurred. 

This analysis takes account of the ohanging properties of the concrete 

and is based upon the following fundamental conception of the stress 

oonditions: That shearing stress due to temoerature deformation in a 

block 135 feet long is zero in the central portion of the 135 foot 

dimension. 

With regard to this statement consider a lift of concrete 135' 

in length ?laoed upon bedrock. The temperature of the concrete three 

days after placing is highest near the center of the lift; at the upper 

surface the temperature is the same as that of the air; and at the con- 

tact with the rock the temperature is less than the center temperature. 

At the ends of the lift the normal stresses, or tensile and compressive 

stresses, resulting from this temnerature variation must be equal to 

zero, and the shearing stresses at their maximum value. Progressing 

towards the center of the 135' dimension the normal stresses increase 
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and the shearing stresses decrease until the shearing stresses become 

zero arid the normal stresses maximum. Between this point and the 

oorresooudizg point near the other end the shear is zero and the nor- 

mal forces do not ohnge. The normal stresses are the result of 

partial restraint of temperature deformation. The portion of the tern- 

perature deformation which is not restrained must be equal in amount 

at all points in a vertical seetion through the concreto. If this 

were not true a vertical section before temoerature change would be 

warood or rotated after temperature change and the shear would not be 

equal to zero. The analysis does not take into account the effect of 

horizontal deformations and stresses arallel to the axis of the darn 

or the stresses transverse to the axis. 

To compute the temperatures and stre8ses in concrete, the thermal 

and elastic characteristics of the concrete must be known. The inves- 

tigations oreviously described determined the following: 

Diffusivity of concrete .............. .... 0.7 ft.2 per day 
Rate of heat generation .................. Fig. 4 
Modulus of elasticity of the 

foundationrock ..... .400,000lbs.oersq.in. 
Plastic properties of the concrete ....... . Fig. 5 
Stress strain relations of the oonorete... Fig. 6 
Coefficient of thermal exoansion of 

concrete ................................ 0.000004 in. per in. 
the first day. 

0.000005 in. per in. 
after the first day. 

Coefficient of thermal expansion of the 
rook ................ . . . . . . . ........ . . . . . 0.000005 in. nor in. 

The modulus of elasticity of the rook as determined by compres- 

sion tests under complete lateral restraint on the three types of 

rook oredominating in the first 15' below the concrete gave values 



37 

ranging from 100,000 to 800,000 lbs. per sq. in. Ari average value 

of 400,000 lbs. per sq. in. was used ft the ooinputations. The dif- 

fusivity of the rook was found by test on one sample of a type not 

occurring under block 10 to be less than that of the concrete. Corn- 

putations, made from the measured temperature records, of the value of 

the diffusivity gave varying results ranging above and below the value 

of the diffusivity of the concrete. For this reason the temperature 

oomoutations were based upon the assumption that the diffusivity of 

the rock is the saxn as the concrete. 

The plastic flow coefficient ourve Fig. 5 was determined from 

comoression tests on the assumotion that flow is r000rtional to 

stress. For the computations of stress the additional assumption was 

made that flow in compression and tension are the same, as test data 

concerning the plastic properties of the concrete under tensile stress 

at early ages were not available. 

Method of Coumutation 

The temperature in the rock and concrete was computed for each 

foot of elevation above and below the contact of the concrete with 

the rock. The intervals of time for which the temperature distribu- 

tion ware computed included the first day after each lift was placed, 

and remainder of the interval until the olacing of the next lift was 

divided into two or three periods. The cement content, the placing 

and air temperatures, and the deoth and time of olaoement were taken 

from concrete inspection reports for block 10. As shown on Fig. 7, 

the first lift to extend from the contraction joint, 97' downstream 
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from the dam axis, to the upstream heel was placed to elevation -33.0 

at the axis. It was this lift that was considered to be the lift in 

contact with the foundation for the temperature and stress computations 

which were for a vertical section at the axis of the darn where the 

first lift was 7' thick. 

The tem3erature distribution having been computed at a vertical 

plane through the lift for each period the corresponding stresses were 

computed as follows: 

1. Referring to Fig. 14, line "A" was olotted and 
represents the unrestrained deformation as determined by the 
temperature change and the appropriate coefficient of ex- 
pans ion. 

2. Line tßtI 
j 50 located that the susunation of 

stresses resulting from the deformation which does not take 
place (the difference between the abscissae of the "A" and 
"B" lines) is equal to zero. 

3. All of the restrained deformation does not produce 
stress because of the olastlo nature of the concrete. 
The shaded area between the tiAti and "C" lines represents 
olastio strain, and the unshaded area between represents 
elastic strain which oroduces stress. 

4. From diagrams similar to Fig. 14 stresses were 
computed for the several periods. These values were then 
combined with stresses present at the beginning of the period 
and which were adjusted for the plastio relief occurring 
during the period. 

This procedure was continued at adopted time intervals until the 

age of 18 days for the first lift was reaohed. At about this time 

cracks occurred in block 10. The computed stresses are shown in 

Fig. 15. 

Txe discontinuity in the strain diagram Fig. 14 at point 12 is 

the effect of the 90 difference between the air temperature and the 
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niacing temperature of the third lift. The surfaoe of the second lift 

was at air texmerature at the beginni.n of the period and the placing 

temDerature of the third lift was 9° higher than the air temperature. 

The discontinuity in the stress distribution at the junction of lifts 

was due to this difference in temperature and to the difference in 

elastic and olastio properties of concrete of different ases. 

In Fig. 16 a oomarison is made of the computed and measured 

corrected strains in the rook and in the concrete one foot above the 

base. The close agreement of the two groups of curves is a convincing 

check. 

Results of Thermal Stress Computation 

The computed stresses due to thermal change plotted in Fig. 15 

shows clearly the discontinuity in stress at the junction between 

lifts. The similarity of the stress conditions in the seoond lift on 

the eleventh day and in the third lift on the 18th day indicates that 

the stress distribution is typical for an interior lift during the 

oeriod that temoerature is rising and the lift is exposed. The defor- 

ination due to temperature is partially restrained by the older concrete 

below, which does not rise arpreoiably in temperature. The temperature 

of the new concrete at the base of the lift does not rise as much as 

that in the middle of the lift and therefore the stress is less. Also 

on the eighth and fourteenth days in lifts one and two, respectively, 

the stress condition apears to be typical for a lift in which the tern- 

perature is falling and which is still exposed. Here the loss in heat 

is through the exposed top surface producing tensile stress in the 

upper seotion of the lift. The maximum tensile stresses in the first 

lift fror temperature change alone occurred on the eighteenth day with 

150 p.s.t. at two feet above the rock. 



Stresses caused by Vertical Deflection 

The vertical defleotions of the foundation as shown in Fig. 13 

were investigated to determine the stress developed in the concrete 

as a result of these defleotions. The concrete was considered as a 

beam subjected to a funiform load sufficient to produoe the measured 

deflections. The different ages, and elastic and olastlo properties 

of the lifts were considered in computing the stress. The results of 

this oomuutation gave a tensile stress of 50 p.s.i. at the base of 

the dein at the time cracking occurred which was during the priod of 

exposure of the lift number 3, Fig. 13. This stress when added to the 

computed thermal stres8 gives a total of 200 p.s.i. 

Effect of Shape of Foundation 

This tension at the bottom develooed period of about 

three weeks. Cracks occurred at locations where longitudinal bulk- 

head joints were olaced at the top of ridges left in foundation rook. 

The two together formed a break in the cross-section of about ten 

feet in height. It is well known that abrupt changes in section cause 

a great increase in the intensity of existing stresses. Photo-elastic 

tests made on models of this oarticular section indicated the following 

stress factors in comoarison with a perfectly flat base: for sawteeth 

alone the stress above the sawtooth was 1.6 times the stress for the 

flat base; for sawteeth chis a vertical bulkhead the local stress 

above the bulkhead was considerably greater than twice the value where 

no discontinuity existed; and the case where the base was flat but left 

rough there was no apparent increased stress. The presence of bulk- 
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heads in the first lift oaused such severe conditions that cracks would 

inevitably have occurred evcn for stresses of small magnitude. Apply- 

ing a concentration factor of 2.0 to the stress of 
200 p.s.i. a stress 

of 400 p.s.i. is obtained which is more than sufficient to crack con- 

crete three weeks old. 

Stresses from Final Cooling 

The changes in stress resulting from the olacement of additional 

lifts in block 10 have not been computed, as the object of the coin- 

putations was only to determine the stress existing at the tizne the 

cracks occurred. However, the oond!tions producing stress are evident 

and an estimate has been made of the stress when cooling is complete. 

The remainder of the lifts will have little effect on the tensile 

stress in the foundation lift as the depth of concrete is great and 

only a small increase in unit tensile stress balances the coprossive 

stress developed in the new lift. The chief increase in tensile stress 

at the foundation is caused by the gradual cooling to the final tern- 

perature. From Fig. 9 it is seen that in 10 months the base of block 

at the axis has cooled 200 or at an average rate of 20 per month. 

The final temoerature of the darn will probably be 55°. The tempera- 

ture of the base of block 10 on September 1, 1936 was 65° leaving 100 

of further cooling which would proceed at a slower rate than the 

previous cooling, probably at about 1° per month. 

The extensibility tests of the first investigation showed that 

under periodically increasing tensile load for concrete made from 

portland-puzzolan cement the sustained modulus of elasticity was 
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2,000,000 lbs. er sq. in. at the age of 5 months. Under complete 

restraint, the 200 drop in temperature by September 1, 1936 with a 

modulus of elasticity of 2,000,000 lbs. per sq. in. and a ooeffioient 

of thermal contraction of 0.000005 in. per in. per degree,a stress of 

200 p.s.i. would be developed. However, complete restraint does not 

exist and the stress would be somewhat less. This stress combined 

with that resulting from the final lO cooling will orobably closely 

acoroach the 200 n.s.i. mentioned, making a total of 400 p.s.i. 

If the effect of stress concentrations due to irregular sawteeth 

and bulkhead forms be taken into account, it would as previously 

shown miltiply existing stresses by at least two, resulting in a 

possible tnnsile stress of 800 p.s.i. 

CONCLUSIONS AND RECO9NDATIONS 

Portland Puzzolan Cement in Mass Concrete 

It is reoogniLed that with the very meager existing knowledge of 

elastic and olastio orooerties of concrete at early ages and the little 

known influence of restraint8 which ordinarily exist in mass concrete 

dams any conclusions at this time must be regarded as not fully sub- 

stantiated. However, a single case such as the Bonneville concrete 

carried through to its logical sequences may be of some value. 

The effect of the cement alone is small but it cannot fairly be 

considered alone. An incomplete list of those conditions which may 
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be said to influence the use of cement in mass structure is as 

follows: 

Placing temoerature of conerete,final stable temDerature, 
heat of hydration of cement, cement factor, character of aggre- 
gate, resulting tensile and compressive strength of concrete, 
elastic and plastic øroperties of conorete,dimension of sec- 
tions as determined by design; artificial or natural methods of 
000ling,size and thickness of lifts, time of exposure of each 
lift before being covered, uniform rate of construction with 
relation to adjoining lifts, foundation rook including ita 
elastic and plastic oroperties and the shape and preparation 
of the contact surface. 

Portland Duzzolan cement as used at Bonneville has given highly 

satisfactory results. It seems safe to say that it deserves an in- 

creasingly imoortant olace among special cements and when used in 

carefully designed mixes the resulting concrete may be said to have 

the following advantageous oroperties: 

1. Imoroved workability. 
2. Freedom from segregation and water gain. 
3. High factor of impermeability as compared 

with low heat oortland oement. 
4. In comyarison with modified oortland cement a 

greater percentage of total heat of hydration 
is developed at early ages and less total 
heat of hydration. 

5. Relatively high early tensile and comuressive 
strength coupled with high early and oontinued 
high plastic properties. 

6. Long continued gain in strength. 

During the design period the effect of the above mentioned orop- 

erties should be c refully reconciled with other conditions influencing 

the choice of cement for mass concrete. The result will make oossible 

a decision as to whether or not portland puzzolan cement should be 

used. 

A Construction Program to idinimize Tensile Stresses 

A construction program can be adopted before contract commit- 



ments are made which will mininúze the stresses due to thennal changes 

as a cart of the program of construction which can readily be set up 

in advance. The cement properties or better than that definite con- 

trol properties for concrete can be s)ecified. The engineer has only 

to reoall the rapid strides made in recent years in concrete manufactur- 

ing rocesses beginning with the promulgation of the water cement ratio 

and the Abrams fineness modulus ourves for aggregates to have oonfi- 

dence in his ability to make much greater strides than in. the past. 

In the construction industry the engineer must take the lead with only 

professional progress as his reward. There has been a full measure 

of this in the past, but anyone who works with concrete knows that 

the ultimate standards of construction are not yet known. To again 

quote from J. L. Savage and others in their most excellent paper on 

tSecia1 Cement for Mass Concrete": "It might be said that the ideal 

conorete dam would be one involving sufficiently low volume change8 

to oermit its being built as a monolith without fear of cracking, and 

of concrete which would withstand indefinitely the rigors of severe 

climatic or other disintegrating conditions". 

An improved program of construction would not entail revolution- 

ary changes in 3resent methods. A suggested outline might well in- 

olude the following: 

1. Speolfy a concrete (or cement) which will meet definite 
requirements as to heat of hydration, diffusi'mity, permeability, 
strength in both tension and compression, plastio flow properties 
within an allowable range when tested under construction condi- 
tions. 

2. Specify the permissible heat range in various portions 
of the mass when considered with time. This should necessarily 
take into account the lacing temperature and final stable 
temperature to be exnted. 
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3. The rate of construction should be so controlled that 
the requirements in 2 could be met and so that too rapid build- 
in of one blook as against otheroortions of the structure 
would be orohibited. This is emphasized by the result8 of block 
5 at Bonneville. It is entirely possible that a graduated time 
schedule could be followed with profit. 

4. There should be some latitude in construction require- 
merits depending on what 18 disclosed by bed rook conditions when 
exoosed. This is esoeoially imoortant if a variable condition 
exists as at Bonneville. 

The above would not upset the competitive phase of oontract 

awards so long as all bidders are ori the saine basis and should not 

result in greatly increased costs if the builders have full owledge 

of conditions to be encountered before olanning their organization. 

A Method of Design Analysis Taking into Account Tensile Stresses 

I-t, is reoomsnended that a method of stress analysis in the design 

of mass concrete dams be adopted in which the effect of thermal stresses 

are taken into consideration as well as stresses due to gravity and 

water loads. The usual method of mass concrete design as aoplied to 

dams does not take this im?ortant principle into account. Principal 

stress studies and foundation loading assume that the entire section 

or a well defined part thereof acts as a monolith. The redistribution 

of stresses due to cracks is not known. In dealing with cracks in 

gravity dams, while they are generally admitted to be objectionable, 

they are sometimes thought of as a construction joint built by nature 

where none was otherwise orovided. It has been stated on good 

authority that oracks of less than O".Ol in width are surface oraoks 

only. A general division of cracks into surface and structural 

cracks may be made in which the latter includes all cracks that are 
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extensive, that are well defined in width, are of Buffloient length 

and in such oosition that if open would divide the mass seotion and 

oause stresses to be redistributed from that computed for the 

intact seotion. A vertical crack parallel with the axis of a gravity 

dam if extensive certainly falls in this class of structural cracks. 

The only way it can deve].00 shearing strength is through displacement 

of one section. Deoosit in the crack and subsequent hydration of 

deoosited materials may later heal it. On the other hand, weather.- 

ing and seasonal temperature fluctuations may through a long period 

of years result in a condition that causes failure and calls for 

reoairs. Early concrete pavement on American highways is an extreme 

xamole of this. In any event it is herein assumed that struotural 

oraos in mass concrete dams are objeotionable, and if reasonably 

possible, design and construction should be so conducted that they 

will not occur. The fact that at Bonneville for instance, cracks 

formed in some blocks and did not in others, indicates that condi- 

tions may be close to a state of equilibrium and if a more exact 

measure of thermal stresses were known, greater safety and longer 

life could oerhaos be attained by slight changes in an otherwise 

well balanced design. 

It has been pointed out that a crack occurred when only a 40 drop 

had taken place but was a8sisted by expanding rock below and concrete 

above. An analysis should therefore set up the relative changes that 

can be allowed between the lifts of predetermined thickness rather than 

the allowable drop for a single lift. It can readily be shown that a 

rather large droo can be withstood by a single lift if conditions are 

favorable. The first lift should be Dlaoed on a prepared base that is 

rough but free from large and abrupt changes in cross section and care 



47 

exercised that no vertical joints are allowed which would thus con- 

stitute the beginning of a vertical crack. It Is possible that due to 

its close contact with the rock its power to resist stresses would 

probebly more nearly approach that of the modulus of rupture of con- 

crete instead of pure tension. The following summary is in support of 

this method of deeign. 

1. Uncertainty exists as to the effect of cracks on the 

distribution of gravity loads. 

2. It is possible to detemine the degree of safety 

against structural cracks in any definite plan of construction. 

3. To ignore tensile stress studies may result in a design 

In which the factor of safety in this respect is less than one, 

whereas in sil other respects nple safety exists. 

4. It is therefore reconinended that temperature-tensile 

stresses be taken into account. To do so follows well established 

practice in engineering design of other structures in which sich 

stresses exist. 
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Teble 1. - Chemical and Fhy5lcal Froperties of Cemeits 

Type A Type B Type C (portland-Puzzolan) 
(Modified (Low-heat Shale Diet. Pumi- Clay Av. 
Portland) Portland) Earth cite _______________________ 

3CS 51 26 52 52 52 2 52 
Compound compoeltion 2CS 22 46 21 21 21 21 21 
of clinker, percent 3CA 6 6 6 6 6 6 6 

4CL! 1? 16 17 17 17 1? 17 

% Pass.no.200 sieve 97.7 98.0 96.7 97.4 98.3 98.2 97.7 
Fine-e . 3! 89.1 91.3 90.5 89.1 90.9 92.1 90.7 
ness Sp.aurf.,sg.cm perg 1950 1980 2130 2170 2170 2290 2190 
Specific gravity 3.18 3.19 2.92 2.96 2.93 3.00 2.2e 
Percentage of water for 

normalconsi3tency 22.9 24.5 37.5 32.0 25.5 28.5 30.9 

i dey. 210 65 175 185 145 150 165 

3 day 370 200 315 340 270 255 295 

Tensile 8trength 7 day 420 275 395 435 345 370 385 

of standard 28 day 440 410 540 525 470 475 505 
mortar, p.e.i. 3 mo. 480 475 590 565 560 500 555 

5 mo. 470 495 615 555 55 495 560 



Table 2. -- Water Requirement, Water Gain, and 

Permebi1ity of Concretes 

'rype A Type B Type C_(Portland-puzzolan) 
(Modifiec (Low-heat 

a e 
Diet. Pumi- 

Av 
______________________________ Portland Portland) !arth cite 

Water-cemt ratio, by irt., 

required ror 3/4-In. sluitp ot 
concrete (Cement content 1.0 0.68 0.67 0.73 0.70 0.66 0.65 O.6 

bbl. per cu. yd.; O to l-1/2 

in._aggregate) 

Water gain, milliliters, on 18 
_____ _____ 

by 3e-in. concrete eylind.r 

(Ceient content 0.9 bbl. per 135 63 29 - - - - 

Cu. yd.; O to 6-in. aggregate 

slump of wet-screened concreti 

1-1/2 in.) _____ 
Inflow of water, milliliters, 

________ _____ 

th4:o 30 by 30-in. concrete 

cylinder during period of 36 

hr. under pressure of 100 

p.s.i. (CeTrent content 0.9 

bbl. per eu. yd.; O to 6-In. 480 320 180 - - - - 

aggregate; slump of wet- 

screened concrete l-1/2 In.; 

standard curing; specimens 

tested at age of 28 days) _________ _____ ____________ 



Pable 3. - Heat of ydrat1on of Cementa 

I Type A T'ype B Type C (Port1id-pu zolan) ______ 
Shale Diet. Pumi- Clay Av. (Moditied (Low-heat 

Portland) Portland) ______ Earth cite _____ ______ ____________________________ 

700F. i da 38 25 36 35 32 32 34 
3da 58 51 55 54 50 51 52 

Heat of hydratIon, 7 da 75 61 67 68 61 64 65 
calories per gram 28 da 85 68 78 79 71 77 76 

ide 16 14 18 - - - - 

3da 36 25 37 - - - - 

40°P'.7da 50 40 50 - - - - 

____________ 28de 76 64 65 - - - - 

NOTE: ater-cement ratio 0.40 by it.; varie calorimeter; values 
represent heat enerted from time 3pecimen was naced 
In calorimeter, 15 mIn. after cement was wetted. 



Table 4. - Cornpres9ive and Tensile Stren.tr8 of Concrete 

__________________________ 

type A 

(Modified 
Portland) 

Type B 

(Low-heat 
Portland) 

Type C_(Portland-pu.'zolen) 
Shale 
_____ 

Diat. 
arth 

Fumi- 
cite 

Clay 
______ 

______ 
Av. 

Watr-ceient ratio1 by wt. O.8 0.67 0.73 0.70 0.66 0.65 
_______ 

0.68 
Stand- Corn- 
erd pree!lve 3 mc 

curing 3trength1p.5.i. 5 mo 

3600 
3870 

3750 
4240 

3790 
4150 

4150 
4180 

3500 
3780 

3270 
3300 

3680 
3850 

Mas9 
curing 

Corn- 
presaive 
strength 
p.s.i. 

i 172 de. 170 50 210 - - - - 

3 a. 610 170 790 610 440 500 610 
7 da. 1620 530 1760 1480 1100 1430 1440 

28 da. 3300 2640 3540 3220 2610 2890 3060 
3 no. 3830 4090 3810 3710 3690 3410 3650 
5 o. 4030 4650 4050 3720 4230 3260 3810 

fro'n 
40e'. 

_________ 

Tensile 
strentb 
p.a.i. 

________ 

5 da. 110 40 120 - - - - 

14 da. 180 140 200 - - - - 

28 da. 270 230 340 - - - - 

3 mo. 300 290 350 - - - - 

5 ro. 280 300 370 - 
- i - - 

NOTE: Concretes cont8in 1.0 bU. of c3n}ent er Cu. yd.; O to 
1 1/2-in. aggregote; alnp 3/4 In. 



Table . -- Comparison of Average Results of Tests on 

Bonneville Dein Fortland-puzzolan Cement 

with Specification Requirements 

--- - 

_______ ______________________________________ 

Specification 
Requirement 

Approximate 
Average 

(1935-1936 Seaeon 
Sulfuric anhydride (503), percent 

______________ 
max. 0.50 0.5 

Maneaia (Wgo)1 per'cent max. 5.00 1.? 
Inaoluble res1due percent max. 0.85 0.1 

Clinker Ratio of iron oxide (Fe203) to alumina 
1A1203), percent 

______________ 
mai. 1.56 

_________________ 
1.0 

Tricaloluin silicate1 Dercent max. .55 50 
Tricalciuni aluminate, percent me-x. 7 5 ________ 
Silica (9102), percent min. 50.0 68 
Lime (CaO), percent sax. 10.00 3.5 

Puzzo- L055 on ignition, percent max. 3.00 0.1 
len Compr. etr. of puzzolan-lime-sand __________________ 

iortar at 7 da., p.s.i. 
_______________ 
jfl. 500 660 

u . . " 28 da. p.s.1. min. 800 910 
Lose on ignition1 percent max. 3.00 0.6 
Sulfuric anhydride (303), percent max. 2.00 1.3 
Magnesia (WgO), percent max. 5.00 1.6 

Portland Percentage pass1n o. 325 sieve (vet) min. 88 93 
.izzo1an Specific surface, scj. cm. per cram min. 1800 1950 

Cernent Time of initiai setting, hr.:min. min. 1:00 2:20 
Tensile strength ot standard mortar ______________ 

at 7 da., p.s.i. min. 295 320 

_______ 

n 

28 day.1 p.s.t. min. 350 410 

N0T Specific gravity of portland-puzzolan cernent 3.03. 
24 percent of water required for normal consistency of 

neat-cement paste. 



Table 6. - Coinpreesive Strength of Concretee 

tTeed in Conetruction During Seeeon of 1935-1936 

MlxNo. 15 16 8 10 3 

Surfaces or Heavily 
Interior Interior Splllway Dein Surfaces of Reinforced 

of of Not Subject Spiliway Darn, Welle, 
Location of conorete in etructure spiliway Dam Spiliway Dam to roeion; Apron, end Be&'re, 

Dur1ng During Interior of piare eubject and Slabe 
W8rm Weather Cold Weather Large Plere; to Kroeion 

____________________________________________ Thick Welle 
Maximum alzi of aggregate, in. 

_____________ 
6 

______________ 
6 3 

________________ 
3 

_________________ 
1-1/2 

Ratio of eand to coaree agr.gat., by wt. 30:70 30:70 35:65 3565 40:60 
Cnent content, bbl. per i. yd. 0,88 1.00 1.21 1.45 1.37 
Water-onent ratio, by wt. 0.75 0.63 0.58 0.52 0.60 
Slump at mixing plant, in. 3 j/4a 3 1/4a 3 l/2a 2 3/4a 4 1/2 __________ 

3 da. 390e 7yJa gØ3e 1460e 940 
Compressive strength, p.e.i. 7 dc. 9a 1360e 1780e 2630e 1870 
(6 by 12-in. cylinders, 28 dc. 1870& 2740a 3320e 4600e 3450 
standard curing) 3 10a - 4360 

6 no. - 4l0a 47Q& - 4550 

__________________________ 9 no. - 4360e - - - 

a - Concrete wet-screened. 
Strengths not reduced. 
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NORMALPOOI. EL.'72.O 

ALL. MASS CONCRETE ABOVE 
THIS LINE 5 3RD STEP CONST. 

+ IN BAYS IO TO 18 g: - _______ 

CASE I - OPERATING CONDITIONS 
NORMAL. POOL Et. 72.0 MINIMUM TAILWATER EL '5.0 

BASE OF DAM BASE OP DM 
EL.- 360 L-6O.O ________________________________ 

v ( FOR FOUNDATION PRESSURE) 1221.800 17945001 
v (TOTAL - FOR SLIDING) I434O0 2,284,1001 
H 311,500' 413,0001 

UPLIFT(FULL. HEAD ON 40% OF AREA) 356,500 49G,00l 
FOUNDATION LOADING AT HEEL 9020%' 4OO/a' 

p , TOE 8,980'/o' l5,400'/a' 
SLIDING TANGENT 0.27 0.23 

SHEARING STRESS AT BASE 158/o I9.8/a 
RESI5TANCE ATBASE (241 +175K) 3 19 /" 349 f" 

FACTOR OF SAFETV IN SHEAR 20 2 17.6 

CONCRETE MI)(E5 
wFT 5CRE!NEO 

iii ________ 
LOCATION 

_________ 
28 DAY 

5TRENGTH 
.I6 0.9 TO 1.0 MASS 1820 TO 2740" 

IO 145 SURPACESSUSJECTTO 
S WATER ACTION 

- 

8 121 
5URMCES NOT SUBJCTTO 
WATER ACTION 

________ 
332O 

1.37 HEAVILY REINFORCED WALLS, 
________ 

3450 
Lai. BEAMS AND 5LABS. 

I NOT WET SCREENED 1 5TRENGTH NOT CORRECTED FOR EFFECT OF WET SCREENING. 

FIG. I- GRAVITY 5CTION O1 SPILLWAY L)M 
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A reductTon from actual Test- 
Srtngth of io% & zo s made & - wh Coae Agga is 3m 00 

-.--- 

and6-in.respecive!y. - 

n 
CORRECTION HAS BEEN APPLIW AS MOTEl -___________ 

-a 

1 ____ 3000 __ 
X 
I- 
V) ___ 

2000 

---; 

v----- 
- __:_Ís1o/0 'X - 

--- -- 000 

- - - o 
L) 

I 

O 
0 3 7 14 2! 28 

AGE - DAVS 

, 

!:! 

C1.ASS df 
5eL/aLY 

SArE/6RAV!L 

RATIO 

WATER SLUMP 
(Field) 

MIXER BATCH j) 
OEMENT SAND GRAVU WATER iIÏi 

I BM0 2.7! lOO- I 0.BO 10 2040 4410 

5310 

- 1080 2.00 

3 B-2 1.37 40-GO 0.90 4' 2070 7950 1240 4.02 

4 Ai 1.55 40-60 080 5 2390 5300 7970 1260 4.09 

5 C-3 0.97 35-65 110 
3e 

P490 5100 9460 lOBO 4.07 

8 fr3 1.20 35-65 0.90 3 1830 4940 I6O 1090 405 

Io A-3 [44 35-65 0.80 
3* 

2180 4740 8800 1160 404 

¡5 C-4 0.87 30-70 1.15 3 1360 4530 10560 1Q40 4.14 

16 C-4 LOO 30-70 LOO 2'/Z 1520 4400 10270 f010 4.06 

CONCRETE CLASSIFICATION FOR STRENGTHS AS 
ADOPTED FROM TRIAL M1k TESTS 
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