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PREFACE 

The tests reported in parts IIA and III of this report were ini

tiated by Raymond E. Davis at the University of California under 

contract W )9-129-eng-13 6 , dated 25 April 1949. The Office, Chief of 

Engineers, by a letter dated 12 April 1950, subject, "Permeability In

vestigation under Item CW 601," authorized the continuation of these 

permeability tests at the Waterways Experiment Station. Part IIA in

cludes results of these tests to January 1952. The tests on cores 

covered by part IIB were conducted at the Waterways Experiment Station 

in accordance with authority provided in a letter, dated 16 August 1950, 

from the Office, Chief of Engineers, subject, "Special Concrete Inves

tigation." The appendix to this report was prepared by Roy W. Carlson 

for the Office, Chief of Engineers.  

The work by the Waterways Experiment Station was conducted at the 

Concrete Research Division under the supervision of Herbert K. Cook and 

Bryant Mather. The tests were performed by or under the direct super

vision of E. J. Callan and E. E. McCoy. This report was prepared by 

Bryant Mather and E. J. Callan. Part IIA is based on a report by 

Raymond E. Davis *, a paper by Herbert K. Cookl, and reports by E. E.  

McCoy dated 12 December 1950, 7 June 1951, and 13 November 1951; part 
'4 

III is based on the report by Raymond E. Davis . The appendix was 

written by Roy W. Carlson in November 1951 and revised by him in 

May 1952.  

Part IIA of Technical Memorandum No. 6-380 describes a program of 

tests initiated at the University of California in 1949 and continued at 

the Waterways Experiment Station after 1950. Specimens were made as 

part of this program for test at an age of five years. These tests were 

performed during the summer of 1954 and the results are reported herein.

* Raised numbers refer to the list of "References" at the end of this 

report.
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SYNOPSIS 

The use of air entrainment in mass concrete for large dams has 

made possible the placing of concrete with cement factors as low as 2 

bags per cubic yard. Adequate strengths can be obtained with such con

cretes but more information is desirable on their permeability under 

relatively high hydrostatic pressures. Accordingly the Office, Chief of 

Engineers, inaugurated a program for laboratory testing of cylindrical 

concrete specimens, 14-1/2 in. in diameter by 15 in. long, to provide 

data on permeability.  

The initial tests involved 15 concrete mixtures including four 

cement factors (2, 2-1/4, 2-1/2, and 3 bags per cu yd) and three fine

ness moduli of the sands (2.25, 2.50, and 2.85). Specimens representing 

each mixture were tested at 90 days, 1-1/2 years, 2 years, and 5 years; 

those tested at 90 days were retested at one year. One mixture was a 

mortar grout and was tested only at 90 days and one year. Another con

tained quartzite aggregates rather than the Pine Flat Dam sand and 

gravel used for the other mixtures, and two mixtures represented wet 

and dry consistencies; specimens of these three mixtures were tested 

only at 90 days and one year. All tests were conducted using 200-psi 

water pressure applied to the top faces of 1li-1/2- by 15-in. cylinders.  

Upon development of laboratory test data as to the relative degree 

of watertightness of present-day lean mass concrete, it appeared desir

able to verify these data by tests of actual mass concrete from dams 

under construction and from an old dam, Arrowrock, that contained 2-bag 

concrete. Obviously it was not practicable to obtain cores as large as 

those used in the laboratory tests, but it was believed that 10-in.

diameter cores could be obtained from selected locations on the dams.  

Tests of these cores would, of course, provide only a rough check of 

the laboratory test results.  

Cores were taken from five dams and tested with a 40-psi water 

pressure applied at the center of the core; the tests were made at var

ious ages ranging from 59 to an estimated 13,140 days. Each core was 

tested only once, after which it was examined for underside bond condition.
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The results obtained are considered a satisfactory indication of 

relative permeability. Although the method used to test the 10-in.  

cores is not recommended for future use, it did furnish some definite 

information on permeability trends.  

Followiing the permeability tests, a program was authorized for 

the making and testing of specimens under triaxial loading conditions.  

The triaxial specimens were 15-in. by 30-in. cylinders, each contain

ing a Carlson strain meter mounted longitudinally near the axis at mid

length for the purpose of observing axial strains due to hydration of 

the cement, saturation of the specimen, lateral pressure, pore pressure, 

and externally applied load. Certain exploratory and developmental work 

was necessary prior to conducting the tests.  

The triaxial specimens were made from three of the mixtures used 

in the high-pressure permeability tests with cement factors of 2, 2-1/2, 

and 3 bags per cu yd. Also specimens were made using quartzite aggre

gates from the same mixture used for the quartzite-aggregate permea

bility specimens. In addition, a number of the permeability specimens 

contained embedded Carlson strain meters for determining strains trans

verse to the axis of flow in conjunction with the permeability tests.  

Axial strains were determined under combinations of axial and lateral 

loading; in addition the specimens were tested for secant modulus of 

elasticity and Poisson's ratio.



PERMEABILITY AND TRIAXIAL TESTS OF LEAN MASS CONCRETE

PART I: INTRODUCTION 

Need for Data on Permeability 

1. A knowledge of the permeability of lean mass concrete is of 

considerable importance in the design of large hydraulic structures.  

Since development of uplift or pore pressures in the concrete is de

pendent upon its permeability, and since the design of a dam is predi

cated to a degree upon assumptions as to the extent of the area over 

which uplift pressures will develop, the need for reliable permeability 

data is apparent. Much previous work on this subject has been based on 

assumptions concerning uplift pressures, which were made without exper

imental evidence as to concrete permeability. Some of these assumptions 
8 

have been questioned *. The literature on permeability of lean mass con

crete is scanty. Results of an investigation of mass concrete contain

ing 4 bags of cement per cubic yard have been reported by Ruettgers, 

Vidal and Wingl3. With regard to lean concrete, containing less than 

4 bags, only the papers by Davis, Steele, and Cook, which refer to the 
4 14, 1 

tests described in this report, have been published' '. Other work 

on the general subject and comments thereon are contained in references 

5, 6, 7, 10, 11, 12, 16, and 17.  

2. For many years it has been apparent to concrete dam designers 

in the United States that the cracking in mass concrete, during and 

after the setting process, is sufficiently objectionable to warrant 

major changes in mass concrete production procedures. In 1951, the 

United States through its Committee on Large Dams submitted to the New 

Delhi Conference on Large Dams a communication in which it was stated 

that "Concrete that maintains a constant volume, free of cracks, is the 

recognized goal of all countries." 

* Raised numbers refer to the list of "References" at the end of this 

report.
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3. Dr. Hellstrom of Sweden stated at that time that "To get water

tight concrete, the aggregate must contain a large proportion of very 

fine particles. . . . In Swedish specifications, there are special 

clauses dealing with watertightness, which is the most important prop

erty of concrete." Experience in Sweden with the leaching effect of 

acid waters in pervious concrete is responsible for this view relative 

to impermeability.  

4. As the price bid on mass concrete for all dams, large and 

small, has gradually increased in recent years, an incentive has been 

created to use less cement and thus reduce the volume change and at the 

same time effect a considerable saving in the over-all cost of concrete.  

It has been evident for many years that the 2-bag concrete in the inter

ior of Elephant Butte and Arrowrock Dams*, built nearly 40 years ago, 

was amply strong and that it likewise was watertight for all practical 

purposes.  

Test Program for Development of Data on Permeability 

5. In 1949, the Office, Chief of Engineers, initiated an inves

tigation to obtain data on permeability of lean concrete as well as data 

on other properties of mass concrete that would be useful to engineers 

considering the effects of uplift pressure on dams to be built of lean 

mass concrete. This initial investigation comprised the making of mass 

concrete cylinders of various mixture properties, and testing them for 

permeability and strains under triaxial loading. This investigation was 

performed by Prof. Raymond E. Davis at the University of California.  

In 1950, the permeability specimens and test equipment were sent to the 

Waterways Experiment Station for continuation of the tests. Also in 

1950, the Waterways Experiment Station was requested by the Office, 

Chief of Engineers, to develop a low-pressure test for permeability of 

concrete cores drilled from several dams, and to secure test results.  

* Elephant Butte Dam, on the Rio Grande, New Mexico, was completed in 

1916; Arrowrock Dam, on the Boise River, Idaho, was completed in 1915.
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Part II of this report describes the tests conducted in the laboratory 

to determine the permeability of concrete. Part III is an account of 

the triaxial tests, and part IV summarizes all test results and dis

cusses the results of the permeability tests.  

6. The appendix to this report, written by Roy W. Carlson, re

views in considerable detail the problems of permeability, pore pres

sure, and uplift in the design of gravity dams. The assistance afforded 

in the solution of these problems by the program of tests described in 

the main report is discussed, and conclusions as to the effect of pore 

pressure on dams are given. The author concludes with recommendations 

for further work that will fill the gaps in the knowledge of the ef

fects of permeability remaining after the test program was completed.



PART II: PERMEABILITY TESTS OF MASS CONCRETE

A. High-pressure Tests of -Laboratory Specimens 

Specimens 

Materials used 

7. The portland cement used in these tests complied with the 

requirements of ASTM Specification C 150 (CRD-C 202) for Type II port

land cement, and had a low alkali content. The air-entraining agent, 

where used, was neutralized Vinsol resin. The sand and gravel were ob

tained from sources used in the construction of the Pine Flat Dam, on 

the Kings River, California.  

8. The fine aggregate was processed into seven sizes at the 

Waterways Experiment Station and shipped to Prof. R. E. Davis at the 

University of California. The size fractions were batched individually 

to produce the gradings shown in the following tabulation, which were 

used in the various laboratory mixes as indicated in table 1, page 7.  

Individual % Retained 
Sieve No. Coarse Medium Fine 

4 0 0 0 

8 15.0 11.0 8.4 

16 17.0 14.0 11.5 

30 26.0 23.0 22.9 

50 25.0 26.0 25.5 

100 14.0 18.0 17.7 

200 2.25 6.0 10.5 

-200 0.75 2.0 3.5 

Fineness modulus 2.85 2.50 2.25 

9. The coarse aggregate was of 2-1/2-in. maximum size and was 

processed into five sizes at the South Pacific Division Laboratory, Corps 

of Engineers. The sizes were batched individually for all laboratory 

mixes to produce the grading of coarse aggregate shown on page 5.
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Per Cent Retained 
Sieve No. Individual Cumulative 

1-1/2 in. 39.6 39.6 
3/4 in. 36.2 75.8 

1/2 in. 12.2 88.0 

3/8 in. 6.0 94.0 

No. 4 6.0 100.0 

Fineness modulus ---- 8.09 

Mixtures 

10. The principal characteristics of the mixtures used in the tests 

are shown in the top part of table 1. The basic mixtures are designated 

A to I. A number of tests were made on special mixtures designated J 

to M.  

11. The following discussion is applicable only to the basic mix

tures A to I. Where reference is made to "mass mixtures," concrete con

taining 6 -in. aggregate is implied, and reference to "laboratory mixtures" 

implies concrete containing aggregate no larger than 2-1/2 in. The pro

portions for the base mass mixture A were established by tests conducted 

at the Waterways Experiment Station. A program of trial mixtures was 

conducted by Prof. Davis to determine, for the nine basic laboratory mix

tures, the proper proportions to use in casting laboratory specimens 

which would contain 2-1/2-in., instead of 6-in., aggregate but which 

would have the same water-cement ratio, air content, and slump of wet

screened concrete as the nine mass mixtures.  

12. First it was necessary to establish the water-content ratio 

that would produce the desired slump for the eight mass mixtures B to I.  

It was found by trial that for each increment of 0.25 bags of cement per 

cu yd over the cement content of mixture A, an increase of 2 lb of water 

per cu yd was required to maintain the fixed consistency. The water con

tents of mixtures E and H, which were like mixture A except for cement 

content, were thus established and are shown in table 1. The water con

tent of a theoretical mixture "X" was established in the same manner.  

This mixture was not actually made, but the proportions were required to 

establish mixture I.
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13. Second, the cement-aggregate ratios for laboratory mixtures 

A, E, H, and a laboratory mixture based on theoretical mixture "X" were 

established by trial, with the respective water-cement ratios maintained 

equal to those of the corresponding mass mixtures but with the paste 

content varied to produce the fixed consistency.  

14. Third, the water-cement ratios for the remaining six labora

tory mixtures (B, C, D, F, G, I) were established by trial, each with 

the same aggregate-cement ratio as that of the mixtures (A, E, H, or X) 

having the same cement content, but with the water content varied to 

produce the fixed consistency. The resulting water-cement ratios are 

given in table 1. Table 1 also shows the actual cement content for each 

laboratory mixture. The values are averages of the several batches 

actually made for manufacture of the specimens.  

Fabrication 

15. The permeability specimens were 14-l/2-in.-diameter by 15-in.

long cylinders. The materials were precooled to produce a concrete tem

perature of approximately 50 F at the time of mixing. The concrete was 

mixed in batches of 500 to 550 lb for 3 min in a 3-1/2-S commercial 

tilting mixer. The specimens were molded in a room maintained at 50 F.  

16. The molds were of No. 26 gage, galvanized, sheet steel with 

integral bottoms. All seams were crimped and soldered. A 0.25-in, flange 

was turned out around the top, and a cover was provided having a diameter 

of 0.25 in. less than the outside diameter of the flange. The flange 

and the contacting surface of the cover were tinned to facilitate sol

dering the cover in place after molding the specimen. Semicylindrical 

mold stiffeners of 0.25-in. steel plate were bolted together around the 

thin sheet-metal mold while a specimen was being cast. Pairs of 1-in.  

by 16-in. by 16-in. plywood plates and four 3/8-in. tie rods were used 

with each mold stiffener to tie the tops and bottoms of the molds to

gether when turning the specimens on their sides.  

17. Mortar was placed around the bottom corner of the mold and the 

mold was then filled with concrete in two layers, each layer being vi

brated. The top of the specimen was screeded and a small depression 

made around the top edge to prevent water from interfering with the



Table 1 

MIXTURE DESIGN DATA 

(0 to 2-1/2-in. Aggregate; 1-1/2-in. SlumpC) 

t .n i..

Fineness 
Modulus 

Mix of Sand

A 
B 

C 
D 
E 
F 

G 
H

I 

Jd 
Ke

2.50 
2.25 

2.25 
2.85 
2.50 
2.25 

2.85 
2.50 

2.85 

2.25 

2.25 

2.25 
0.15

Fineness 
Modulus of' 

Combined 
Aggregate 

6.65 
6.59 

6.63 
6.78 
6.69 
6.63 

6.83 
6.74

6.90

6.63 
6.63 

Noteh 
Notea

Cement Contenta 
of Lab Mix, 
bags/cu yd 

2.48 
2.49 

2.78 
2.76 
2.73 
2.72 

3.01 
3.00

3.74

Cement Contentb 
of Mass Mix, 
bags/cu yd

2.00 
2.00 

2.25 
2.25 
2.25 
2.25 

2.50 
2.50 

3.00 

2.25 
2.25 

2.25

Cement to 
Agg Ratio, 
by Wt 

1:15.8 
1:15.8 

1:14.5 
1:14.5 
1:14.5 
1:14.5 

1:13.1 
1:13.1

1:10.4 

1:14.5 
1:14.5 

1:14.5 
1:1.75

W/C, 
by 
Wt

Slumpc 
in 

inches

0.80 1.4 
0.86 1.5

o.84 
0.67 
0.72 
0.76

vlnsol 
Resin, % 
by Wt of' 
Cement

ArT 

Con
tent

Unit 
Weight, 
lb/cu ft

0.035 6.4 152.2 
0.035 6.2 152.8

1.4 
1.4 
1.3 
1.3

0.60 1.4 
0.66 1.3 

0.50 1.5 

0.83 3.3 
0.69 0.2 

0.76 1.3 
0.80 -

0 
0.036 
0.036 
0.036

1.4 
6.2 
6.2 
6.2

158.5 
154.2 
153.7 
153.5

0.037 6.4 154.0 
0.037 6.4 153.4 

0.0385 6.2 154.3 

0.037 6.2 152.9 
0.040 5.7 154.9 

0.037 6.5 146.8 
0 3.9 120.4

a. Laboratory mixtures containing 2-1/2-in. aggregate, used to make test specimens except for mix M.  

b. Data for mass mixture with 6-in. aggregate obtained by adding the solid volume of the 3- to 6-in.  
laboratory mixture containing 2-1/2-in. aggregate, and allowing for a small increase in the volume 

required to maintain a slump of 1-1/2 in. for mixtures A through I.  

c. For concrete wet-screened through 1-1/2-in. sieve, where applicable.  
d. Wet consistency.  
e. Stiff consistency.  
f. Quartzite coarse aggregate, quartzite stone sand.  

g. Mortar grout, 100% aggregate passing no. 50, 85% passing no. 100, 60% passing no. 200.  
h. Same aggregate grading as mix F, but maximum size 2 in., 29.6% retained on 1-1/2-in. sieve.

aggregate to the 
of cement paste
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soldering operation. The top cover was immediately soldered on and 

checked for leaks.  

18. Immediately after sealing, the top plywood plate was bolted 

to the bottom plate and the specimen turned on its side so that water 

gain would be normal to the axis of the specimen and bleeding channels 

would be oriented as they would be in the upstream face of a dam. Since 

the specimens were to be tested by applying water pressure to the cir

cular end, it was necessary to place the specimen on its side while 

bleeding could occur.  

Storage 

19. All specimens were stored at 50 F for 2 days, when the mold 

stiffeners were removed. The specimens were then moved and stored at 

70 F until they were 7 days old, when they were again moved and stored 

at 80 F. This procedure was followed to simulate mass curing.  

20. The specimens to be tested at the age of 3 months were removed 

from 80 F storage at the end of 2 months, stripped of their metal con

tainers, and stored at 70 F. The tops and bottoms of the specimens were 

sandblasted to remove their surface skin, and the cylindrical surfaces 

were coated with a 70-30 paraffin-rosin mixture. The specimens were 

then stored in water to a depth of 4 in. to aid in their saturation.  

The top surface as cast, which later was to be the top during the per

meability test, was placed at the bottom so that the air within the 

specimen might be forced out the top (the bottom as cast) as partial 

saturation by capillarity occurred.  

21. The specimens for test at ages greater than 3 months were re

moved from 80 F storage at 3 months and stored at 70 F in their sealed 

molds.  

22. After completion of the permeability tests at 3-months age, 

the specimens so tested were placed in moist storage at 70 F for retest

ing at 1-year age.  

23. All of the permeability specimens and the high-pressure per

meability rigs with calibrated reservoirs were shipped on May 5, 1950, 

to the Waterways Experiment Station. The specimens which had been 

tested at 3 months were packed in wet sawdust and sealed in building
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paper. The specimens for test at later ages were still in their sealed 

containers, therefore this precaution was not necessary for them. -Ship

ment was made via the southern route and normal spring temperatures pre

vailed throughout the time of shipment. The specimens in wet sawdust 

were still damp on arrival and were placed in moist storage at the new 

standard temperature of 73 + 2 F, as were the sealed specimens.  

Summary 

211. A total of 205 permeability specimens were manufactured, of 

which 2 were preliminary, 3 were broken, and 200 were received intact 

for testing at the Waterways Experiment Station. A summary of the num

ber of specimens that have been or are to be tested at the various ages 

is given below:

Number tested at Univ. of Calif. at 3-mo age . .  

Number retested at ES at1-yr age . . . . . . . . . .  

Number tested at WES at 1-1/2-yr age . . . . ... .. .  

Number tested at WES at 2-yr age . . . . . . . .  

Number to be tested at WES at 5-yr age (195-i) . .  

Total for test at WES . . . . . . . . . .  

25. Each of the basic mixtures, A to I, is represented 

mens of which 5 were to be tested at each age except for the 

1-year tests which were made on the same specimens. Mixture

. 65 

" 45 

" 45 

" 45 

200 

by 20 speci

3 -month and 

B was rep-

resented for the 3-month and 1-year tests by only 4 specimens. In addi

tion 5 extra specimens were made from both mixes B and I. These speci

mens were tested at 3 months and retested at 1 year, only, to determine 

whether relatively rapid saturation by vacuum and pressure would affect 

permeabilities as compared to the relatively slow and perhaps incomplete 

saturation by capillarity and pressure employed for the principal tests.  

26. Five specimens each of the special mixtures J and K, represent

ing wet and dry consistencies, were tested at 3 months and retested at 

1 year only; however one specimen from each mixture was broken between 

3 months and 1 year.  

27. Special mixture L contained crushed quartzite for both coarse 

and fine aggregate and was represented by only one specimen which was 

tested at 3 months and retested at 1 year.

67
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28. Special mixture M was 1:1.75 cement-sand grout containing a 

very fine sand of which 60 per cent passed the No. 200 sieve. This 

condition was represented by two specimens which were tested at 3 months 

and retested at 1 year.  

Equipment and Test Procedure 

Equipment 

29. A schematic drawing of the test assembly is shown in fig. 1.

TUBING OR PIPE - 50 FT. AIRVABLVDER

250 PSI. AIR 

REGULATING VALVE 
SET AT 200 PSI.  

REGULATING VALVE 
WATER SET AT 100 PSI.  
SUPPLY 

125 PSI. AIR 

AIR BLEEDER VALVE 
BY -PASS VALVE WATER--SAMPLE WATER TO 

LEVEL DETERMINE AIR 
CONTENT 

DRAIN 

ASPHALT

to

2" STD.
PIPE

-- GAGE 
GLASS

L~LJ AlIq 11
~J 

OVERFLOW AND/OR 
VACUUM CONNECTION DRAIN

Fig. 1. Permeability test assembly (schematic)

CONCRETE 

SPECIMEN 

PLASTER
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A specimen is mounted in the container as shown in the figure. The in

side diameter of the container is 7/8 in. greater than the outside di

ameter of the specimen. Both the cylindrical surface of the specimen 

and the inside cylindrical surface of the container are painted with a 

hot paraffin-rosin compound before the specimen is placed in the con

tainer. The specimen is bedded on a retainer ring, at the lower end of 

the container, with hydrostone, a gypsum product of high porosity as 

compared with that of concrete. After the specimen has been bedded, a 

1-in. layer of paraffin-rosin seal is placed just above the hydrostone.  

The remaining annular space between the specimen and the side of the con

tainer is then filled with hot 200-300 penetration asphalt placed by 

means of a pressure.pot. After the asphalt has cooled and shrunk, the 

depression thus formed is filled with the paraffin-rosin compound to 

prevent the oil in the asphalt from mixing with the water during test.  

The top and bottom of the container are then bolted securely in place, 

pressuretightness at the top being obtained with a gasket, and all pipe 

connections made.  

30. The desired water pressures are produced by applying compressed 

air to the water surface in a calibrated reservoir of standard 2-in. pipe, 

and the inflow is periodically measured by the fall in level of the water 

surface as indicated by a gage glass connected to the reservoir.  

31. The water supply is air-saturated at atmospheric pressure, 

representative of conditions likely to be found in the headwater of a 

dam. It is considered essential, in determining permeability, that the 

air content of water reaching the specimen under pressure should not 

exceed that of saturation at atmospheric pressure; otherwise as the pres

sure decreases from the test pressure of 200 psi at the pressure face to 

0 psi at the bottom face it is thought that air would be liberated with

in the pores and capillaries which would act to decrease the rate of flow.  

32. As the application of air pressure to the water would cause it 

to absorb air which would gradually diffuse through the system, a long 

supply line (approximately 50 ft) is used between the calibrated reser

voir and the container in which the specimen is mounted. Exploratory 

tests had shown that even under high pressures the air diffuses so slowly
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through water that the long supply line prevents water with excess air 

content from reaching the specimen. Frequent determinations of the air 

content of the water at the specimen are also made, and the water is 

drained and replenished whenever the air content exceeds 0.2 per cent.  

Fig. 2 shows a part of the installation of 15 rigs at the Waterways 

Experiment Station. The copper coil immediately above the specimen

"'C 

<~2t

>1

z .  

4 

-TV 

r 

1 

3 
k

..  

1I 

F

#ii

= w T 
.,.  

w0 
_I; 

3 AC

Fig. 2. Permeability apparatus



Table 2 (Revised) 
PERMEABILITY TEST REULTS FOR INDWIVIUAL SPECIMENS 

Cement Content Fineness W/C - Pemes- Perme- Perme
of Mass Mix Modulus by Specimen abilityC bility, g Specimen Permeability' Specimen ability' Specimen ability Mix bags/cu yd of Sand t No. 3-mo A 1-yr Age No. 1-1/2-yr Age No. 2-yr Age No. 5-yr Age

A 2.00 2.50 0.80 AP-16 1210 
AP-17 1150 
AP-18 231 
AP-19 444 
AP-20 

Avg 5 
B 2.00 2.25 0.86 SP- 1 810 

BP- 2 413 
BP-3 f 
BP- 7 411 
BP- 8 28 
Avg 479 

B 2.00 2.25 0.86 BP-11 798 
(Saturation BP-12 612 

under BP-13 705 
vacuum) SP-14 1331 

C 2.25 2.25 0.84 CP-11 715 
(Air con- CP-12 18 2 0 a 
tent 1.4%) CP-13 23108 

CP-14 943 
CP-15 32 
Avg 62 

D 2.25 2.85 0.67 DP-11 72a 
DP-12 17608 
DP-13 843 
DP-14 576 
DP-15 1 
Avg 

E 2.25 2.50 0.72 EP-U 364 
EP-12 1610 
EP-13 703 
EP-17 539 
EP-L8 938 

Avg 30 
F 2.25 2.25 0.76 FP-ll 397 

FP-12 705 
FP-13 145 
FP-17 588 
FP-18 6 
Avg 439 

G 2.50 2.85 0.60 GP-U 866 
GP-12 665 
GP-13 563 
GP-17 423 
GP-lB 353 
Avg 574 

H 2.50 2.50 0.66 P-1 276 
HP-12 901 
BP-13 803 
HP-17 754 
BP-18 70 
Avg 7 

I 3.00 2.85 0.50 IP- 1 1123a 
IP- 2 240 
IP-3 117 
IP- 7 161 
IP- 8 280 
Avg 200 

I 3.00 2.85 0.50 IP-21 154 
(Saturation IP-22 423 

under IP-'23 514 
vacuum) IP-24 789 

IP-25 10 
Avg 58 

J 2.25 2.25 0.83 JP- 1 219 
JP- 2 301 
JP- 3 731 
JP- 4 369 
JP-5 -6 
Avg 437 

K 2.25 2.25 0.69 KP- 1 481 
KP- 2 84 
KP- 3 364 
cP- 4 203 

KP-5 _1_7 
Avg 370 

L 2.25 2.25 0.76 LP- 1 3740b 
M ---- 0.15 0.80 MP- 1 397b 

MP- 2 30 
Avg 3130

124 
185 

74 
152 
_.29 
133 
205d 

105 
f 

229 

143 

341 
357 
315 
262 

84 
467 
252 
145 
121 
2114 

51 
208 
96 

124 
121 
120 

173 
229 
119 
257 

154 
107 
91 

210 
_21 

15 

142 
142 

112 
168 
_1 1 

139 

38 
64 

117 
115 

93 

77 
63 
47 
28 

-56 

37 
37 
47 

156 
82 
72 

130 
108 
78 

--
117 

33 
23 
70 
26 

116 

390 

33

AP- 1 
AP- 2 
AP- 3 
AP- 4 
AP- 5 

Avg 
BP-16 
BP-17 
BP-18 
BP-19 
BP-20 

Avg

CP-16 
CP-17 
CP-18 
CP-19 
CP-20 
Avg 

DP-16 
DP-17 
DP-18 

DP-19 
DP-20 

Avg 
EP-14 
EF-15 
EP-16 
EP-19 
EP-20 

Avg 
FP-14 
FP-15 
FP-16 
FP-19 
FP-20 
Avg 

GP-14 
GP-15 
GP-16 
GP-19 
GP-20 
Avg 

Hp- 1 HP- 2 
HP- 3 Hp- 9 
HP-10 
Avg 
IP-11 
IP-12 
IP-18 
IF-19 
IP-20 
Avg

459 AP- 6 247 AP- 9 428 
228 AP- 7 199 AP-10 181 
815 AP- 8 195 AP-11 75 
109 AP-12 119 AP-14 64 

AP-13 22 AP-15 281 
3 Avg 190 Avg ~6% 

479 BP- 4 (413) 8 9e BP-21 62 
458 BP- 5 81 BP-22 61 
656 BP- 6 127 BP-23 73 
186 BP- 9 98 BP-24 153 1 BP-10 12 BP-25 10 

Avg T Avg 92

275 
524 
368 
409 
481 

64 
157 
121 
111 

106 
224 
257 
266 
149 
184 
216 

70 
82 
72 
89 

149 
92 

422 
76 

255 
98 

159 
202 

116 
210 
115 
183 

0 

231 
278 
140 
248 
119 
203

CP- 1 241 CP- 4 253 
CP- 2 658 CP- 5 28 
CP- 3 247 CP- 6 36 
CP- 7 163 CP- 9 70 
CP- 8 140 CP-b 112 
Avg 290 Avg 100 

DP- 1 90 DP- 4 32 
DP- 2 318 DP- 5 106 
DP- 3 120 DP- 6 122 
DP- 7 65 DP-9 148 
DP- 8 210 DP-10 

Avg I Avg 99 

EP- 1 82 EP-14 76 
EP- 2 158 EP- 5 111 
EP- 3 402 EP- 6 129 
EP- 7 75 P- 9 253 
EP- 8 42 EP-lo 6 

Avg 152 Avg 12 

FP- 1 187 FP-14 251 
FP- 2 78 FP- 5 174 
FP- 3 228 FP- 6 170 
FP- 7 120 FP- 9 89 
FP- 8 1 FP-10 100 

Avg 148 Avg 17 

GP- 1 52 GP- 4 36 
GP- 2 57 GP- 5 55 
GP- 3 167 GP- 6 170 
GP- 7 42 GP- 9 70 
GP- 8 _ FGP-lo 
Avg 72 Avg 75 

Hp- 4 50 HP-14 437 HP- 5 204 HP-15 227 
HP- 6 121 HP-16 102 

HP- 7 131 HP-19 80 
HP- 8 51 HP-20 12 

Avg 111 Avg 19,E 

IP- 4 86 IP-13 102 
IP- 5 98 IF-14 42 
IP- 6 23 IP-15 36 
IP- 9 25 IF-16 95 
IP-10 IP-17 

Avg 57 Avg

a. Result excluded from average.  
b. The Davis report contained the following note: "Leakage may have occurred through porous side element which was top of specimen during setting." 

The specimens in question had the appearance of having had most of this porous material removed before they were shipped to the Waterways Experiment 
Station.  

c. Permeability coefficient Kc - Cfs/ft2 (ft head per ft) at a test pressure of 200 psi. Tests at 3-month age by Raymond E. Davis, tests at later 
ages made at Waterways Experiment Station. Values given are KC x 1012.  

d. Specimen BP-1 was sandblasted on that part of its cylindrical surface including the top as placed after the 1-yr test was completed. A retest after 
sandblasting gave a permeability value of 189.  

e. Set-up leaked, specimen retested. Second value used in average.  
f. Specimen broken.  
g. Tests at 1-yr age made on specimens that were tested at 3-month age, tests at 1-1/2-yr and 2-yr age made on specimens not previously tested, addi

tional specimens representing mixtures A through I tested at 5-yr age.
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tested initially at ages of 3 months, 1-1/2, 2, and 5 years, and on those 

3-month initial test specimens retested at 1 year. The results of these 

tests are given in table 2 for the individual specimens. The general 

over-all relations between age and permeability for all specimens of the 

nine basic mixtures are shown in fig. 3.

U 

F

_J 
m 

0.

3 MO. IYR. I '/YR. 2YR. 5 YR.  

AGE, YEARS 

Fig. 3. Relationship of permeability coefficient and age of con
crete for specimens tested initially at 1/4, 1-1/2, 2, and 5 yr 

and for specimens tested at 1/4 yr and retested at 1 yr 

41. The data in table 2 reveal the existence of a wide range of 

variation among the individual specimens of a group. For these tests 

the ratio of maximum minus minimum values divided by the average value 

for each group of five (or four) specimens varies between 0.54 and 2.25, 

even after exclusion of gross variations as indicated in table 2. The 

average ratio for all groups is 1.23. This means that the average range 

of permeabilities within groups was greater than the average value for 

the group, which indicates rather poor reproducibility. Such poor re

producibility reduces the correlations and the reliance placed upon the 

averages. This ratio was only slightly affected by age of specimens, 

which tends to show that the variations lie in the specimens rather than 

in age or testing procedure. Therefore data are not sufficient to

926 L EGEND 
AVERAGE (HIGHEST OF NINE) 

GRAND AVERAGE (9 CONCRETES) 

AVERAGE (LOWEST OF NINE) 

DATA FOR EACH AGE REPRESENTS TESTS OF 45 
SPECIMENS.FIVE EACH FROM NINE CONCRETES.  

600 G60 

4/8 

400 9 

200228 s237 
20--200 00 205 

/40 

36 7 -66





Table 3 

SUMMARY OF PERMEABILITY DATAa 

200-PSI TESTS ON 14-1/2- BY 15-IN. CONCRETE CYLINDERS

Permeability Value K

1-1/2 yr 

348 

418 

411

Mix 

A 

B 

C 

D 

E 

F 

G 

H 

I 

Avg 

B(vac) 

I(vac) 

J 

K 

L

190 

81 

290

CF 
bags/cu yd 

2.00 

2.00 

2.25 

2.25 

2.25 

2.25 

2.50 

2.50 

3.00 

2.00 

3.00 

2.25 

2.25 

2.25

206 

92 

100

Remarks 

Nonair
entraining

FM 

2.50 

2.25 

2.25 

2.85 

2.50 

2.25 

2.85 

2.50 

2.85 

2.25 

2.85 

2.25 

2.25 

2.25

0.60 

0.86 

0.84 

0.67 

0.72 

0.76 

0.60 

0.66 

0.50 

0.86 

0.50 

0.83 

0.69 

0.76

N --- u. l u. ou 13 30,5 -- -- -- grout 

a. Permeability values K given in terms of 2 x 

ft (ft head/ft length) 
b. 3-mo specimens retested at 1-yr age. All other results are for initial testing.  
c. Specimens may have leaked.  

Table 4 
ANALYSIS OF VARIANCE OF PERMEABILITY* 

EXCLUDING B(vac), I(vac ), J, K, L, and M 

Source of Variation dfassb m Fd 

Among ages at time of test 4 1,519,452 379,863 47.20f 
Among cement factors (CF) 3 121,933 40,644 5.05 
Among fineness moduli (FM) 2 55,767 27,883 3.468 
Interaction age-CF 7 188, 917 26,988 3.35 
Interaction age.-FM 6 74,963 12,494 1 .5 5g 
Interaction FM-CF 5 12,104 2,421 0.309 

Error 17 136,821 8,048 
Total 44- 2,109,957

Degrees of freedom e. Significant at 1% level 
Sum of squares f. Significant at 5% level 
Mean square g. Not significant 
"F" value, measure of significance 
See, for example, Cochran, W. G., and Cox, G. M., Experimental Designs. John Wiley 

and Sons, Inc., New York, 1950.

3mo 

68 5 
479 
662 

926 

830 

439

574 
687 

200 

609 

846 

582 

437 

370 

374Q0c

1 b 

133 

143 

214 

120 

228 

156 

139 

83 

56 
141 

306 

72 

117 

38 

116

99 
128 

157 

75 

194 

66 

124

--- --- --- Evacuated 

--- --- --- Evacuated 

-- --- --- Wet mixture 

--- --- --- Dry mixture 

--- --- --- Quartzite 

aggregate

106 

216 

92 

202 

140 

203 

237

161 

152 

148 

72 

111 

140

MI

a.  
b.  
C.  

d.  
*

1 I 1 1 A

r --

n n A 01On on
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indicate unambiguously the validity of the relations mentioned above.  

42. A brief analysis of variance was performed to determine the 

significance of the major variables (age, cement factor, and fineness 

modulus) on the average results for the group given in table 3. Mix

tures B(vac), I(vac), J, K, L, and M were excluded from the analysis.  

The results of this analysis are given in table 4. This table shows 

that while the effects of age are highly significant, and the effects 

of cement factor are significant, the effects of fineness modulus are 

not significant. The interactions between variables follow this pattern.  

The interaction between the age and cement factor is significant. None 

of the interactions between fineness modulus and the other variables 

significantly affected the average permeability coefficients.  

43. The effect of age on the specimens is very marked, as would 

be expected from considerations of the hydration of cement:age relation

ship. The decrease in permeability appears to be exponential with in

creasing age, and also to be affected greatly by conditions of satura

tion (fig. 3). The saturation of specimens during testing at 3 months 

led to an increased rate of reduction of permeability so that when re

tested at 1-year age they showed about the same permeability as sealed 

specimens tested initially at two years. These effects are illustrated 

for individual mixtures in figs. i. and 5 which show, respectively, the 

relations between permeability and water-cement ratio and between per

meability and cement factor for the various ages.  

44. There is a fair direct relation between permeability and water

cement ratio. In general, permeability decreased with increase of cement 

factor. On the basis of the data shown in figs. 4 and 5, it may be 

concluded that 2.25-bag concrete can be manufactured which compares 

favorably as regards permeability with concretes of higher
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cement factors. However, the permeability of 3-bag concrete, tested 

initially at 1-1/2-years age, was somewhat higher than was expected in 

view of the values obtained at other ages, especially since the water

cement ratio was 0.50, the lowest ratio used.  

45. The following apparent general relationships between permea

bility, cement content, fineness modulus, and air content are indicated 

by the test results: 

a. For a given fineness modulus (mixtures D, G, I; A, E, H; 
B, F), the permeability decreases with an increase in 
cement content (and corresponding decrease in water-cement 
ratio). There are exceptions to this general rule, but 
the analysis of variance (see table 4) shows that the 
relationship is significant at the 5% level of confidence.  

b. For a given cement content (mixtures A, B; D, E, F; G, H) 
there are more instances of decrease than increase in 
permeability with a decrease in the fineness modulus of 
the sand. The analysis of variance indicates that this 
relationship is not significant, and the relationship is 
reversed at 5-years age for all mixtures except A and B.  

c. Entrained air decreases the permeability of concretes 
having the same cement content, aggregate grading, and 
consistency, as seen by comparing mixtures C and F, made 
without and with entrained air, respectively, although 
results of tests at 5 years are an exception.  

It should be noted that for these tests fineness modulus exerted no 

statistically significant influence.  

46. For the special mixtures (J, K, L, M) and vacuum-saturated 

mixtures (B(vac) and I(vac)), several relations are noted. Comparison 

of the vacuum-saturated specimens with the pressure-saturated specimens 

for mixtures B and I indicates that vacuum-saturation increases the per

meability coefficient. The relatively wet concrete having a slump of 

3.3 in. (mixture J) was not greatly different in permeability as compared 

with concrete having a slump of 1.5 in., but the relatively dry concrete 

having a slump of 0.2 in. (mixture K) had a lower permeability. The per

meability coefficients for both mixture L (quartzite aggregate) and mix

ture M (cement grout) were far greater at 3-months age than any of the 

other concretes tested but showed a greater reduction when retested at 

1 year than any of the other concretes. It is considered likely that 

these anomalously high results at 3 months may have been due to leakage
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around the specimens; therefore the results. have not been regarded as 

significant.  

47. It has been noted during the course of these and previous 

tests that permeability apparently decreases rather rapidly during the 

first few days of a test, and that at least 2-1/2 weeks are required 

for a condition sufficiently approaching equilibrium to be reached.  

This rapid decrease in permeability is probably caused by saturation 

of pores, together with gel expansion and other changes within the con

crete. A considerable variation was noted among final results for 

individual specimens, as shown in table 2. Some of this variation may 

be due to the practical impossibility of fabricating identical specimens.  

The results of several tests of individual specimens among the tests 

reported herein and previous tests have been suspected of being in error, 

possibly because of faulty equipment or inadequate seal around the spec

imen. Accordingly retests were made when scheduling permitted. In only 

one instance (table 2, mixture B) was the decrease in the value obtained 

of such magnitude as to justify discarding the initial result. There 

may have been other anomalous results (such as that of specimen 2 of 

mixture C, table 2), but scheduling did not permit retest. In general, 

however, the results have shown a wide variation without evident cause.  

This variation, when gross anomalies are discarded, appears to be a 

characteristic of the permeability of the concrete studied. The physi

cal appearance of the specimens has been excellent, with no outward in

dication of honeycombing or excessive underside voids nor other evidence 

of mechanical nonuniformity.  

48. The deviation of individual specimens from the average for the 

group was much lower in the 1-year tests and generally lower for the 

later tests than for the 3-month tests. A partial





22 
(Revised) 

explanation for this decrease in deviation is that the rate of hydration 

of the cement had decreased and the several specimens for the group had 

more nearly approached equilibrium than was the case at 3 months.  

49. The results of the tests indicate primarily the great effect 

of age and lesser effect of cement factor on the permeability of lean 

mass concrete. Additionally, the tendency of saturation under pressure 

to reduce greatly the permeability is of considerable importance. Any 

conclusions are entirely tentative and should be applied only to the 

specimens tested. However, the results do help to verify previous work 

by others and, while there is the usual relatively high variation between 

individual specimens representing one test condition, the average results 

for the series appear to indicate quite definite trends. One fact that 

should be kept in mind is that although every effort was made to have the 

laboratory mixtures represent lean mass concrete, they contained only 

2-1/2-in. aggregate and not 6-in. aggregate. The mortar phase of the 

concretes is considered truly representative of mass concrete even though 

the 6 -in. aggregate was absent and the bond conditions that exist under 

such cobbles were not represented. It is believed that representative 

permeability results cannot be obtained on cast cylinder specimens of 

such concrete unless a minimum specimen diameter of 30 in. is used. It 

was not possible to investigate actual mass concrete since neither funds 

nor equipment for fabricating and testing such large specimens were 

available.  

50. The average permeability of all specimens tested at the 5-year 

age shows a reduction from 2 years to 5 years indicated in fig. 3. The 

average values for several mixtures however were higher than 2-year 

averages. Lack of reproducibility in all tests makes it difficult to 

determine whether age between 2 and 5 years causes a significant reduc

tion in permeability. Since 6 out of 9 averages were higher at 5 years 

than at 2 years, the possibility is suggested that gel shrinkage or 

onset of cracking as a result of water depletion with advanced hydration 

of the cement might be an influencing factor.
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B. Low-pressure Tests of Mass Concrete Cores

Introduction and Scope

51. The work described below was done in 1950. The test data were 

summarized by B. W. Steele in "Comments on International Congress on 

Large Dams Paper R 25," prepared for the discussion at the New Delhi, 

India, meeting in January 1951, during the Fourth World Power Conferencel4 , 

they are also discussed by Steele in reference 15.  

52. The test program described in the following paragraphs included 

development of a test method and the obtaining of permeability data on 

36 concrete core specimens. An approximate solution of the flow equation 

was developed to meet the conditions of size and shape of specimen. This 

solution has been extended to apply to sizes other than 10-in. by 20-in.  

cores, specifically for the Arrowrock Dam cores which were 9-1/2 in. in 

diameter and for one Buggs Island Dam core, which was 16 in. long. A 

comparison is thus permitted between specimens of different sizes. Such 

a comparison would not be possible from flow data alone. The general 

agreement among results obtained from this test and from another type of 

permeability test conducted at the Waterways Experiment Station indicates 

that the computed permeability constants are of satisfactory accuracy.  

The specimens were examined for evidence of the nature of the underside 

bond of the coarse aggregate.  

Specimens

53. Cores were drilled from field concrete at the fol 

and given the identification numbers shown.  

Project Core No.  

Wolf Creek NASH-1 CON-10 through 14 

Bull Shoals LR-1 CON-39 through 43 
Mt. Morris BUF-4 CON-17 through 21 

Buggs Island NOR-1 CON-4 through 8 

Arrowrock WW-2 CON-1 through 5

lowing projects



Eleven additional cores were drilled from a Prepakt concrete test block3 

and from triaxial specimens prepared by Prof. R. E. Davis at the Univer

sity of California as described in preceding paragraphs. Identifying 

data for these cores follow: 

Project Core No.  

Prepakt block CRD CON-266 through 270 

Triaxial cores SAC-1 BT-2 CON-214 

BT-4 CON-220 

BT-6 CON-226 

HT-2 CON-216 

HT-4 CON-222 

HT-6 CON-231 

54. It was necessary to redrill the Wolf Creek Dam cores to 10-in.  

diameter since the cores, as received, were 11 in. in diameter. The 

triaxial cores were drilled to 10 in. in diameter from the original 15-in.

diameter cylinders. The cores were cut to 20-in. lengths. An axial hole 

1-1/2 in. in diameter was drilled to a depth of 15 in. in each core. A 

1/2-in. pipe, 40-1/2 in. long, threaded at one end and cut obliquely at 

the other, was inserted to the full depth of the axial hole. A 1-1/2-in.  

washer was welded on the pipe 10 in. from the oblique end. This washer 

provided a base for lead packing. The pipe was caulked in place in each 

specimen with approximately 2 in. of lead, and the remaining 3 in. of the 

hole was filled with Hydrocal. By this means a space 10 in. long, and 

starting 5 in. from each end of the core, was provided for subjecting 

the core to internal water pressure. One core of the Buggs Island group 

(NOR-1 CON-8) of 18-in. initial length was sawed to 16-in. length and 

prepared in the manner described above except that the central space was 

6 in. rather than 10 in. in length. The Arrowrock cores were 9-1/2-in.  

in diameter instead of 10 in. During tests the pipes from the respective 

cores were connected to water reservoirs equipped with gages, which had 

been previously calibrated, to measure the amount of water passing 

through the specimens.
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Test Procedures 

55. Immediately prior to testing, the cores were soaked in water 

at room temperature and atmospheric pressure for 4 days. At the end of 

the soaking period each core was enclosed in a Cry-o-Rap (waterproof 

plastic) bag to prevent undesirable evaporation effects. Each measuring 

reservoir was flushed with water to remove trapped air. The specimens 

were connected to the measuring reservoirs and subjected to continuous 

water pressure at 40 psi. Measurements of flow were taken each day for 

17 days or longer. Difficulty was encountered in obtaining a good seal 

around the pressure pipes in some of the triaxial specimens because of 

the fact that they contained Carlson strain meters and small axial holes 

extending completely through their centers. The holes had been grouted 

at the University of California laboratory and some of them were regrouted 

at the Waterways Experiment Station. However, leaks developed through the 

holes and adjacent to the Carlson meters in several specimens. To stop 

these leaks, the Hydrocal was removed by core drilling down to the lead 

caulking, scraping away the spongy grout between the Carlson meter and 

the 1-1/2-in. hole, and re-caulking to the top with lead.  

Calculation of Permeability Coefficients 

56. The permeability coefficient is normally determined from the 

equation: 

Q = -KA.  

Where: 

Q = rate of flow, cfs 

A = cross-sectional area of flow, sq ft 

= pressure gradient, ft head/ft length 

K = permeability coefficient, cfs 
ft (ft head/ft)
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For a slab, the steady-state pressure gradient is linear and constant, 

and no difficulty is encountered. However, for the case of the shape of 

specimen chosen, the gradient is not linear. No exact theoretical solu

tion for this case is readily available. Therefore, an approximate method 

for determining K was developed.  

57. The specimen used is in accordance with the diagram: 

D 

The specimen was treated as a combination of cylindrical and conical sec.

tions as shown in the diagram, with 

q = l +q2 

in which q is the total flow and q and q2 are the flows through the 

cylindrical and conical sections, respectively.  

58. The solution for the cylindrical part is as follows: 

D, the over-all length of the cylinder = 1.667 ft, 

r1, the inside radius = 0.0625 ft, 

r2, the outside radius = 0.4167 ft, 

d, the length of the small inner cylinder = 0.8333 ft, 

r2 -r 1 = 0.354 ft, 

de, the effective length of the small cylinder = 
d + (.75 x .354) = 1.0988 ft,9 

A1, the effective inside area = 2nr1 de = 0.4315 sq ft, 

A2, the effective outside area = 2tr2 de = 2.8768 sq ft, 

A -A 
9 2 1 Am, the logarithmic mean = A = 1.2883 ,
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P - P 
S= K A 2 P1=335.82K, 

m r2 r 

where: 

P2 - P = 40 psi or 92.28 ft head.  

59. The solution for the conical end is as follows: 

A1 , the inside area = nr1  = .0123 sq ft, 

A2, the end area = r2 = .5455 sq ft, 

Am,9 the geometric mean = (A1A2)l/2 = .0818 sq ft, 
P - P 
2 1 

=2 K P2 -R = 18.119 K, 
2 1 

where: 

R2 - R = .4167, the distance between the inside and outside surfaces.  

Thus: 

q = q1 + q2 = 335.82K + 18.12K = 353.94K, and K = 353~9 

60. Since the permeability-measuring rigs are calibrated to give 

flow in terms of ml per hr, it is necessary to convert these units into 

cu ft per sec by means of the factor, 1 ml/hr = 9803 x 10-12 cfs.  

Therefore: 

K x 98 03 x 10 -12 
353.94 - 27.7 x 10 q.  

Similarly, the factor for a 10-in. by 16-in, cylinder was calculated to 

be 38.8 x 10-12 and for a 9-1/2-in. by 20-in. cylinder the factor was 

calculated to be 24.5 x 10~1. These factors were used to obtain per

meability constants for the short Buggs Island core and for the Arrow

rock cores, respectively. The factor 27.7 x 10-12 was used for all cores 

of the regular 10-in. by 20-in. dimensions.  

Results of Permeability Tests 

61. Table 5 gives the average flow rate and computed permeability 

constant for each specimen as well as information on the types of concrete 

tested. The flow rates are averages of the rates measured for the final



Table 5 

RESULTS OF SPECIAL PERMEABILITY TESTS (6519)

Project and Core No.

Prepakt CRD 

Triaxial BT-2 
BT-4 
BT-6 
HT-2 
HT-4 
HT-6 

Mt. Morris BUF-41 

Bull Shoals LR-i

CON-266 
267 
268 
269 
270 

CON-214 
CON-220 
CON-226 
CON-216 
CON-222 
CON-231 

CON- 17 
18 
19 
20 
21 

CON- 39 
40 
41 
42 
43

Wolf Creek NASH-1 CON

Buggs Island NOR-1 CON

Arrowrock WW-2 CON-

10 
11 
12 
13 
14 

4 
5 
6 
7 
8 

1
2 
3 
4 
5

W/C 
by 'Wt 

0.60 
0.60 
0.60 
0.60 
0.60 

0.86 
0.86 
o.86 
0.65 
0.65 
0.65 

0.69 
0.69 
o.69 
0.69 
o.69 

0.75 
0.75 
0.75 
0.75 
0.75 

0.737 
0.737 
0.737 
0.737 
0.737 

0.58 
0.58 
0.58 
0.46 
0.58

CF, 
bags/ 
cu yd 

4.ooa 
4. 00 a 
4.00a 
4. 0 0 a 
4.00a 

2.00 
2.00 
2.00 
2.50 
2.50 
2.50 

2.80 
2.80 
2.80 
2.80 
2.80 

2.50 
2.50 
2.50 
2.50 
2.50 

2.74 
2.74 
2.74 
2.741 
2.74 

3.00 
3.00 
3.00 
4.oo 
.3.00

5-day Average at End of 
17-day Period Age at 

Flow, ml/br PermeabilityC Test, Days

2.5 
0.9 
7.5 

10.2 
8.3 

8.0 
19.7b 

12.6 
7.1 
7.2 
3.5 

0.3 
0.0 
2.6 
2.0 
0.1 

3.1 
3.7 
2.8 
4.9 
6.4 

3.3 
2.9 
2.4 
3.7 
2.2 

4.6 
0.7 

13.8 
3.3 
0.7 

3.9d 
148.3 

5.7 
29.4 
7.3

70 
24 

208 
281 
230

222 
516b 
349 
197 
199 
97 

8 
1 

71 
54 

2 

86 
102 
78 

136 
177 

91 
80 
66 
102 
61 

127 
19 

382 
91 
27 

96 
3633" 
140 
720 
179

535 
535 
559 
535 
535 

452 
439 
427 
447 
435 
418

59 
54 
59 
54 
59 

158 
152 
138 
131 
121 

783 
783 
783 
783 
783 

384 
396 
396 
354 
377 

13,140o 
13,140 
13,140 
13,140 
13,1)+0

a. Cement factor given is 
lb/cu yd.  

b. Specimen leaked around

for Portland cement plus Alfesil, total 387.6

seal, values unreliable.

c. Coefficient given in terms of Kcx 102 where Kc = cf s/ft (ft head/ft).  

d. Honeycombed specimen; still leaked after grouting honeycombed area.  
e. Approximate.



29

5 days of the test. The permeability constant values were computed in an 

approximate fashion as described in the preceding paragraphs. In general, 

for the tests described herein, flow decreased with time, and this change 

was very considerable for larger rates of flow. Figs. 6 through 8 give 

results of tests on all specimens. Fig. 6A shows the trends in permea

bility of the triaxial specimens. This figure also shows the effect of 

leaks which occurred, three on the second day and one on the fifth day.  

As explained previously, the leaks were stopped, with the exception of 

the leak in specimen BT-4. The seal of this specimen was not materially 

improved by additional tamping of the lead caulking. A new leak was ob

served on the 10th day around the seal of specimen BT-6, which had been 

previously caulked to the top of the hole with lead. This leak was stopped 

by tamping the lead near the leak. Fig. 6C, showing the results of tests 

of Prepakt specimens, illustrates especially well the tendency for rate 

of flow to decrease with time. This decrease may be due to sealing of 

the pores of the concrete by intake of water into the cement gel with 

consequent expansion or to migration of particles in the capillaries or 

larger channels. As a comparison between two methods of testing for per

meability, the following values are given for triaxial specimens tested 

by the method described above, and other specimens of the same mixtures 

tested by the method developed at the University of California, at 200

psi pressure: 

Specimen Flow Rate Permeability 
No. Type of Test ml/hr Constanta 

BT-2 (WES) Central, 40 psi 8.0 222 

BT-4 (WES) Central, 40 psi 19.7b 546 

BT-6 (WES) Central, 40 psi 12.6 349 

BP-1 (Calif) Axial, 200 psi 8.8 205 

BP-2 (Calif) Axial, 200 psi 4.5 105 

BP-7 (Calif) Axial, 200 psi 9.8 229 

BP-8 (Calif) Axial, 200 psi 1.4 33 

a 12 
Coefficient given in terms of K x 10 where 

K = cfs/ft2 (ft head/ft).  
c

b
Specimen leaked around seal, values unreliable.
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Fig. 6. Permeability of lO-in.-diameter concrete cores subjected 
to 10-psi water pressure at center (6519)

LEGEND 
SYMBOL C R D SERIAL NO.  
O--ONASH-I CON-ID 

0-- NASH-I CON-l1 

-- NASH-1 CON-12 

h-0 NASH-I CON-IS 
D--O NASH-I CON-14 

NOTE: CORES DRILLED FROM 
WOLF CREEK DAM
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Fig. 7. Permeability of lO-in.-diameter concrete cores subjected 
to 40-psi water pressure at center (6519)
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These values compare reasonably (61-4) 

well considering the approxima- LEGEND 

tions and differences in methods SYMBOL CRD SERIAL NO.  

which were involved. Table 6 28 o--o WW-2 CON- I 
0--- WW -2 CON- 2 (A) 

gives the results of tests that WW- 2 CON-3 
A--A WW-2 CON-4 (A) 

were extended beyond 17 days 24 -WW-2 CON-(5 

including the 17-day data also. NOTES: 
CORES DRILLED FROM ARROWROCK DAM.  

S20 (A) SEE TABLE 6 FOR DATA ON WW-2 
Underside Bond ICON-2 AND CON-4: VALUES OBTAINED

J

62. Each core was inspected 0I

for evidence of flow at areas of k 
0 

deficient underside bond. There 
o 12 

were no instances of localized 

flow at the underside of coarse 

aggregate particles of the mag- 8---

nitude of those noted during a 

preliminary test in which a core 
4 

from the vacuum concrete program 

had been employed. However, 

there was considerable general 0  5 10 1 
evidence of underside deficiency TIMEDAYS 

Fig. 8. Permeability of 9-1/2
in. -diam concrete cores sub

information obtained from the in- jected to 40 psi water pres 

spection is summarized below. sure at center (6519) 

a. Good bond, no evidence of flow at underside of coarse ag

gregate: (1) Wolf Creek; (2) Mount Iorris ; (3) Prepakt.  

b. Practically as good as a: Bull Shoals.  

c. Occasional evidence of poor underside bond and occasional 

evidence of definite flow at underside of coarse aggregate: 

Pine Flat (R. E. Davis triaxial specimens).  

d. Noticeable deficiency of underside bond, general evidence 

of flow at underside of coarse aggregate, but not clear 

cut due to the use of aggregate smaller than 3 in.: Buggs 

Island.  

e. Considerable bond deficiency and flow at underside of

ARE BEYOND THE SCALE OF THIS 
FIGURE.

I



Table 6 

RESULTS OF TESTS CONTINUED BEYOND 17 DAYS

Project and Core No.
Flow (ml/hr) 

17 Days 24 Days Final
Permeab ility 

17 Days 24 Days Final

Prepakt CRD CON-268

Bull Shoals LR-l CON-

Wolf Creek NASH-1

39 
40 
41 
42 
43

CON- 10 
11 
12 

13 
14

Buggs Island NOR-1 CON-

Arrowrock WW-2

4 
5 
6 
7 
8

CON- 1 
2 

3 
4 
5

7.5 

3.1 
3.7 
2.8 
4.9 
6.4

3.3 
2.9 
2.4 
3.7 
2.2 

4.6 
0.7 

13.8 
3.3 
0.7 

3.9 
148.3b 

5.7 
29.4 
7.3

4.1 

2.3 
3.0 
2.6 
4.2 
5.5 

2.7 
2.0 
1.9 
2.4 
1.6 

3.4 
0.9 

10.0 
2.3 

-o

3.4(33 days) 

1.8(46 days)

2.9(33 
1.1(33 
6.4(46 
1.6(33 
0.7(22

3.4(22 
102.8(22 

5.8(22 
25.3(22 
6.7(22

208 

86 
102 
78 

136 
177 

91 
80 
66 

102 
61 

127 
19 

382 
91 
27

days) 
days) 
days) 
days) 
days) 

days) 
days) 
days) 
days) 
days)

114 

64 
83 
72 
116 
152

94(33 days) 

50(46 days)

75 
55 
53 
66 
44

94 
25 

277 
64

96 
3633b 

140 
720 
179

80(33 
30(33 

177(46 
44(33 
27(22 

83(22 
2519(22 
142(22 
620(22 
164(22

days) 
days) 
days) 
days) 
days) 

days) 
days)b 
days) 
days) 
days)

a. Coefficient given in terms of K 
C
x 1012 where Kc = cfs/ft 2 (ft head/ft).

b. Honeycombed specimen; continued to leak after grouting honeycombed area.
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coarse aggregate in two of the five specimens: (1) Arrow
rock. Core CON-2 was honeycombed and flowed beyond the 
capacity of the apparatus even after grouting had been re
sorted to to stop the leaks. Core CON-4 showed poor bond 
and high flow. The other cores showed tight contact of 
aggregate particles and matrix but the adhesion at the con
tact may be poor. Cores CON-1 and CON-5 appeared to have 
good bond. Core CON-3 had a few underside voids. No 
laitance was seen beneath coarse aggregate particles. Cores 
CON-4 and CON-5 showed development of the gel reaction prod
uct of the alkali-aggregate reaction at a dozen or more 
places on- their surfaces, largely adjacent to particles of 
basaltic coarse aggregate after storage in fog. This gel 
had obviously developed at or migrated to the places where 
it was found subsequent to drilling the cores.  

Summary 

63. The method of test used yields permeability data that are in 

general agreement with results obtained by other methods. Permeability 

constants are computed only approximately because of the lack of an exact 

theoretical solution of the flow equation for this type of specimen. A 

comparison of average permeability at 17-days age is given below: 

Average 17-day Permeability 

cfs x 1012 

Project ft2 (ft head/ft) 

Mt. Morris Dam 27 

Wolf Creek Dam 80 

Bull Shoals Dam 116 

Buggs Island Dam 129 

Prepakt block 163 

Triaxial specimens 268 

Arrowrock Dam 28k 

These values do not present a fully valid comparison since, as shown 

on the figures, many specimens had not reached flow equilibrium at 17 

days.
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PART III: TRIAXIAL TESTS 

Specimens 

64. The program of investigation included the making of specimens 

and the testing thereof under triaxial loading conditions. The tri

axial specimens were 15-in. by 30-in. cylinders, each containing a 

Carlson strain meter mounted longitudinally near the axis at mid-length 

for the purpose of observing axial strains due to hydration of the ce

ment, saturation of the specimen, lateral pressure, pore pressure, and 

externally applied load. Certain exploratory and developmental work was 

necessary prior to conducting tests on specimens of several of the mix

tures listed in part IIA of this report.  

Development of Testing Rig 

65. A special test rig, having seals between the ends of the en

closing steel cylinder and the specimen, was developed to apply an exter

nal water pressure of 208 psi to the central 21-in. length of the cylin

drical surface of the triaxial specimens and yet produce substantially 

no restraint to the axial deformation of the specimen. The details of 

the triaxial rig are shown in fig. 9. The desired axial load was applied 

to the specimen through a steel capping plate by means of three cali

brated coil springs. The bedding material for this plate was hydrostone, 

which tests have shown to have a permeability several times as great as 

that of the leanest concrete employed in the test program. A drain hole 

in the capping plate at each end of the specimen, in combination with 

the porous hydrostone, provided for the relief of pore pressure which 

might otherwise exist at and near the end surfaces of the specimen.  

66. After thorough study of the problem and several conferences 

with representatives of the Gates Rubber Company, the rig shown in fig. 9 

was designed and constructed. This container consisted of a section of 

18-in. OD pipe, 26-1/2 in. long, with channel-shaped collars at each end 

in which pneumatic rubber tubes were installed. In using this rig an
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initial water pressure of 250 psi was applied to the rubber-tube seal 

rings and then a pressure of 208 psi was applied to the water on the 

outer surface of the concrete cylinder. To relieve any restraint to the 

concrete cylinder induced by the rubber-tube seals, the pressure in the 

tubes was periodically reduced until leakage occurred, then gradually in

creased until leakage ceased.  

67. Tests showed that this apparatus worked perfectly. In these 

tests the surface of the specimen in contact with the rubber tube was 

coated with a 1/16-in. thickness of a 50-50 mixture of rosin and paraf

fin so that the steel shell fitted closely to the concrete. At normal 

temperatures this coating material flows plastically at the higher pres

sures and forms a perfectly watertight seal between specimen and rubber 

tube when the tube is inflated.  

Tests to Determine Reliability of Carlson Strain Meter 

68. The strains indicated by a Carlson strain meter as embedded 

axially in a 15- by 30-in. triaxial specimen were compared with the 

strains indicated by an accurate surface-type conventional compressometer 

in order to determine the general reliability of the strain meter.  

69. For this test a triaxial specimen of mix B (2.50 bags per cu 

yd on mass-mix basis, fineness modulus of sand 2.25, and water-cement 

ratio 0.86) was first loaded in axial compression while unsaturated at 

an age of 3-1/2 months, and again after saturation at 5-months age. Sur

face strains were observed by a Federal dial-gage compressometer having 

a gage length of 20 in. As shown in the following table the agreement 

Compressive Strain, Millionths 

Compressive Unsaturated Concrete Saturated Concrete 
Stress, Federal Carlson Federal Carlson 
psi Compressometer Strain Meter Compressometer Strain Meter 

50 11.7 11.4 11.3 13.8 

100 22.8 22.8 21.6 28.5 

150 34.5 34.2 34.9 39.9 

200 47.8 47.2 47.1 54.5
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for unsaturated concrete was close. For saturated concrete, however, the 

strains as observed by means of the Carlson strain meter were 14 to 32 

per cent higher than those observed by means of the dial compressometer.  

Effect of pore pressure on 
operation of strain meter 

70. Purpose and conditions of test. To determine whether the pore 

pressure within the concrete would affect the operation of the Carlson 

strain meters, a concrete specimen was prepared in which two meters were 

embedded. Meter No. 1, similar to those intended for use throughout the 

investigation, was filled with a petroleum jelly, and had a hole through 

one end so that any pore pressures within the concrete would also be 

effective inside the strain meter, thus automatically equalizing external 

and internal pressures. Meter No. 2 was similar to No. 1, except that 

the hole in the end of the strain meter was connected to a copper tube 

extending outside the concrete and connected to an air-pressure system 

so that any desired pressure from 0 to 200 psi could be developed within 

the strain meter. By saturating the concrete and then subjecting it to 

various triaxial water pressures, while varying the internal pressure in 

meter No. 2, the effect of such internal pressures on the operation of 

the strain meter could be determined.  

71. The concrete cylinder containing the two strain meters had a 

diameter of 14-1/2 in. and a height of 15 in. Meter No. 1 was placed 

horizontally, 5 in. above the bottom of the specimen, and No. 2 was 

placed 5 in. below the top. The maximum size of aggregate in the con

crete was 3/4 in., the water-cement ratio was 0.80 by weight (9 gal per 

bags), the cement content was 2.95 bags per cu yd, the air content was 

7.7 per cent, and the slump was 2 in. At 12-days age, the strength of 

6- by 12-in. cylinders of the concrete was 1440 psi.  

72. At 12-days age, the concrete cylinder was placed, with axis 

horizontal, in a large pressure vessel and was so arranged that the 

strain meters were in a horizontal position. The strain-meter leads 

were passed through packing glands in the wall of the pressure vessel, 

and the copper tube from meter No. 2 was connected to a pressure system.  

The vessel in which the concrete cylinder was placed was connected to 

vacuum, air pressure, and water lines.
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73. Test procedure and results. Before saturating the concrete, 

several pressure conditions were tested as shown in table 7 (page 39), 

condition 1. Except as noted, all changes were from a zero internal and 

external pressure condition. For the unsaturated condition, the two 

meters indicated the same strain when meter No. 2 was under zero internal 

pressure. When under internal pressure, the strain for meter No. 2 was 

increased about +3 millionths for each 100 psi of internal pressure.  

74. For saturated concrete (conditions 2 to 8 inclusive) it appears 

from the results shown in table 7 that for no internal pressure in meter 

No. 2, its compressive strain readings were about 10 per cent greater., 

than for meter No. 1, whereas with an internal pressure in meter No. 2 

equal to the external pressure, its compressive strain readings were 

about 10 per cent lower than for meter No. 1.  

75. To summarize, the two meters showed the same readings when in 

unsaturated concrete and with no internal pressure in meter No. 2. For 

saturated concrete, meter No. 2 showed greater negative readings when 

without internal pressure, and smaller negative readings when with in

ternal pressure equal to the external water pressure. Therefore, it is 

possible that these readings indicate a lack of complete saturation of 

the specimen, or that the small void in meter No. 1 was not filled with 

water within the period devoted to these tests.  

Barriers to the percolation of water 

along strain-meter lead wires 

76. As any percolation of water along the strain-meter leads in 

the triaxial specimens would introduce errors in the observed data, an 

exploratory program was undertaken to develop means of preventing such 

percolation.  

77. Several preliminary tests using various types of plain rubber

covered wires, rubber-covered wires pinched tightly with wire ties, and 

armored cable for lead wires showed the impracticability of using such 

leads. Even the use of leads in metal tubes did not eliminate the per

colation of water which followed along the outside of the metal tube.  

78. For the triaxial specimens, the rubber-covered lead wires 

were enclosed in a copper tube, 7 in. long, soldered to the strain meter



Table 7 

EFFECT OF PORE PRESSURE ON STRAIN-METER OPERATION 

Change in Strain, Millionthsb 
External Pressure on Concrete, psi 

Con- 0 50 100 200 100 100 200 0 
dition Meter InternalPressure on Meter No. 2, psi 

No. Description of Condition No. _0 0 0 0 100 150 200 100 

(1) Unsaturated concrete in air 1 0 -10 -16 --- -16 -16 --- 0 
2 0 -10 -16 --- -13 -11 --- +3 

(2) Saturated concrete in water 1 0 --- --- -48 --- --- --- --
2 0 --- --- -54 --- --- --- --

(3) As in (2), 2 hr later, temperature in- 1 --- --- --- -67 --- --- -67 --
creased 12.5 F; then internal pressure 2 --- --- --- -70 --- --- -61 --
increased to 200 psi 

(4) After relieving internal pressure in (3) 1 --- --- --- -64 --- --- --- --
2 --- --- --- -74 --- --- --- --

(5) After relieving all pressure. Changes 1 +48 --- --- ---- --- --- --- --
are from (4). Compare with (2) 2 +54 --- --- --- --- --- --- --

(6) Repetition of (2) 1 0 --- --- -51 --- --- --- --

2 0 --- --- -61 --- --- --- --

(7) As in (6), 6 br later; then internal pres- 1 --- --- --- -42 --- --- -42 --
sure increased to 200 psi 2 --- --- --- -48 --- --- -38 --

(8) After relieving all pressure. Changes are 1 +51 ------- --- --- ---- --- --
from (7) with no internal pressure 2 +51 ---------- --- --- --- --

a. Meter No. 1 was open to pore pressure within concrete.  
Meter No. 2 was connected to air-pressure system in which pressure could be varied as desired.  

b. Changes are from zero pressure condition, except as noted.
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and extending up to a region of zero or low hydraulic pressure in the 

specimen. The outside surface of this tube was grooved at 1/4-in. in

tervals to develop waterstops which would prevent any flow of water 

along the surface of the tube. To prevent any restraint of the strain 

meter by the copper tube, a 3/4-in. length of the tubing was thinned 

down and four deep corrugations were developed. As these corrugations 

of the thin tubing permitted large axial deformations at inappreciable 

loads, no restraint could be transmitted to the strain meter.  

Preparations for Triaxial Tests 

Forming of core hole and procedure 
for its subsequent grouting 

79. To facilitate the saturation of the 15- by 30-in. triaxial 

specimens by means of a pressure chamber covering the 24-in. central 

length of the specimen, a core hole along the axis of the specimen was 

considered essential. Tests on a full-size specimen indicated that the 

core hole could be produced by use of a 1/2-in., round rod having a 

taper or draft of 1/16 in. in a 30-in. length. This rod was centered 

at the bottom of the sheet-metal form by means of a brass plug soldered 

to the bottom, and was centered at the top by means of a cross bar po

sitioned by a steel ring clamped to the top edge of the sheet-metal 

form and its stiffening shell. Periodic rotation of this 1/2-in. rod 

kept the concrete from bonding to it, and after the concrete had set for 

24 hours the rod could be withdrawn satisfactorily. During this 24-hr 

period, the specimen container was soldered up tight except for the 1/2

in. hole in the cover through which the rod extended.  

80. To aid in grouting this 1/2-in. hole after the specimen had 

been saturated, a 3/8-in. pipe coupling, with two 1/8-in.-rounded by 

1-in.-long ears for anchorage, was cast in the concrete at each end of 

the core hole.  

81. During trial tests of four 6-in.-diameter by 5-in.-high 

cylinders and of a full-size triaxial specimen, all having a 1/2-in.

diameter core hole, the core holes were successfully grouted by use of
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a 1:1 grout mix by weight using high-early-strength cement and a sand 

having a fineness modulus of 1.44. Shrinkage of the grout in the core 

hole was prevented by adding 0.02 per cent of aluminum powder by weight 

of the cement to the mix. The water-cement ratio of the grout was 0.45 

by weight.  

82. The grout was pumped in at the bottom, and after the hole was 

filled the top end was plugged. The grout was then allowed to set while 

a pressure in excess of 110 psi was maintained.  

83. Five days after the holes were grouted they were subjected 

to a water pressure of 200 psi. No measurable leakage was observed, 

even though four of the specimens were only 5 in. high.  

84. The final procedure chosen, in order to assist in saturation 

of the specimen, was to form a core hole, 1/2 in. in diameter, along the 

axis at the time of casting. A slightly tapered steel rod was used to 

form the hole and was withdrawn prior to the time of final setting of the 

concrete. In order to provide a connection for filling the core hole 

with grout after the specimen had been saturated, a 3/8-in., standard, 

threaded pipe coupling was slipped over the 1/2-in. rod at each end of 

the specimen, and left in place. As soon as the rod was removed, the 

specimen container was sealed by soldering a patch onto the cover.  

Lateral pressure used in triaxial tests 

85. In the triaxial tests the lateral pressure was not applied over 

the entire lateral surface of the specimen, and furthermore the pore pres

sure was zero at the top and bottom of the specimen. These conditions 

theoretically produced a nonuniform pore pressure over the 10-in, central 

length of the specimen covered by the 10-in. strain meter, and the aver

age pore pressure over this 10-in. length was somewhat less than the 

applied lateral water pressure. From electrical analogy studies made by 

the Sacramento District, CE, the results of which are shown in fig. 10, 

it was determined that under the existing test conditions a lateral pres

sure of 208 psi should be applied to give the effect of a uniform pore 

pressure of 200 psi over the 10-in. central length of the specimen.  

Therefore, a lateral water pressure of 208 psi was used for all triaxial 

tests.
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BY INTEGRATING OVER THE IS-IN. DIAMETER OF THE SPECIMEN AND THE 
10-IN. GAGE LENGTH OF THE STRAINMETER, IT WAS DETERMINED THAT 
UNDER THE EXISTING TEST CONDITIONS A LATERAL PRESSURE OF 
208 PSI SHOULD BE APPLIED TO GIVE THE EFFECT OF A UNIFORM 
PORE PRESSURE OF 200 PSI OVER THE 10- IN. CENTRAL LENGTH OF 
THE SPECIMEN.  

Fig. 10. Percentage pressure diagram for longitudinal section of 
triaxial specimen. (From electrical analogy study by Corps 

of Engineers, Sacramento, Cal.) April 1950 

Storage of specimens 

86. The triaxial specimens for test at 3-months age were stored at 

50 F for 2 days, then stored at 70 F until the age of 7 days, after which

I I I
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they were stored at 80 F. They were removed from storage at an age of 

2 months, stripped of their metal containers, and stored at 70 F. They 

were covered with burlap which was kept thoroughly wet with running 

water. However, no water was permitted to enter the central core hole 

as otherwise air might have been trapped between the core hole and the 

outer surface while the specimens were being saturated.  

Triaxial Testing Procedure 

87. The procedure used in installation of the triaxial test speci

mens is described in the following subparagraphs.  

a. Specimen removed from soaking pan at age of 3 months.  
Area where rubber tubes of testing apparatus would con
tact the specimen dried using a 100-psi air stream.  

b. Two bands of paraffin-rosin compound painted around 
cylindrical surface where rubber tubes would contact this 
surface.  

c. 1/8- by 4-in. pipe nipple connected to 3/8-in. coupling 
at each end of core hole.  

d.. Lower end of specimen bedded in hydrostone on bed plate 
of rig, and steel jacket lowered into position.  

e. Upper capping plate placed on hydrostone cap.  

f. Three coil springs and loading frame placed in position.  

g. Test rig connected to 250-psi air supply for rubber tubes 
and to water supply system for the lateral pressure.  

88. The procedure used in conducting the test was as follows: 

a. Strain meter was read before each load application and 
also as noted hereinafter.  

b. Axial load of 200 psi was applied using hydraulic jack and 

special loading frame. Strain meter read after 1 min.  

c. The three tie rods were adjusted to produce required com

pression in springs to apply axial load of 200 psi.  

d.. Steel jacket and water supply system were filled with 
water saturated with air at atmospheric pressure.  

e. Lateral pressure of 208 psi was applied to give a pore
pressure effect over length of 10-in. strain meter equiv
alent to that for a lateral pressure of 200 psi over a long 
cylinder.  

f. Strain meter was read at 1 min after applying lateral
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load and periodically thereafter until specimen was sat
urated, i.e., when a substantial flow through the core 
hole of about 100 ml per day occurred.  

g. Lateral pressure was relieved slowly over a period of at 

least 3 hr, then axial load was released.  

h. After 1 day without load, the core hole was grouted using 
high-early-strength cement and an expanding agent, as dis
cussed in paragraph 81.  

i. Strain meter was observed until a state of equilibrium was 

reached.  

j. In not less than 3 days after grouting the core hole, 
axial load of 200 psi was applied as in b and. c, and strain 
meter was read one minute after application of load.  

k. Observation of strains was continued at intervals until 
state of equilibrium was reached.  

1. Lateral pressure of 208 psi was applied and strains ob
served at 15 sec, 1 and 5 min, and periodically thereafter 
until a state of equilibrium was reached.  

m. Lateral pressure was relieved slowly over a period of at 

least 3 hr. Strains were observed at intervals until a 
state of equilibrium was reached.  

n. Axial load was released and strain was observed after 1 
min, and periodically until a state of equilibrium was 
reached.  

o. Specimen was removed from rig. End of strain-meter lead 
was taped and dipped in asphalt. Specimen was stored at 
70 F and 100 per cent relative humidity for possible future 
tests.  

Results of Tests 

89. The strain data for the triaxial specimens tested at 3 months 

age are shown in tables 8 and 9. Table 8 shows the average strains for 

each mix and each type of specimen due to gel growth alone during the 

sealed curing, soaked curing, and testing periods, as well as the total 

for the entire period.  

90. Table 9 shows the average strains in the unsaturated and sat

urated triaxial specimens for mixes B, H, and I. The diagram within the 

table is a schematic representation of the strain change. The lettered 

designation of each strain change is shown on this diagram. The average



Table 8

AVERAGE GROWTH OF SPECIMENS 

Except as stated, 0- to 2-1/2-in. aggregate, 1-1/2-in. slump of wet-screened concrete, 
and 6 to 7 per cent entrained air in wet-screened. concrete

Cement 
Content of' 

Mass Mix, 
Mix bags/cu yd

A 
B 
B 

C 
D 
E 
F 

G 
H

2.00 
2. 00 
2.00 

2.25 
2.25 
2.25 
2.25 

2.50 
2.50

I 3.00 
I 3.00

Fine
ness 

Modulus 
of Sand

2.50 
2.25 
2.25 

2.25 
2.85 
2.50 
2.25

W/C, 
by 
Wt 

0.80 
0.86 
0.86 

0.84 
0.67 
0.72 
0.76

2.85 0.60 
2.50 0.66

During Sealed 
Curing 

(2-mo Period) 
Permea- Tri
bility axial 
Spec. Spec.

12 

7 
14

7 
6a 
6 
7

7 
1

2.85 0.50 4 
2.85 0.50 9

10

Growth 
During Soaked 

Curing 
(1-mo Period) 
Permea- Tri
bility axial 
Spec. Spec.

6 
11 

1

2 
5a 
5 
5

-- 5 
13 4 

lob -2 
-- 2

Millionths 
During Testing, 
while Saturated 
(Approx 1 Mo) 

Permea- Tri
bility axial 
Spec. Spec.

-- 4 
6 7 

-- 10

2

2 
9a 
6 

10

-- 10 

9 8 

llb 18 
-- 13

Total 
(-L-mo Period) 
Permea- Tri
bility axial 
Spec. Spec.

22 
25 
25

11 
15a 

17 
22

-- 22 

4 13

6b 20 
24

Special Test Conditions

Saturated under vacuum 

No entrained air

26

Saturated under vacuum

Wet mix (3.3-in. slump) 
Dry mix (0.2-in. slump) 
Quartzite aggregate (0-2 in.) 
1:1.75 cement grout

Results for specimen 
Results for specimen

DP-13 omitted from average.  
IT-1 omitted from average.

c. Growth during 3-mo sealed curing period.

J 
K 
L 
M

2.25 
2.25 
2.25

2.25 
2.25 
2.25

0.83 
0.69 
0.76 
0.80

9c 
-4 
21 

243

1 
4 

40

a.  
b.

7

10 
15 

4 
22

19 
12 
29 

305



Table 9 

AVERAGE CHANGES IN AXIAL STRAIN IN TRIAXIAL SPECIMENS

Duration of 
Loading Sequence Load

Designation 
of Strain Change

Specimen Unsaturated

Apply axial 

Axial load 1 min 

(200 psi) Apply axial 
load 20 min 

Lateral Apply lateral 
(208 psi) load 1 min

- a ' 

b 

I i 

ICe

Change in Axial 
Strain, Millionths 
Mix Mix Mix 

B H I 

-46 -40 -35 

+3 - +3 -36 

+26 +26 +19

Sp 

Apply axial 

Axial load 1 min 

(200 psi) Apply axial 

load 3 days

Lateral 
(208 psi)

Apply lateral 
load 1 min 

Apply lateral 
load 6 days

Release lateral 

Lateral load 1 day 

(208 psi) Release lateral 
load 4 days 

Release axial 

Axial load 1 min 

(200 psi) Release axial 

load 12 days

ecimen Saturated

-46 -40

e 

hI'I 

t 

Io 

-h -1 

Zrk

-36

-50 -44 -40 

+22 +19 +16 

+47 +37 +29 

-42 -34 -22

-47 -38 -23

+49 +38 +35 

+49 +46 +36

Apply 
Loads

Apply 
Loads 

Re
lease 
Loads

Cement content of mass mix, bags/cu yd 2.00 2.50 3.00 
Fineness modulus of sand 2.25 2.50 2.85 
Water-cement ratio, by weight 0.86 0.66 0.50
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strain changes due to the application of load to unsaturated concrete 

are designated as a, b, and c; the changes due to the application of 

load to saturated concrete are designated as d, e, f, and g; and those 

resulting from the release of the load on saturated concrete are desig

nated as h, i, j, and k.  

91. Axial strains under axial loading were determined by means of 

the triaxial specimens of laboratory concretes B, H, and I, at the age 

of 3-1/2 months. These specimens also were still in sealed sheet-steel 

containers, but the use of caps of diameter somewhat smaller than that 

of the specimens prevented the containers from carrying an appreciable 

part of the load. The axial strains were observed under loads which 

produced stresses of 150 and 300 psi. The modulus of elasticity and 

Poisson's ratio were determined as the average for the two loadings; 

hence the modulus was essentially a secant modulus.  

92. The results of these tests are given in table 10. The greater 

the cement content (with correspondingly lower water-cement ratio) the 

greater the modulus of elasticity. The modulus of elasticity of these 

concretes containing aggregate of maximum size, 2-1/2 in., was 0.4 to 

0.5 million psi greater than that of the corresponding concretes wet

screened through a 1-1/2-in. sieve. Poison's ratio ranged from 0.16 

for the leanest mix B (2 bags/cu yd, W/C = 0.86) to 0.29 for the richest 

mix I (3 bags/cu yd, W/C = 0.50).  

93. An additional triaxial test was run on specimen BT-3 to check 

on the completeness of saturation of the triaxial specimens by the 

scheduled procedure, and to compare the strains in a specimen so satu

rated with those in the same specimen after complete saturation. To 

insure as complete saturation of the specimen as possible before begin

ning the additional test, the specimen was subjected to a vacuum of 29 

in. of mercury for 6 days, about 2 months after the regular triaxial 

test had been completed. Then, while it was still under vacuum, water 

was permitted to enter the enclosing vessel very slowly to avoid the 

entrapment of any air within the pores of the concrete. After 6 days 

of soaking under a pressure of 60 psi, the specimen was subjected to a 

hydrostatic water pressure of 200 psi which was applied for 1 day and



Table 10 

LATERAL AND AXIAL STRAINS IN PERMEABILITY AND 
TRIAXIAL SPECIMENS UNDER AXIAL LOADS 

Age at test, 3-1/2 months

Cement 
Content of 
Mass Mix, 

Mix bags/cu yd 

B 2.00

Cc 2.25 

D 2.25 

F 2.25 

H 2.50 

I 3.00

Fine
ness 

Modulus 
of Sand 

2.25

w/C, 
by 
wt 

0.86

Moisture 
Condition 

of 
Specimen 

Sealed

Lateral 
Straina, 

Millionths 
150 300 
psi psi 

6.2 12.0

Axial 
Strain, 

Millionths Modulus of 
150 300 Elasticityb 
psi s Million psi

34.0 78.0

2.25 o.84 Sealed 5.9 13.1 -

Saturated 4.0 8.2 -

2.85 0.67 Sealed 5.6 12.7 -
Saturated 4.3 10.2 -

2.25 0.76 Sealed 4.6 10.7 --

2.50 0.65 Sealed 8.0 

2.85 0.50 Sealed 9.7 

Saturated 7.5

16.3 32.0 62.0 4.8

15.8 

13.9

30.0 57.5

a. Average for three specimens stacked end to end.  

b. Average of values at 150 and 300 psi.  

c. No entrained air; all other specimens contained entrained air.  

then released to zero pressure. This was followed by two complete cycles 

of loading to 200 psi hydrostatic pressure and releasing to zero pressure.  

The changes in strain are summarized in the tabulation on the following 

page, along with the changes for the same specimen during the previous 

regular triaxial test.  

94. The strain changes shown in this tabulation indicate that this 

specimen probably was not fully saturated while under test in the tri

axial rig and that consequently the applied pressure was not effective 

in producing full internal pore pressure. The fact that the strains

Poisson's 
Ratiob 

0.164.o

0.26 

0.29

48
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Change in Strain, Millionths 
In Triaxial Rig In Pressure Chamber 

Condition (Partly Saturated) (Fully Saturated) 

200-psi triaxial pres
sure applied -l -8 

200-psi triaxial pres
sure released +5 +9 

200-psi triaxial pres
sure applied -- -6 

200-psi triaxial pres
sure released -- +7 

shown in the last column of the tabulation are greater than those in the 

second column is probably due to the pore pressure being more effective 

after the more complete saturation of the specimen. Part of the differ

ence may be due to the fact that the specimen was subjected to a lateral 

pressure of only 100 psi to cause saturation prior to the triaxial test, 

whereas most of the triaxial specimens were subjected to a saturating 

pressure of 208 psi.  

95. As stated in part IIA of this report, the permeability specimens 

were 14-1/2- by 15-in. cylinders. For each principal condition and each 

age of test five specimens were manufactured, and a Carlson strain meter 

of 10-in. gage length was embedded at midlength in three of these speci

mens. The axis of each strain meter was transverse to the axis of the 

specimen, in order that strains could be observed in a direction normal 

to that of the direction of capillary flow during the permeability test.  

96. It was originally planned that, as soon as each permeability 

specimen containing a strain meter had been saturated, the pressure would 

be reduced to zero; then a pressure of 200 psi would be applied to both 

top and bottom surfaces in order to observe lateral strains. When a 

state of equilibrium had been reached, the pressure would again be re

duced to zero and the strains would be observed until a state of equilib

rium was again obtained. However, in the first tests when the pressure 

was suddenly reduced to zero, rupture of the specimens occurred, unques

tionably because of the disruptive pressures of entrapped air in the 

pores of the concrete, which air had not been removed during the satura

tion process.
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97. As a result of this condition, the revised procedure adopted 

for the 3-month tests on specimens containing strain meters was also used 

for the permeability tests with the additions specified hereafter. Hy

drostatic or triaxial loading of permeability specimens was conducted 

upon completion of the permeability test as follows: 

a. Air pressure was released slowly and specimen allowed to 

reach a state of equilibrium as shown by the strain meter.  

b. With valves arranged to apply water pressure to top, bottom, 
and sides of specimen simultaneously, 200-psi pressurewas 
applied to system. Strain meter was observed immediately 
and at intervals until a state of equilibrium was reached.  

c. Pressure was released slowly and strains observed until 

equilibrium was reached. Specimen was removed from rig.  

98. The results of these tests are shown in tables 8, 10, and 11.  

Table 8 shows the average strains for each mix and each type of specimen 

due to gel growth alone during the sealed curing, soaked curing, and 

testing periods, as well as the total for the entire period. Lateral 

strains under axial loading were determined by means of the permeability 

specimens of laboratory concretes B, C, D, F, H, and I, at the age of 

3-1/2 months. During the test, these specimens were still in the sealed 

containers employed for mass curing, but the bedding caps were of some

what smaller diameter than the specimens in order that the thin sheet

metal containers would not carry an appreciable part of the load. Also, 

for mixes C, D, and I, lateral strains were similarly determined by means 

of the permeability specimens that had been tested at the age of 3 months 

and were therefore fully saturated and without containers. The specimens 

were tested in groups of three, stacked end to end, as it was found that 

end restraints did not appreciably affect the strains in the top and bot

tom specimens as compared with the laterally unrestrained middle speci

men. The strains were observed under loads that produced axial stresses 

of 150 and 300 psi. The results of these observations are given in the 

sixth and seventh columns of table 10. It is seen that the lateral 

strains were on the average 27 per cent less for the saturated specimens 

than for the corresponding sealed specimens. Table 11 shows for each 

mix the average lateral strains in the saturated permeability specimens 

during the application and release of a 200-psi pressure on all outer



Table 11 

AVERAGE CHANGES IN LATERAL STRAIN IN PERMEABILITY SPECIMENS 
UNDER 200-PSI HYDROSTATIC LOADING, AFTER SATURATION 

Except as stated, 0- to 2-1/2-in. aggregate, 1-1/2-in. slump of wet-screened concrete, 
and 6 to 7 per cent entrained air in wet-screened concrete.  

Pressure applied on all outer surfaces of specimen

Change in Strain, Millionths

Pressure Appliedb 
Elapsed Elapsed 

Time Time 
30 sec 3 daysa

-26 
-32 

-35 

-25 
-27 
-27 
-25 

-25 
-26 

-22 
-21 

-28 
-23 
-30 

-56

-5 
-8 
-6 

-3 
-5 
-4 
-5 

-7 
-6 

-6 
-7 

-12 
-4 
-7 

+2

Pressures 
Released 
Additional 

Elapsed 
Time 

4 daysa 

+6 
+8 
+6 

+3 
+7 
+5 
+8

W/C, 
by 
wt 

0.80 
0.86 
o.86 

0.84 
0.67 
0.72 
0.76 

0.60 
o.66 

0.50 
0.50 

0.83 
0.69 
0.76 

0.80

Special Test Conditions 

Saturated under vacuum 

No entrained air 

Saturated under vacuum 

Wet mix (3.3-in. slump) 
Dry mix (0.2-in. slump) 
Quartzite aggregate 
(0-2 in.) 

1:1.75 cement grout

Equilibrium attained.  
From beginning of application of pressure.  
From beginning of release of pressure.

Mix

Cement 
Content of 

Mass Mix, 
bags/cu yd

A 
B 
B 

C 
D 
E 
F 

G 
H 

I 
I 

J 
K 
L 

M

2.00 
2.00 
2.00 

2.25 
2.25 
2.25 
2.25 

2.50 
2.50 

3.00 
3.00 

2.25 
2.25 
2.25

Fineness 
Modulus 
of Sand

2.50 
2.25 
2.25 

2.25 
2.85 
2.50 
2.25 

2.85 
2.50 

2.85 
2.85 

2.25 
2.25 
2.25

+9 
+8 

+8 
+8 

+13 
+8 
+8 

+9

a.  
b.  
C.

_
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surfaces of the specimen. The strains produced during the load applica

tion are divided into two parts, the immediate strain about 30 sec after 

loading, and the final strain when equilibrium is reached.  

Strength and elastic properties of 
concrete and quartzite aggregate 

99. The compressive strength and modulus of elasticity were deter

mined by means of 6- by 12-in. cylindrical specimens of concrete obtained 

by wet-screening laboratory mixes B and I through a 1-1/2-in. sieve.  

These mixes represented the extremes of water-cement ratio in the nine 

principal mixes, and had the following distinguishing characteristics: 

Mix B Mix I 

Cement content of mass mix, 

bags/cu yd 2.00 3.00 

Fineness modulus of sand 2.25 2.85 

Water-cement ratio, by weight 0.86 0.50 

100. For each mix, 12 specimens were manufactured at 50 F and were 

cured in sealed containers under mass-concrete conditions similar to 

those used for the permeability and triaxial specimens. Four specimens 

were tested under each of the following conditions: 

Moisture Condition 

Age at Test of Concrete Properties Determined 

28 days As cured Compressive strength 

3 months As cured Compressive strength; 
modulus of elasticity 

Saturated by both the static
load method and the 
sonic (dynamic) method 

In the static-load tests, it was found that stress was proportional to 

strain over a considerable range; hence the reported value of modulus of 

elasticity is the slope of this straight portion of the stress-strain 

diagram.  

101. The results of the tests are given in table 12. It is seen 

that the 28-day compressive strength was 1540 psi for the mix of highest 

water-cement ratio in the series, and 3220 psi for the mix of lowest 

water-cement ratio. The strength at 3 months was 200 to 400 psi higher



Table 12 

PROPERTIES OF CONCRETE WET-SCREENED FROM SELECTED LABORATORY MIXES

Concrete wet-screened through 1-1/2-in. sieve; slump 1.5 in.; air content 
Specimens 6- by 12-in. cylinders; 4 specimens per condition.

6.2 per cent.

Cement 
Content of 

Mass Mix, 
Mix bags/cu yd

B

I

2.00

3.00

Fineness 
Modulus 
of Sand

2.25

2.85

W/C, 
by 

wt 

o.86

0.50

Mass 
Curing 
Period

Moisture 
Condition 

of 
Concrete

28-da As cured 

3-mo As cured 

Saturated 

28-da As cured 

3-mo As cured

Unit Wt 
of 

Hardened 
Concrete, 

pcf

149.9 

148.9 

152.7 

150.6 

149.7

Saturated 155.7

Compres
sive 

Strength, 
psi 

1540

1940 

1770 

3220 

3420 

3110

Modulus of 
Elasticity, 
Million psi 

Static-load 
Method

3.5 

3.3

4.7

Sonic 
Method

5.7 

5.7
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than that at 28 days. The specimens tested at 3 months in the satur

ated condition had a compressive strength about 10 per cent lower than 

that of the specimens in the "as-cured" moisture condition, that is, 

as taken from the containers in which they had been sealed while being, 

mass -cured.  

102. The modulus of elasticity as determined by the static-load 

method paralleled the compressive strength but was less sensitive to dif

ferences in water-cement ratio and moisture content of specimen. The 

sonic method indicated the same relative effect of water-cement ratio 

as did the static-load method, but on the average showed little differ

ence in stiffness as between as-cured concrete and corresponding sat

urated concrete.  

103. Concrete containing 0- to 2-1/2-in. aggregate. Lateral strains 

under axial loading were determined by means of the permeability speci

mens of laboratory concretes B, C, D, F, H, and I, at the age of 3-1/2 

months. The results of these tests are the same as those described in 

paragraph 98.  

104. Quartzite aggregate. Determinations of the modulus of elas

ticity and Poisson's ratio of quartzite aggregate were made on a polished 

rectangular prism 3-1/8 by 3-3/8 by 4-1/8 in. in size, having 2 or 3 

seams running parallel to the 3-1/8- by 4-1/8-in. faces. SR-4 rosette 

gages were bonded to the center of each of the two 3-3/8- by 4-1/8-in.  

faces. Compressive loads were applied to two opposite faces of the 

prism through beds of 1/16-in. hardened steel balls so that no restraint 

was offered to lateral deformations. Loads were first applied perpen

dicular to the seams and then parallel to the seams. In each case the 

strains were observed both parallel and perpendicular to the direction 

of loading. The results of these tests are shown in table 13.  

105. The over-all average value of Poisson's ratio was 0.19, and 

that of the modulus of elasticity was 9,200,000 psi. The longitudinal 

strains for loads parallel to the seams were slightly greater than for 

loads normal to the seams, but the differences between the strains for 

two opposite faces under a given direction of loading were greater than 

the difference between corresponding strains for the two directions of
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Table 13 

MODULUS OF ELASTICITY AND POISSON'S RATIO OF QUARTZITE AGGREGATE 

Specimen 3-1/8 x 3-3/8 x 4-l/8 in.; three seams parallel to 3-1/8- x 4-l/8-in. faces 

Gage on 
3-3/8- x Strain, Millionths Modulus of 

Direction Stress, 
4
-l/8-in. Parallel Perpendicular Elasticity, Poisson's 

Position of Specimen of Loading psi Face to Load to Load Million psi Ratio 

Perpendicular 600 A 71 13 --- ---
Uniform to seams 
Load B 61 11 --- ---

4-1/8" Avg 66 12 9.1 0.18 

--- ' 1000 A 98 16 --- ---

3-3/8" 
B 121 17 --- ---

3-1/8" Avg 109 17 9.2 0.16 

Parallel to 600 A 60 13 --- ---
seams 

Uniform B 69 15 --- ---
Load 

3-3/8" Avg 65 14 9.2 0.21 

1000 A 107 19 

4-1/8" 
B 109 22 --- ---

3-1/8" Gage Avg 108 21 9.3 0.19 

Average for all measurements 9.2 0.19 

loading. The relation of the elastic properties of the aggregate to the 

properties of the concrete discussed in this report is developed in 

appendix A.
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PART IV: SUMARY OF RESULTS 

Permeability Tests 

106. Averages of the results of the permeability tests conducted on 

the 14-1/2- by 15-in. cylinders at various ages are listed in table 3 

(page 18) for the various conditions. These values are, in general, the 

average of the values for five specimens. In a few cases, one specimen 

from a group was broken or gave anomalous results owing to leakage; such 

specimens were discarded and the average computed from results obtained 

on the remaining specimens. In general, the specimens tested at 90-day 

age showed the highest permeability, about three to four times as great 

as that shown by tests at other ages. The retests at one year of the 

specimens which had been saturated during the 90-day tests gave an aver

age result equal to that of the specimens tested initially at two years; 

the specimens tested initially at one and one-half years showed an aver

age result somewhat greater, but still much less than that for the 90-day 

tests. Those mixtures, specimens from which were tested only at 90 days 

with a one-year retest, all showed a considerably lower permeability for 

the retest than for the initial test. The evacuated specimens showed a 

higher permeability, slightly more than twice as great on the average, 

than the nonevacuated companion specimens. The group of specimens made 

from nonair-entraining concrete had a somewhat higher permeability than 

companion air-entraining concrete specimens, particularly for the later 

ages. Tests at 1-year age of specimens made with quartzite aggregates did 

not show significantly different permeability from groups of similar water 

content, cement factor, and fineness modulus but using the other aggre

gates. Results of the 90-day tests for the quartzite aggregate specimens 

were unreliable due to suspected leakage.  

107. Results of the permeability tests performed at low pressure on 

cores are given in table 14. These results are averages for the number 

of specimens specified. A comparison of the triaxial specimens of mix

tures B and H tested in this manner with similar specimens tested at 200

psi pressure shows no significant differences in results, indicating that
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Table 14 

SUMMARY OF PERMEABILITY DATAa 
40-PSI TESTS ON 10- by 20-IN. CONCRETE CORES

Source 

Mt. Morris 

Wolf Creek 

Buggs Island 

Bull Shoals 

Prepakt

Triaxial 
Mix B 

Mix H 

Arrowrock

No. of 
Speci 
mens 

5 

5 

4 
1 

5 

5

2 

3 
4

CF, 
bags/ 
cu yd 

2.8 

2.74 

3.0 
4.0 

2.5 

4.0

2.0 
2.5

W/C 
by Weight 

0.69 

0.74 

0.58 
0.46 

0.75 

0.6

0.86 
0.65

Ka 

27 

80 

139 
91 

116 

163 

286 
164 

284

Agec 

57 

783 

388 
354 

140 

535 

440 
430 

13140

Remarks 

Interior concrete 
Exterior concrete 

CF based on cement 
and Alfesil 

1 specimen leaked 

1 specimen leaked

a. Permeability values K given in terms of cfs x 101 2 ft 2(ft head/ft 
length) 

b. No. of specimens included in average for K 
c . Average or approximate age for group 

these results may be considered in conjunction with the results of the 

high pressure tests. Correlation of the permeability results with re

sults of inspection of the cores for underside bond condition is good.  

Mt. Morris, Wolf Creek, and Prepakt specimens which showed no evidence 

of flow at underside of coarse aggregate, and had good bond, showed low 

permeability values of 27, 80, and 163. The Prepakt concrete permea

bility may be higher than would have been expected on the basis of ce

ment factor and bond condition, because of the smaller size aggregate 

used and the presence in the mortar of additives other than cement.  

Bull Shoals specimens, which had almost as good underside bond, had an 

average permeability of 116. The triaxial specimens showed occasional 

evidence of poor underside bond, and flow at the underside of coarse 

aggregate. The Buggs Island specimens showed deficiency of underside 

bond, and flow, and had a somewhat higher permeability than would have 

been expected considering the cement factors involved. Considerable
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bond deficiency and flow were shown by the Arrowrock specimens; one speci

men was so honeycombed that even lead caulking and grouting failed to 

stop the flow; this specimen was discarded.  

Triaxial Tests 

108. The results of the tests for strains in the concrete specimens 

are given in tables 9 (page 46), 10 (page 48), and table 11 (page 51).  

Table 9 shows the average changes in axial strain in the triaxial speci

mens under several loading conditions. These were both axial and lat

eral loadings for the unsaturated and saturated specimens. In general, 

the strain changes were greater for the leanest mixture, B (2 bag CF), 

and least for the richest mixture, I (3 bag CF), although the actual 

differences for the leanest mixture were less than twice those for the 

richest; the intermediate mixture, H (2-1/2 bag CF), showed values be

tween those for the other mixtures. Table 10 shows the lateral and ax

ial strains in the permeability and triaxial specimens under axial load, 

from which the modulus of elasticity and Poisson's ratio could be calcu

lated. The lateral strains were determined using permeability specimens, 

and axial strains using the triaxial specimens. The modulus of elasti

city varied from 4.0 x 106 psi for the lean mix, B, to 5.1 x 106 psi for 

the rich mix, I, and Poisson's ratio increased similarly from 0.16 for 

mix B to 0.29 for mix I. The lateral strains were slightly lower (about 

25 per cent) for the saturated specimens as compared with the sealed 

specimens. The average changes in lateral strain due to hydrostatic 

loading of the permeability specimens are shown in table 11. In general, 

these strains decreased with increasing cement content, but were not 

markedly affected by the other influences, except that the quartzite 

aggregate specimens showed greater strains than did the companion sand 

and gravel aggregate specimens, and the strains in the grout specimens 

showed the greatest changes. The 28-day compressive strength of the lean 

and rich mixes, B and I, were 1540 psi and 3220 psi, respectively; static 

and dynamic moduli determined on specimens from these mixtures gave re

sults of 3.5 x 10 psi static and 4.6 x 106 psi dynamic for mix B, and
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4.7 x 106 psi static and 5.7 x 106 psi dynamic for mix I. The elastic 

properties of the quartzite aggregate were also determined to be 

9.2 x 106 psi for modulus of elasticity, and 0.19 for Poisson's ratio.  

Discussion of Results of Permeability Tests 

109. Analysis of the results of the tests described in part IIA, 

the laboratory-cast concrete cylinders, showed that the coefficients of 

variation for the various mixtures were generally in the range of 40 to 

50 per cent. This means that for a group having an average permeability 

value of 200, specimens could be expected to show values between 40 and 

360 in most cases; for a group whose average was 500, the expected values 

would range from 300 to 700. This is a large variation, and the reli

ability of comparisons between group averages is low, since the true av

erage for the group could well be 50 units or more higher or lower than 

the observed average in most cases. Therefore, care in depending on 

comparisons of values for the various groups is required. It is felt 

that most of the variability lies in the test specimens rather than in 

the procedures, and additional tests of more specimens from the same mix

ture are necessary to bring the limits closer together. With this caution 

in mind, the data have been compared as if the observed averages were 

correct.  

110. The general conclusions and trends observed for the laboratory 

cast specimens are: 

a. The permeability decreases almost logarithmically with age 
for specimens initially tested at various ages. For speci
mens tested at 90 days, and 18 and 24 months, the average 
values fall in the ratios 1, 0.4, 0.25.  

b. The permeability of specimens retested at 1-year age after 
initial saturation and test at 90 days is approximately 
that of specimens initially tested at 2-years age, being 
about four times less than the results at 90-days age.  

c. There is a significant decrease in permeability with ce
ment factor, most marked when the groups containing 3 bag 
CF are considered in combination with other groups of 
similar characteristics.  

d. There is a possibility of a slight tendency for permeability
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to decrease with decreasing fineness modulus, but the in
herent variability of the results does not make this sta
tistically significant.  

e. The permeability coefficients for mixtures of the same ce
ment factor and fineness modulus but of different consist
encies (mixtures J, F, and K) show no marked differences 
except for the retest at one year of the specimens from 
the dry mixture which yielded quite low values. The dif
ferences may not be significant owing to the variability 
of the results. For this basic mixture, the variation in 
water content appears to be of minor importance insofar as 
permeability is concerned, although the permeability values 
for the dry mixture specimens are lower than for the wetter 
consistency mixture specimens.  

f. Saturation of specimens under vacuum and subsequent pres
sure appeared to increase the permeability of such speci
mens by a factor of about two over the permeability of 
comparable specimens which were saturated only by capil
lary action and pressure.  

g. Comparison of the quartzite specimens with similar speci
mens containing the Pine Flat Dam aggregates is not war
ranted because of the limited amount and variability of the 
data available; it may be said that no excessive differences 
were developed in the 1-year retest.  

111. The general conclusions derived from the low-pressure permea

bility tests on core specimens were: 

a. The permeability variation was considerable between cores 
taken from various structures, and no direct correlations 
with age or cement factor could be made.  

b. The permeability values obtained are in general in the same 
order of magnitude as those obtained for the laboratory
cast specimens tested at high pressures, being in about the 
same range as those for specimens tested at 2-years age.  

c. Indications are that lean mass concrete containing less than 
3 bags per cu yd of cement can be made that will have per
meability coefficients as low as other concretes containing 
more cement. The factors affecting the permeability, such 
as degree of compaction, aggregates, etc., could not be 
separated in this series of tests and the degree to which 
they affected the results is unknown. Nevertheless, the 
variation in permeability with cement factor in these tests 
was not sufficient to deter the use of very lean mixtures.  

d. Since the results of these tests and of those on laboratory
cast specimens are not very different, the general applica
bility of the laboratory test results to normal lean mass 
concrete can be tentatively assumed.
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APPENDIX A

PERMEABILITY, PORE PRESSURE, AND UPLIFT IN GRAVITY DAMS 

By Roy W. Carlson, Assoc. M. ASCE 

Synopsis 

1. Results are presented of studies on the intensity of pore pres

sure in the bodies of concrete dams, and of the resulting uplift force.  

The low permeability of concrete, even with as little as two bags of 

cement per cubic yard, indicates that equilibrium pore pressure should 

never develop in a. service dam. The effect of air entrainment is to 

reduce the penetration of pore pressure into a dam to a fraction of the 

penetration without air. An approximate solution for the percentage 

area subject to uplift pressure is offered, in which the area is ex

pressed in terms of known voids and of the ratio of the elastic modulus 

of the solid constituents of the concrete to that of the composite con

crete. The effective area is deduced to be nearly 100 per cent of the 

gross area in the lean concretes investigated. However, in view of the 

low permeability, high intensity of pore pressure need never develop in 

the interior of a gravity dam, if reasonable precautions are taken.  

Current design practice may, therefore, be overly conservative. Also, 

expansive strains due to saturation and pore pressure are reported.  

These strains tend to increase the compressive stress near the upstream 

face and further improve the safety of a dam.  

Introduction 

2. One of the most doubtful steps in the design of a gravity dam 

is the allowance to be made for uplift pressure. The actual uplifting 

force due to water in the pores always has been an uncertain factor.  

Not only has there been doubt about the intensity of pressure in the 

pores of the concrete, but also there has been doubt about the effective



A2

area over which that pore pressure acts. The present discussion does 

not concern the foundation, which is set aside as a separate problem.  

3. The intensity of pore pressure in a dam depends mainly upon 

the permeability of the concrete and the length of time the reservoir 

remains filled. It depends also upon such factors as drainage and loca

tion of joints or cracks. Even without drainage or joints, it may take 

centuries of full reservoir for equilibrium to be established such that 

there is a linear distribution of pore pressure from heel to toe. And 

yet, most designs are based upon some sort of equilibrium condition pre

vailing. Thus, the intensity of pore pressure to be expected in a par

ticular dam seems to be worthy of study.  

4. Differences of opinion have been aired for at least 20 years 

as to the effective area over which pore pressure acts, and many con

flicting statements appear in print. At first thought, it would appear 

that simple tests or measurements could be made to determine the uplift 

force due to water pressure in the pores of concrete. But the problem 

is not so simple, because as long as the concrete is not jointed and 

pore pressure varies linearly from heel to toe, the stress distribution 

is the same when uplift pressure is acting as when there is no pore 

pressure. For example, suppose a dam is loaded by filling the reservoir 

so quickly that there is no pore pressure, and suppose that the dimen

sions and weight are such that the downward pressures are 100 psi at 

the heel and 400 psi at the toe. Now suppose that pore pressure is 

added of an intensity varying linearly from 200 psi at the heel to zero 

at the toe. The net downward force is still 100 psi at the heel and 

400 psi at the toe, in order to maintain a force balance. But after the 

pore pressure has been added, the solid framework of the concrete near 

the heel is subjected to a tension of about 100 psi of gross area (as

suming nearly 100 per cent of effective area) while the compression 

force in the pores is 200 psi. Should the concrete have been unable to 

carry the 100-psi tension, a crack would have been formed, and there 

would surely have been 100 per cent of area subject to pore pressure in 

the region of the crack and then the stress distribution would have been 

altered. But stress measurements alone would have given no clue as to
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the effective area in any part of the dam before failure or in the un

cracked portion after failure. The safety of the dam depends upon the 

effective area even though the stresses may be unaffected. Only through 

measurements of strains or tests depending upon ultimate strength does 

there seem to be any hope of determining the effective area on which 

pore pressure acts.  

Current Design Assumptions 

5. The various agencies which are building dams have disagreed 

rather widely as to the uplift assumptions to be used in designing a 

gravity dam. The Bureau of Reclamation has sometimes specified that the 

effective area should be two-thirds and the pore pressure should vary 

linearly from full reservoir pressure at the upstream face to tailwater 

pressure at the downstream face. The various districts of the Corps of 

Engineers have differed among themselves in the past, but quite a number 

have used the assumptions of 100 per cent area and two-thirds (more or 

less) of full reservoir pressure at the upstream face, diminishing lin

early to tailwater pressure at the downstream face. Occasionally, de

signers take advantage of drainage and assume reduced pore pressure at 

the location of the drains, the pressure then varying linearly to 

reservoir pressure at the upstream face and linearly also, but at a 

lower slope, from the drains to the downstream face. It is doubtful if 

any current assumptions as to intensity of pore pressure are very near 

the conditions which exist in the dams. There is less doubt about the 

area over which pore pressure acts in concrete, but, nevertheless, dis

agreement exists here also. Therefore, a better understanding of perm

eability, pore pressure, and resulting uplift pressure might serve to 

revise design assumptions to a sounder, more consistent, and more eco

nomical basis.  

Test Program 

6. Commencing late in 1948, conferences were held in the Office
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of the Chief of Engineers to consider what tests could be made to clar

ify the question of uplift in gravity dams. At the outset, two phases 

of the problem were recognized. The intensity of pore pressure as con

trolled by permeability, dimensions, duration of full reservoir, etc., 

was considered to be the more important phase of the problem. The up

lift force caused by the pore pressure, and the attendant strains in 

the concrete, were grouped together as the second and more difficult 

phase of the problem.  

7. The permeability of mass concrete was believed to be especially 

important in view of the trend toward lower cement content and the use 

of air entrainment. All indications were that uncracked, rich concretes 

are so impermeable that pore pressure cannot develop to anywhere near 

the equilibrium condition in the body of a dam unless the reservoir is 

full for centuries. But even lean concretes may be impermeable enough 

to permit lower pore pressure to be assumed in design. Very little is 

known about permeability of lean concretes such as are now being used 

in gravity dams, especially at greater ages and with air entrainment.  

The effect of continued saturation also is highly speculative and yet 

it may be a large factor in reducing the percolation of water into a 

gravity dam. Consequently, a program of permeability tests was developed 

to solve the first phase of the problem.  

8. The permeability tests were planned to investigate a variety 

of concretes with especial emphasis on the effects of (a) cement con

tents as low as 2 bags per cubic yard, (b) air entrainment, (c) ages up 

to several years, and (d) continued saturation. Many refinements were 

introduced to insure that the results would truly reveal the permeability 

of corresponding concrete in a gravity dam. Specimens were cast in 

metal containers and turned on their sides before setting in order that 

the permeability be measured in a direction corresponding to the hori

zontal direction in a gravity dam. Temperatures were controlled to sim

ulate those in an actual dam. Water was controlled as to air content 

to prevent abnormal release of air within a specimen, where the pressure 

drops sharply. The tests were made in the Engineering Materials Labora

tory of the University of California under the direction of Professor
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Raymond E. Davis. A full account of the permeability tests up to the 

age of three months may be found in a report by Davis dated April 1950.4 

Tests at later ages were made by the Waterways Experiment Station and 

are described in parts IIA and III of this report.  

9. In addition to the permeability tests, another program of 

tests was developed to determine the effective area over which pore pres

sure acts, and also the strains which are caused by pore pressure. Al

though most engineers seemed to be convinced that the effective area was 

certain to be either nearly 100 per cent or exactly 100 per cent, there 

appeared to be need for experimental verification in the working stress 

region. Previous tests had indicated roughly 100 per cent of area 

in specimens at time of failure, but no tests had yet been made to deter

mine the effective area at working stresses."'True, some compression 

tests had been reported which appeared to show that the area was about 

100 per cent in specimens subjected to moderate hydrostatic pressure.  

But current investigations proved that the interpretation of these tests 

was faulty, since the hydrostatic compressibility was not dependent on 

pore area but dependent only on the elastic properties of the solid con

stituents of the concrete. Furthermore, it was highly desirable to know 

what volume changes were to be expected from saturation and pore pres

sure in order that any accurate predictions could be made of stress at 

the heel of a gravity dam.  

10. Many types of tests for determining effective pore area were 

suggested before one finally was adopted. The early preference was for 

tests of models of gravity dams, but no ready solutions were found for 

the many difficulties of obtaining results which would truly be indica

tive of uplift force. Therefore, the specimen finally adopted was a 

long cylinder which would be subjected to hydrostatic pressure around 

the sides, and to mechanical pressure at the ends. Thus, there would 

be full pore pressure in the central region of the cylinder, diminishing 

to zero near the ends. Simultaneously an axial load could be applied 

at the ends of the cylinder, corresponding to expected heel stress in 

the dam. Strains were measured at the center of the cylinder to indi

cate change in length whenever hydrostatic or mechanical loads were
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applied or removed. In order to interpret the data, strain meters were 

embedded in companion specimens of the permeability series and these 

specimens would be saturated and subjected to full hydrostatic pressure.  

A full description of the tests, with results up to the age of three 

months, is contained in reference 4.  

Results of Permeability Tests and Their Implications 

11. Many interesting revelations have come from the permeability 

tests, but only a few need be mentioned here. In the particular mass 

mixes used, the permeability of 2-bag concrete averaged less than three 

times that of 3-bag concrete at the age of three months. Thus the aver

age permeability of the 2-bag concretes was only 580 x 10-12 cfs per sq 

ft for a unit pressure gradient. The same specimens, left saturated, 

and retested at an age of one year showed a reduction in permeability to 

a fraction of the 3-month value.  

12. Specimens tested at ages of 3 months, 18 months, and 24 months 

showed progressive decrease in permeabilities, the average for 2-bag 

concretes being only 135 x 10-12 cfs at the age of two years. An inter

esting revelation was that the 3-month specimens when retested at one 

year were as impermeable as companion specimens initially tested at two 

years. Thus, the saturation and testing at 3 months apparently hastened 

the process of hydration and lowering of permeability.  

13. In the very lean mixes, the sand fineness had a large effect 

upon the permeability: the finer the sand, the lower the permeability.  

For the 2-bag mix, sand with a fineness modulus of 2.25 and a water

cement ratio of 0.86 resulted in a two-year permeability average of 81 

(units as above), while a fineness modulus of 2.50 and a water-cement 

ratio of 0.80 gave a permeability average of 190. The finer sand more 

than offset the effect of the higher water content in this case.  

14. The effect of air entrainment upon permeability was favorable.  

For mixes having the same cement content, aggregate grading, and con

sistency, the permeability was 439 for an air content of 6.2 per cent, 

and 662 for the corresponding mix with no air-entraining agent but with
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1.4 per cent of air. Thus the air entrainment reduced the permeability 

in this particular case by 34 per cent. The mix here was 2.25 bags of 

cement per cubic yard, the only one where the effect of air entrainment 

was investigated.  

15. In addition to air entrainment reducing the actual permeability, 

it delays the penetration of water into a mass of concrete by a much 

larger additional factor owing to the storage capacity of water provided 

by the voids. In a dam the size of Detroit or Pine Flat, about 20 mil

lion gallons of water would be required to fill the voids produced by 5 

per cent of entrained air. Therefore, it may be worth while to compute 

the probable rate of penetration of water into a gravity dam under the 

pressure of a full reservoir.  

16. As the water front moves farther into the concrete, it may be 

assumed that the air voids are completely filled by water behind the 

water front. Since water is relatively incompressible, very little ad

ditional water is needed to accommodate the reduction in volume as the 

pressure increases behind the advancing water front. Therefore, it can 

be assumed that a linear pressure gradient will prevail from reservoir 

level at the upstream face to zero at the farthest depth of water pene

tration, provided that the reservoir level remains constant. Under 

these assumptions, the following equation expresses in feet the distance 

D penetrated by water in T days into a mass of concrete where the 

voids are 5 per cent, the water head is 400 ft, and the permeability is 

200 in customary units: 

D = 0.2767T 

The permeability of 200 was chosen for this example because test re

sults up to the time this is written indicate it to be about the one

year value for concrete containing only 2 bags of cement per cu yd. Of 

course, the permeability would be greater at earlier ages, but the 

reservoir is not likely to be filled before at least a year after the 

concrete near the foundation is placed. And the permeability may be 

much lower at the ages indicated for deep penetration of water into the
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dam. Furthermore, this equation applies only to the case where there is 

no relief by internal drains or ungrouted joints.  

17. Fig. Al shows the penetration of water into a 400-ft dam for 

various durations of full reservoir as computed by the equation above.  

PERMEABILITY = 200X10~ 2 CU. FT./SEC./SQ.FT./FT.HEAD/FT. LENGTH.  
POROSITY=0.05 (INCLUDING HYDRATION).  
TIME IN YEARS (t) TO PENETRATE L FEET (NEGLECTING 
CAPILLARITY AND ASSUMING WATER INCOMPRESSIBLE) IS: 
t =0.01 L

2 

TIME, DISTANCE, 
YEARS FEET 

I 10 

5 22 

20 45 

50 71 
100 100 
200 141 
400 200 

800 282 

I5 20 50 100 2.00 400 800 YEARS 

0 50 100 150 200 250 300 

DISTANCE FROM UPSTREAM FACE, FEET 

Fig. Al. Penetration of water into 400-ft dam for various 
durations of full reservoir
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This figure applies only to the continuous concrete of the dam, and 

would be modified greatly near the base of a dam whose foundation is 

permeable. It would be modified considerably, also, if there were no 

air entrainment. After 200 years of full reservoir, the indicated pene

tration is less than half the thickness of the dam. Under the condi

tions of this example (no joints or drains, no reduction in permeability 

after the age of one year, and no drying from the downstream face) the 

water should appear at the downstream face in somewhat more than 1000 

years. Of course, this applies only to sound concrete and does not con

sider the foundation to be permeable. But it does definitely indicate 

that, as far as the concrete itself is concerned, low internal pore 

pressures are likely to prevail either with or without drainage, and 

that only slight drainage would be effective against so slow a percola

tion rate.  

18. The above considerations of permeability have neglected the 

effects of capillarity. An investigation of the computed and observed 

rates of penetration of water into the permeability specimens indicated 

that the rates were approximately as expected without any allowance for 

capillarity. However, it must be recognized that an abnormally large 

gradient existed in the specimens and that the effect of capillarity 

would, therefore, need to be very large to be evident. An investigation 

of the quantitative effect of capillarity is sorely needed.  

Uplifting force produced 
by pore pressure 

19. The problem of determining the area subject to pore pressure 

was hampered by erroneous beliefs of long standing and by the inherent 

complexity of a material like concrete. It was I. L. Tyler of the 

Portland Cement Association who disproved the long-published statement 

that the hydrostatic compressibility of concrete is related to the ef

fective pore area. And it was Douglas McHenry of the Bureau of Reclama

tion who uncovered fallacies in several analyses which were developed 

by individuals and offered in review. But many others helped in the 

stumbling progress toward a partial clarification of the problem of 

determining effective pore area.
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20. When the test program was planned, it was believed that the 

only difference between a specimen subjected to full hydrostatic pres

sure and one with hydrostatic pressure around the sides only (ends 

open), would be the uplift forces due to the pore pressure being zero 

at the ends in the latter case. Thus, it was specified that a simple 

subtraction of the strains in the two corresponding specimens would 

give the strain due to uplift. This strain was to be converted into 

uplift force by determining the axial load required to produce an equal 

strain. Later, it was proved that the difference was bound to yield 

100 per cent of "effective" area if the measurements were accurate. It 

became apparent that the step of going from a specimen loaded hydro

statically all around, to a specimen loaded hydrostatically on the sides 

only, amounted to removing the load both from the "effective" and from 

the "noneffective" areas at the ends of the first specimen. Thus, the 

test program could not yield the effective area of the mass concretes 

in the simple manner that had been anticipated.  

21. Using the observed strains as a guide, an approximate solu

tion of the effective pore area of concrete was developed. The concrete 

was idealized to the extent of assuming most of the solids to be accu

mulated into cubes, regularly arranged, and connected by the remainder 

of the solids. At first thought, this might seem to be an intolerable 

departure from actual concrete, but relative dimensions instead of being 

chosen at random were computed to make all pertinent properties identical 

with those of the concrete. Thus, the idealized concrete could be com

puted to have the correct void content, the correct modulus of elasti

city of solid constituents (provided they are uniform), the correct 

modulus of elasticity of the concrete as a whole, the correct Poisson's 

ratio for the solid constituents, and approximately the correct Poisson's 

ratio for the concrete as a whole. It can be shown that an idealized 

concrete made up of a porous solid of uniform elastic properties will 

have a Poisson's ratio of from about one-half to two-thirds that of the 

solid material, purely by virtue of the geometry. Thus, this idealized 

concrete is an accurate "particular" case of concrete although it evi

dently is not a general case.
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22. The mechanics of the uplifting force in concrete have been 

clarified somewhat by the simplified analysis presented in the supple

ment to this appendix. For example, it can be proved that the uplift 

force on any section depends only upon the pore pressure and area at 

that section, and not upon the area at other sections. Of course, there 

may be other forces applied in a dam, such as those due to temperature 

effects, water loads and gravity. However, what we define as uplift is 

simply a matter of pore pressure and area at that section. This is con

trary to a common belief about forces in specimens such as those tested 

by Davis. It has sometimes been declared that the uplift on a section 

in the central region where there exists a uniform pore pressure, not 

only is caused by the diminution in pore pressure near the ends, but is 

dependent upon the effective pore area near the ends where the pore 

pressure diminishes. It can be proved that no matter what the pore area 

may be in the regions where pore pressure drops to zero, as long as that 

pressure does drop to zero, the uplift on a section at midlength is the 

same. Also, it no longer is considered sound to think of uplift as 

causing an over-all pull on the concrete. As an illustration, turn 

again to the long cylinder specimens subjected to pore pressure only in 

the midlength region. Assume, for example, that there may be a solid 

lens across the specimen, this lens having substantially no pore area.  

Such a condition is approached by taking a section through a maximum 

area of aggregates and other solids. By treating the half cylinder from 

such a section to one end (where forces are zero) as a free body, it 

is seen that there is no force on this section. This proves that there 

is no over-all pull on the specimen, but suggests instead that the up

lift is produced locally by the pore pressure acting as a jack within 

the pores. As a contrast to the assumed solid section, one might find 

a section with a full 100 per cent of pore area, such as a joint. Here 

the uplift would act over the whole area, and this would be the worst 

section, quite independent of pore areas elsewhere.  

23. The actual areas disclosed by the tests and idealized analy

sis were not far from 100 per cent for the lean concretes used. The 

sectional porosity, after hydration, was near 15 per cent for all of the
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concretes containing entrained air. The ordinary modulus of elasticity 

varied from approximately 4 x 106 psi for the 2-bag concrete, to 5.8 x 

106 for the 3-bag concrete. The modulus of elasticity of the solids 

was found to be approximately 17 x 10 psi. Thus, the ratios of moduli 

were 4.25 and 2.92, respectively. The corresponding areas can be found 

from the curves of figs. A3 and A4 in the supplement to this appendix.  

They range from 97 to 98 per cent, the lower area being for the richer 

mix.  

24. A surprising revelation came from applying the area equation 

to minerals. The physical properties of most aggregates indicate them 

to possess nearly 100 per cent of effective area. Very little published 

information is available to show the relative compressibility of min

erals with and without impermeable cover to provide the E and E 

values needed for the equation. However, W. A. Zizman lists these 

data for a dozen rocks. For all rocks, except obsidian, the compressi

bility due to fluid pressure when covered was much greater than when un

covered. Therefore, it is evident that the equation, developed in the 

supplement to this appendix, will yield a large fractional area, espe

cially since the sectional porosity is small in most rocks.  

25. For example, Quincy granite had a compressibility four times 

as great with an impermeable cover as it had without the cover. This 

means that the modulus of elasticity of the solid crystals was about 

four times that of the composite granite. Assuming the porosity to be 

1 per cent by volume, the value of "f" is seen to be about 0.04 from 

fig. A3. A glance at fig. A4 shows that the effective pore area would 

be more than 99 per cent if the rock structure simulates the idealized 

porous solid envisioned for concrete.  

26. Apparently, the pores in most minerals exist as poor contacts 

between crystals because, if the small volume of pores existed as well 

distributed spherical cavities, for example, no such large differences 

in elastic moduli could be expected.  

Strains due to saturation 
and pore pressure 

27. An important contribution of the laboratory investigations
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conducted by Raymond E. Davis is the revelation of actual strains or 

dimensional changes which accompany saturation and pore pressure. The 

results are such as to make the handling of strains quite simple, thanks 

largely to the low compressibility of the solid constituent's of the con

crete, and to a compensating expansion of the concrete due to satura

tion. The measured expansion of the concrete in the long cylinders, 

from the saturated state without pore pressure to the addition of 200 

psi of pore pressure (free ends), was from 5 to 10 microinches per inch 

less than for an ordinary tensile stress of 200 psi. This is explained 

by the fact that, while the solid constituents are being compressed by 

the pore pressure and there is only a small average uplift force, most 

of the strain occurs in the filler material between the larger particles, 

and this is under nearly 200 psi tensile stress. The compensating fac

tor regarding the strains is the effect of saturation. An average of 

results from strain measurements on permeability specimens, obtained 

prior to their regular testing, showed an expansion of 7 microinches per 

inch due to saturating from a mass-cured condition. Adding this to the 

strain due to pore pressure as mentioned above, one finds a total ex

pansive strain which is almost exactly what one would expect if the up

lift were a mechanical tension of numerically equal amount. The de

signer can make good use of this result in computing the modification 

of stress due to restraint near the upstream face of a dam when the pore 

pressure penetrates only a moderate distance. Also, the engineer who 

analyzes measured strains in a structure should be gratified to learn 

that the strains due to pore pressure and saturation can be treated as 

mechanical strains. Only if the pore pressure differs greatly from the 

200 psi here considered, or if the concrete were not of the lean mixes 

tested for this study, would a deviation from the simple treatment be 

necessary.  

Conclusions 

28. a. The permeability of well-designed mass concretes, even 
with mixes as lean as 2 bags of cement per cu yd, is so
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low as to indicate that equilibrium pore pressures are not 
likely to be achieved in a moderate number of decades, if 
ever.  

b. The effect of entrained air is found not only to reduce 
the permeability of concrete but also to delay the pene
tration of water into a dam by a factor of several times, 
by virtue of the water capacity of the air voids.  

c. The effective area over which pore pressure acts in con
crete can be estimated from the relative compressibilities 
of sealed and unsealed specimens subjected to fluid pres
sure.  

d. The maximum effective pore area to be expected in the lean 
concretes tested in the test program varies from 97 per 
cent in the 3-bag mix to 98 per cent in the 2-bag mix.  

e. The effective pore area in most common aggregates appears 
to be more than 90 per cent.  

f. The expansion due to saturation and pore pressure is a 
large factor in reducing likelihood of high tensile stress 
near the upstream face of a gravity dam, as long as the 
pore pressure is localized near the face.  

Recommendations for Further Work 

29. In the course of this investigation, the lack of information 

on many factors loomed up repeatedly. Following are some of the sub

jects suggested for additional testing or investigation: 

a. Permeability at greater ages. It is highly speculative 
to compute the penetration of water into a concrete dam 
for decades when the permeability is known only up to the 
age of one year. Provision should be made for tests up 

to at least 10 years of age.  

b. Permeability of concrete continuously saturated. The re
duction in permeability of concrete is likely to be in
fluenced greatly by continued hydration, and the continued 
hydration, in turn, may be expected to be affected by the 
availability of water in the pores. A beginning on this 
subject is now being made at the Waterways Experiment Sta
tion of the Corps of Engineers.  

c. Permeability of concretes containing pozzolans. Since 
some evidence indicates a manifold reduction in permea
bility due to the inclusion of active siliceous materials 
in the concrete, this subject gives promise of a large
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reduction in permeability and consequent pore pressure, 
at low cost.  

d. Permeability of concretes containing different cements 
and aggregates. Sweeping conclusions cannot be drawn from 
permeability tests on a single cement and aggregate. Dif
ferent types of cements and aggregates should be inves
tigated.  

e. Physical properties of aggregates. More information is 
needed on the hydrostatic compressibility of aggregates, 
both sealed and unsealed, and on the Poisson's ratio of 
the minerals under the two conditions.  

f. Extraneous deformations in concrete subjected to hydro
static pressure. The hydrostatic compressibility of con
crete is so small that any simultaneous deformation, such 
as might be due to gel expansion caused by squeezing water 
into unfilled pores, could make a serious error in the 
interpretation. A better understanding of the effect of 
water pressure on concrete is needed.  

g. Compressibility of aggregates due to water pressure. The 
reported tests on compressibility of minerals were made 
on very small specimens with kerosene as the fluid. Cor
responding tests are needed on larger specimens subjected 
to water pressure.  

h. Effect of capillarity on percolation of water. In view of 
the large theoretical effect of capillarity on the perco
lation of water through concrete, tests should be made to 
determine the rates of penetration of water into concrete 
specimens where the pressure gradient is about the same 
as in a typical dam.  
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SUPPLEMENT TO APPENDIX A 

Particular Example Showing Relation between 
Strains and Pore Area 

31. It is desired to derive an expression for the effective pore 

area in terms of some factor which can be measured. Up to the present 

time, the deformation of the concrete (or strain) appears to be the only 

measurable action which is closely related to uplift forces. Therefore, 

the aim is to derive an equation for effective pore area in terms of 

measured strains.  

32. Consider first an "idealized" porous solid which has many of 

the characteristics of concrete, before becoming involved and possibly 

confused by the general treatment of uplift forces. Suppose the ideal

ized concrete to be like the section shown in fig. A2 where most of the 

solid particles have been collected into cubes and the remainder, to

gether with the pores, comprise a filler material between cubes. Let 

the entire specimen be a large sphere and the unit cell be exactly one 

cubic inch as depicted in fig. A2. Merely for convenience, we have 

chosen the solid cube to be 0.9 in. on a side, leaving 0.05 in. all 

around for filler material. For further simplicity, the filler mate

rial is pictured as fibers or columns between cubes and it has a sec

tional area of exactly 0.1 sq in. per gross square inch. Here we have a 

case where the total pore space can be calculated to be 24.4 per cent 

of the volume, the void area on a section through the solid cube is 19 

per cent (chosen so as to miss the columns of filler material) and the 

void area on a section between cubes is 90 per cent.  

33. We can arrive at an expression for "percentage effective up

lift area" by three steps, as follows: 

a. Write an expression for stress and consequent strain due 
to the application of a hydrostatic load on the spherical 
specimen of which the 1-in. cube is an interior, unit 
cell. For this first step, assume the specimen to have 
its surface sealed against entrance of pressure into the 
pores, or else assume that the specimen is large enough 
to prevent development of pore pressure in the interior.  
If the test actually is made by the application of water
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pressure to the surface of the sphere, then some relief 
must be provided for the pressure which will develop in 
the pores due to volume change, because the equations will 
assume zero pore pressure for this step. Actually, it is 
simpler to make the test by applying an axial load to a 
cylindrical specimen, and computing the corresponding 
strain for triaxial load (hydrostatic) by applying a 
double Poisson's ratio correction, one for load in each 
of the other two directions. The reference condition 
(zero strain) requires that the specimen be fully sat
urated but under no stress of any kind. This applies to 

- the succeeding two steps as well.  

b. Next write an expression for the strain due to hydrostatic 
pressure when the pressure has penetrated the pores and 
is applied to the surface as well.  

c. Finally, express the strain after a quick removal of the 
hydrostatic pressure from the surface of the sphere, with 
the pore pressure within the sphere remaining as in the 
second step. The internal pore pressure is assumed to 
remain unchanged in this step, neglecting the effect of 
volume change, because it is desired to simulate the static 
condition in a dam.  

34. Now, it can be shown that the change from step 2 to step 3 

amounts to removing the pressure from 100 per cent of the surface area, 

and since step 1 amounts to applying the pressure to 100 per cent of 

the area, a subtraction of the strain of step 3 from that of step 2 

should equal the strain of step 1, except for being opposite in sign.  

35. Now, let us proceed to write these expressions for a case 

where the modulus of elasticity and Poisson's ratio of the solid material 

are known or assumed to be 8 million psi and 0.25, respectively. For 

this example, the solid columns in the filler material are assumed to 

have the same elastic properties. But to make the case a little more 

general, let us pretend that this was not known but that a measurement 

indicated the modulus of elasticity of the gross filler material to be 

0.8 million psi, this being merely the result of having one tenth sec

tional area. For further simplification, let us write all expressions 

for unit pressure, one psi, and let us be concerned mainly with vertical 

stresses in our unit cell.  

36. Step 1. The stress due to 1-psi surface pressure is simply 

1 psi in all directions, with no pore pressure. The contribution to
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vertical strain by the filler material is equal to the stress (1) times 

the length (0.05 above and 0.05 below, or 0.1 in.) and divided by E 

(0.8 million psi) and the area (1 sq in.). The Poisson's ratio effect 

is considered to be negligible in the filler material as far as this 

strain is concerned, since pressure is not applied to the sides of the 

filler elements. The contribution to vertical strain by the solid cube 

is the stress (1) times the length (0.9 in.) divided by E (8 million 

psi) and the area (0.81 sq in.). Now the Poisson's ratio effect reduces 

this strain by 25 per cent for the stress in each lateral direction, so 

the strain can simply be multiplied by 0.50 to take account of Poisson's 

ratio. Thus, we have for the total vertical strain in step 1.  

0 .1 0.5 x 0.91 = -.1250 - .0693 = --19)43 x 106 

37. Step 2. Hydrostatic pressure in the pores, as well as at the 

surface, produces a compressive strain which is independent of the pores.  

It is merely the stress (1) divided by E (8 million psi), corrected for 

Poisson's ratio by subtracting 25 per cent for each lateral direction.  

Thus, the strain in step 2 is 

e2=- 0-=-.0625xl0 6 

38. Step 3. Quick removal of pressure from the surface of the 

sphere produces somewhat more complex stresses. Let "n" be the frac

tional area subject to pore pressure in the filler material. Then the 

stress in the filler material is found by balancing the forces on a plane 

through the material and parallel to a face of the cube. The product of 

n and the pressure (1 psi) must equal the tensile force per gross square 

inch of filler, since the external force is now zero. Thus, the force 

in the filler is simply n psi, reckoned on the full area. Now the 

strain due to this force is n times the length (0.1 in.) divided by 

E (0.8 psi). But this must be corrected for the additional expansion of 

the fibers due to water pressure around them, and this is the pressure 

(1 psi) times the length (0.1 in.) times 0.50 (for the double Poisson's



A20

ratio) and divided by E (8 million psi since we are dealing here with 

solid fibers). In addition, there is a slight tension in the solid cube 

which can be found to be 0.19 lb by balancing the forces on a plane 

through the cube. The contribution to strain by this tension in the 

cube is 0.19 times the length (0.9 in.) times 0.50 to allow for the 

double Poisson's ratio correction and divided by E (8 million psi) and 

divided also by the area (0.81 sq in.). The terms for strain in step 3 

are then 

0.ln 0.1 x 0.50 0.19 x 0.5 x 0.9 - .1250n + .0062 + .0132.  
3 0.+ x0.81 

Inserting numerical values in the expression stated above, namely 

e3 -e 2 = el , there is obtained 

.1250n + .0062 + .0132 + .0625 = .1943 

and n = .1124/.1250 = 0.90 

39. Thus, it is seen that the effective pore area in the filler 

material (worst section) might have been found from an analysis of meas

ured strains to be 90 per cent, as it should be in this known case.  

This means that the specimen should fail when subjected to internal pore 

pressure (only) of an intensity about 10 per cent above the tensile 

strength. However, it may be noted that the stress in the aggregate 

particles (cubes) is low.  

40. It is interesting to examine the stress conditions on a prac

tical scale before proceeding further. Suppose that the pore pressure 

were 200 psi as at the base of a 460-ft dam, instead of 1 psi. Then the 

tensile stress in the fibers of the filler material of this idealized 

example must be 200 x 10 or 2000 psi. In any tensile loading of con

crete, the stresses must be magnified similarly in those elements which 

support the stress applied to the gross section in porous regions.  

41. Now the stress in the solid cube (simulating the aggregate) 

was found to be very low. In this example where the volume of voids 

was 24 per cent and rather high for concrete, the tensile stress in the
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aggregate was found to be only 4 7 psi (.19 lb times 200 and divided by 

0.81). Of course, this value cannot be applied directly to concrete, 

because we have deliberately made the volume percentage of voids higher 

than that which would be deduced by taking a section through the aggre

gate. But a fact which is illustrated by the example is that uplift 

force does not produce an over-all pull on the concrete nor is the ten

sion anywhere near uniform from point to point. The tension is highest 

across sections where the void areas are greatest, which is not really 

surprising. Another fact illustrated by this example and consistent 

with strain studies on actual concrete is that the tensile strains due 

to the uplift force of pore pressure are almost as great as though there 

were actually an over-all pull on the concrete of the full amount of the 

"effective" uplift. This is merely a consequence of the relatively high 

modulus of elasticity of the solid constituents of the average concrete.  

The filler material (with its voids) is responsible for most of the de

formation.  

Development of Equation for Uplift Area 

42. The nature of concrete is such that an exact mathematical ex

pression for uplift cannot be developed from only those physical prop

erties ordinarily known. For example, it is clear that any particle of 

aggregate which is unbonded over its entire surface should be reckoned 

as part of the voids because it can take part in no structural action.  

Although aggregate particles are not likely to be unbonded over their 

entire areas, occasionally one may find particles to be unbonded over 

substantial parts of their areas, and, in such cases, they would act 

partly as voids. Also there are minor Poisson's ratio effects and 

property differences which are indefinite. Therefore, it appears in

advisable to strive for an exact mathematical expression for uplift area.  

43. The area which we are searching is that of a section which 

passes through the largest possible number of voids without deviating 

too far from a plane section. This may be termed the "worst section" 

and one which yields the largest area. The requirement that it may not
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deviate too far from a plane section is simply to avoid introducing 

shearing strength, for we are interested only in the area of pore pres

sure which must be supported by tensile strength, or which produces 

tensile strain. It is fairly evident that an average plane section will 

have the same void area as the concrete as a whole, or about 15 per cent 

for ordinary mass concrete with air entrainment. Thus, the worst sec

tion is a special one and highly localized. When dealing with a heter

ogeneous material like concrete, the worst section in one region may be 

somewhat different than that in another region. It should be realized 

that strain measured on a 10-in. gage length spans many "worst sections," 

as well as many sections with low void areas. It appears to be expect

ing too much, therefore, for measured strains to reveal the one worst 

section. In the idealized analysis which follows, the intention is to 

reveal the worst plane section that might be expected with an arrange

ment of particles which maintains all of the pertinent, known properties 

of the concrete.  

Iii.. It may be possible that a fairly dependable solution of the 

effective-area problem can be obtained by considering the concrete to be 

idealized as in the foregoing example. That is to say, assume most of 

the solid matter to be collected into cubes, with the rest of the solids 

together with the voids making up a porous filler material between cubes.  

The exact amount of filler material can be computed to satisfy the condi

tions, assuming that only that part of the solid matter that can be 

treated as columns between cubes shall be assigned to the filler. The 

volume of voids must be known and the amount of solids in the filler is 

then computed so as to account for the modulus of elasticity of the con

crete being lower than that of the solids. Thus, fig. A3 has been pre

pared to provide a means of determining effective thickness of filler 

material in terms of known ratio of elastic moduli and of known void 

content of a particular concrete. In this treatment, it is assumed that 

all solids have the same modulus of elasticity and the same Poisson's 

ratio, and this may be nearly true since voids are responsible for the 

large variations in elastic moduli among rocks. It may be seen from 

the development of the equation for uplift area that the Poisson's ratio
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Fig. A3. Chart for finding thickness of filler "f " 
in idealized concrete 

for composite concrete does not enter. However, a calculation will show 

that a reasonable ratio, considerably lower than that for the solids, 

is a natural consequence of the separate treatment of solids and paste 

(or filler).  

45. The following is a short derivation of an equation for the ef

fective uplift area "n." Since this derivation is exactly parallel with 

the example already given, little further explanation is necessary. It is 

gratifying that the final result is independent of Poisson's ratio, since 

one would expect this if all ingredients have the same inherent properties.  

Development of More General Equation for Effective Uplift Area 

46. Let 

f = linear amount of filler per inch (between cubes) 

F = linear amount of solid per inch 

P = pore pressure, psi 

u = Poisson's ratio of all solid material 

E = modulus of elasticity of filler material (reckoned on gross area) x 
E = modulus of elasticity of solid material 

Ec = modulus of elasticity of concrete (composite filler and cubes)

--- -- --- ---- --- - -

0.005 f=0.OI r=0.02 +'f= 0.03 = aO 4 -f=O.5 r =O.06 

'=0.07 

= .OB



= void area (section through cube) = 1 - F2 

= fraction of area subject to uplift 

= strain, inch per inch

Pf PF (1 - 2u) 
el = - E ~2 

xc E F 
p 

P (1 - 2u) 
e2 E 

p

External load, no pore pressure 

Hydrostatic load with pore pressure

of P Pf (2u) aPF (1 - 2u ) e3n~ E + E + 2 Pore pressure, no external load 
x p EpF 

p 

4+7. The E term can be eliminated by expressing it in terms of E 
x p 

and E as follows: If 1 psi is applied to layers of filler f inch 
c 2 

thick and to a layer of solid F inch thick and F in area, the sum 

of the deformations is that of 1 inch of the idealized concrete. Thus 

the concrete strain for 1 psi is 

1 f F 
E ~ E + 2 

c x F E 
p

Solving for Ex and defining Ep/E as C  

fFE 
E = p 
x FC - 1 

Substituting this value for E wherever it 
x 

fining (1 - 2u) = Q , the equation e - e 
3 2 

nf (FC - l) f (1 - Q) aQ Q 
fFE E+EF +E 

p p p p

one finds

appears, and further de

- l develops as follows: 

f (FC - 1) Q 
fFE + FE 

p p

This can be simplified and solved for n to give 

fF 
n = 1 - FC - 1
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The effective area is now expressed in terms of relative moduli of elas

ticity and of idealized cell dimensions. The idealized dimensions are 

in turn dependent upon the relative moduli and the pore volume, and they 

can be found most readily from fig. A4.
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Fig. A . Effective pore area in idealized concrete
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