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INTRODUCTION

Arrowrock Dam, located on the Boise River in Idaho, is a concrete dam of the

thick arch type with a structural height of 107 m (350 ft). The dam was completed

in 1915. During 1935-37, the dam and ~pillway were raised 1.5 m (5 ft).

Cement used in the construction of the dam was a ~;and-cement consisting of 55 per-

cent portland cement and 45 percent pulverized granite for interior concrete, and

66 percent portland cement and 34 percent pulverized granite for exterior con-

crete. The granite was pulverized so 90 percent would pass through a 75-ilm (No.

200) sieve and was blended with the portland cement at the damsite. Maximum-

size aggregate in the concrete was 115-mm (4l/2-in). However, large stones (plums)

were added, when available, to a maximum of 20 percent of the volume of the

concrete.

CORE TEST PROGRAM

In 1978, 150-mm (6-in) diameter concrete cores were drilled at six locations in the

dam (fig. 1). The evaluation of these cores will be used in a feasibility study for the

possible modification of the structure.

Drill hole 1 A duplicates the top 11 feet of drill hole 1. It was drilled because too

few usable test specimens were recovered from the upper elevations of dri 11 hole 1.

Drill holes 1, 2, 3, and lA were drilled from the operating gallery at elevation 942 m

(3090.5 ft). Drill holes 4 and 5 were drilled from the inspection gallery at elevation

908 m (2980 ft). Figures 2 through 10 are photographs of the extracted cores. The

elevations for drill holes 4 and 5 (figs. 7-10) are in error. These elevations should be

2980 instead of the 3003.5 shown.



The identification of the individual test specimens follows: The first number

desginates the drill hole number; the second character is an alphabetical designa-

tion starting with A at the highest elevation and going downhole with the

alphabet. Thus, specimen 2C would be the third test specimen out of drill hole 2.

Drill hole lA has a double alphabet notation because of the identification of the

hole, such as lAA, lAB, and lAC.

From the cores shipped to the laboratory, 89 pieces were selected to be evaluated

for:

Compressive strength

Modulus of elasticity

Poisson's ratio

Density

Absorption

Shear strength and sliding friction

A petrographic examination was also conducted. Tests for compressive strength,

modulus of elasticity, and sliding friction were conducted with approximately

one-half of the specimens in a moist condition and the remainder in a laboratory-

dry condition. The specimens tested in a moist condition were kept in a room

maintained at 100 percent relative humidity. The dry specimens were left

uncovered in laboratory air until tested.

CONCLUSIONS

1. Most of the concrete in the mass section of the dam is of relatively low strength.

This strength does not seem to be decreasing significantly as the structure ages.

2. The difference in strength and modulus of elasticity of the concrete when

tested in a wet condition as compared to similar cores tested in a dry condition

2



is greater than usually observed between wet and dry concrete. No explanation

for this behavior was determined.

3. Minor evidence of alkali aggregate reaction was observed but not to the extent

that it would deleteriously affect the concrete.

TEST RESULTS

Compressive Strength

Cores to be tested for compressive strength were sawed into 300-mm (12-in) lengths

and then capped for testing. Test results on cores less than 300 mm long, giving a

length to diameter ratio of less than 2, were corrected for compressive strength in

accordance with Designation 33 of the eighth edition of the Concrete ManuafI.

The average compressive strength of 12 cores tested in a laboratory-dry condition

was 14.4 MPa (2090 Ib/in2), while the average for 11 cores tested in a wet condition

was 8.6 MPa (1250 Ib/in2) (tables 1 and 2). The difference between the averages is

nearly twice that normally experienced between wet and dry concrete. No

identifiable reason for this difference was observed.

Although these strengths are low by today's standards, there does not appear to be

any appreciable deterioration from the original strength in the interior concrete.

"Special Cements for Mass Concrete"2 discusses the sand-cement used at Arrow-

rock Dam and lists the laboratory tests on concrete cubes made during the con-

lConcrete Manual, 8th ed., rev. reprint, Bureau of Reclamation, Denver,

Colorado, 1981.

2Savage, J. L., "Special Cements for Mass Concrete," the Second Congress of the

International Commission on Large Dams, World Power Conference, Washington,

D.C., 1936, Bureau of Reclamation, Denver, Colo., 1936.
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struction period. At I year, the strengths of the cubes representative of two con-

cretes used in the interior of the dam were 10.6 and 14.4 MPa (1540 and 2090 Ib/in2).

Twenty-five 120-mm (4%-in) diameter drill cores taken from the body of the dam

IS years after its completion were reported to have an average compressive

strength of 11.0 MPa (1590 Ib/in2).

Modulus of Elasticity and Poisson's Ratio

Elastic property tests were conducted on the same core specimens selected for the

compressive strength tests. The modulus of elasticity and Poisson's ratio were de-

termined using an extensometer-compressometer frame with dial gages measuring

longitudinal and lateral deformations as loads were applied. On the dry specimens,

deformations were observed at 0-, 0.69-, and 6.9-MPa (0-, 100-, and 1000-lb/in2)

loads. Computations for modulus of elasticity and Poisson's ratio were based on

net strain measured between 0.69 and 6.9 MPa. Because of the low strength of the

concrete in a wet condition, these cores were only loaded to 2.07 MPa (300 Ib/in2),

and calculations were based on strain measured between 0.69 and 2.07 MPa

(100 and 300 Ib/in2). The modulus of elasticity of the dry cores averaged 11.2 GPa

(1.62 x 106 Ib/in2), while the wet cores averaged 6.39 GPa (0.93 x 106 Ib/in2). The

same wide discrepancy between wet and dry core results found in the compressive

strength tests was also noted in the elastic tests.

The Poisson's ratio values were too variable to produce an average that would have

statistical significance. Weak surface concrete or loose aggregate particles did not

allow solid contact for the two screw points of the extenso meter; therefore, erratic

readings were obtained.

Density and Absorption

For all specimens tested, the average density was 2290 kg/m3 (143 Ib/ft3), and the

average absorption was 3.8 percent (tables I and 2). These values are within the

expected range.

4
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Shear and Sliding Friction

There are three generally accepted tests used to determine the shear strength of

concrete: (1) triaxial, (2) break bond or direct, and (3) sliding friction. Currently, in

the Bureau, the direct (break bond) shear test is used for integral concrete

specimens and specimens with intact construction joints, while the sliding friction

test is used for specimens with "open" or disbonded construction joints and for

tests subsequent to the direct shear test. To determine the shear strength, data

from these tests were analyzed by both the "linear regression" method and the

"angle-envelope" method.3 The respective values for cohesion and friction angle, °,

are summarized in table 3 for cores tested under dry conditions and in table 4 for

cores tested under wet conditions.

A straight line (linear regression method) was fitted through the sliding friction

test data from all 15 cores tested dry (fig. 11 A&B) and all 11 cores tested wet

(fig. 12 A& B). Also, a linear regression line was fitted through all the break bond

shear points in the two figures. These regression lines give an average value for

cohesion and friction angle for all the specimens tested. A typical post-shear and-

sliding friction test specimen is shown in figure 13.

A normal loading sequence of 0.69, 1.38, and 2.07 MPa (100, 200, and 300 Ib/in2) was

used for the shear tests and 0.69, 1.38, 2.07, and 2.41 MPa (100, 200, 300, and

350 Ib/in2) for the sliding friction tests for both wet and dry cores.

Specimen 3D was tested before the loading range was selected in an attempt to

obtain a strength range for the test program. This specimen was run at 0.52-MPa

(75-lb/in2) normal load for the shear test and 0.52, 1.38, and 2.41 MPa (75,200, and

350 Ib/in2) for the sliding friction test.

3Haverland, M. L., "The Angle-Envelope Method of Analyzing Tests," Bureau of

Reclamation Report No. GR-15-76, E&R Center, Denver, Colo., January 1976.
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Specimens 5H and 51 were initially subjected to a normal load of 2.07 MPa

(300 Ib/in2) but could not be sheared utilizing the maximum capacity of the shear

machine. The normal load was reduced to 1.72 MPa (250 Ib/in2), and the specimens

were successfully sheared. Also, specimen 4L was initially subjected to a normal

load of 1.38 MPa (200 Ib/in2) and not sheared. When the load was reduced to

0.69 MPa (100 Ib/in2), the specimen sheared.

Specimen 4Q should be considered a shear test of rock rather than concrete.

Ninety percent of the material sheared was rock. Specimen 3U was only tested in

shear because of the large aggregate exposed after the shear test.

A correlation factor, r, of +1.0000 utilizing the linear regression method is con-

sidered ideal. The test data correlation factors for 14 specimens tested dry ranged

from +1.0000 to +0.9960. Specimen 5H had a low correlation factor of +0.9114

because of a lower sliding friction load at 2.07-MPa (300-lb/in2) normal load than

at 1.38-MPa (200-lb/in2) normal load.
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PETROGRAPHIC EXAMINATION

A petrographic examination of representative cores was conducted by C. A.

Bechtold and reported in Petrographic Memorandum 80-12.

Material and Method of Study

The sand-cement drill cores were given a cursory examination in the Concrete

Laboratory to select fragments for futher examination and testing in the Petro-

graphic Laboratory. The concrete was examined megascopically, microscopically,

by XRD (X-ray diffraction), by DT A (differential thermal analysis), and by other

p hysical and chemical tests.

Petrographic Laboratory Examination

Some drilling corrosion of the concrete was observed in the form of a softened

paste.

Moderately to slightly softened concrete in the top 50 to 300 mm (2 to 12 in)

suggested freeze-thaw deterioration due to atmospheric influences, although an

overall examination of the core samples indicated most of the concrete was not

affected by this type of exposure.

Large entrapped air voids and less than the average amount of sand were observed

in some cores suggesting variability in the mixing and the placing of the concrete.

The coarse aggregate particles were mostly subrounded to subangular in shape.

The fine sand consisted of mostly sub angular to angular shaped particles. The

sand and gravel were composed primarily of granitic rocks, gneiss, basalt, quartz,

and feldspar with lesser amounts of glassy and altered rhyolite, diorite, and schist,

and a few wood fragments. The sand contained increasing amounts of mono-

mineralic grains of quartz, feldspar, mica, and amphibole, and a few miscellaneous

7



minerals. A few alkali-reactive glassy rhyolites were observed. The sand and gravel

would probably be considered petrographically of fair physical quality and

chemically innocuous.

The concrete paste appeared chalky, porous, dull, white to light gray when dry and

tan when wet, and was absorptive. The concrete broke with light to hard hammer

blows generally around aggregate particles, indicating a weak or poor bond

between paste and aggregate. The paste and gravel were evenly distributed;

however, a few areas of poorly compacted concrete with large void spaces and

deficient amounts of paste were observed.

Secondary products observed in the concrete included calcium carbonate, et.

tringite, an ettringite-like complex mineral, and silica gel. Calcium carbonate was

present in the paste but was generally absent in the voids and fractures. Most of

the observed air voids and rock sockets were unfilled; however, many were lined or

coated with a thin film of calcium carbonate, ettringite, and an ettringite-like

complex mineral. A trace of silica gel was observed lining a few glassy volcanic rock

sockets. A fragment of the concrete was soaked in Denver tap water for several

weeks with no silica gel development. Petrographic Memorandum No. 51-38

indicated some evidence of an alkali aggregate reaction based on an examination

of one piece of drill core. This reaction does not appear to be a significant problem

with the concrete examined at this time. Unusually large (to 2-mm-sized) flat

crystals identified as similar to ettringite (CaS04 .A1203 .33H2O) were observed in

fractures, voids, and rock sockets. The formation of crystals this large no doubt has

exerted some disruptive forces on the concrete.

Portlandite and calcium silicates (alite and belite) are normal constituents of

hydrated cement. Portlandite was detected in minute amounts by XRD and DT A.

The amounts of water of hydration and calcium silicates were somewhat less than

for most old concrete, possibly due to the removal of cement minerals by ground

or reservoir water or replacement of some portland cement with sand-cement. An

unusually high percentage of quartz and feldspar was detected in the handpicked
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paste by XRD analysis. A probable cause for this percentage is the addition of

about 40 percent crushed granite and gneiss, which primarily contained these

minerals, to the sand-cement.

The mineral similar to calcium sulfoaluminate hydrate (ettringite) was picked out

and analyzed separately. This mineral is a monoclinic, uniaxial negative mineral

with an index of refraction of about 1.520. XRD shows major peaks at 8.26, 4.13,

and 2.75 angstroms. DTA indicates three major endotherms at 130,209, and 297°C.

These data are not an exact fit for any of the known calcium sulfoaluminate

hydrate minerals, but a comparison with other experimental test data indicates

this mineral to be the closest fit.

Thin section and polished specimens showed few microfractures; however, many

microscopic vugs and cavities were observed in the paste suggesting the possibility

of some corrosion by aggressive water. The ettringite-like mineral was not

positively identified in the paste in either the thin section or the polished surface

specimens.

Summary of Petrographic Examination

The petrographic examination of the Arrowrock Dam cores revealed the following:

1. Petrographic evidence of freeze-thaw was minimal.

2. The sand and gravel would probably be considered of fair physical quality and

chemically innocuous.

3. \Veak or poor bond was observed between paste and aggregate particles.

4. The gravel, sand, and paste were generally well distributed with a few areas of

poorly compacted concrete and a few areas deficient in sand-size particles.

9



S. Minor evidence of alkali aggregate reaction was observed but should not

deleteriously affect the concrete.

6. Some damage in a few areas from sulfate reaction was indicated by the presence

of the large ettringite-like crystals even though their presence could not be

detected in the paste.

7. Some corrosion due to natural waters is indicated by reduced amounts of water

of hydration, calcium silicate, and portlandite as well as a general lack of

calcium carbonate deposits and the presence of numerous microscopic vugs and

cavities in a very porous concrete.

8. The sand-cement concrete exhibited moderate deterioration indicated pn-

marily by poor bond between paste and aggregate, probable effects of corrosive

water, and possible sulfate reactions.

10
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Figure 12B.-Direct shear test linear regression results Arrowrock Dam, wet [51 metric
units]



Figure 13.-Typical direct shear and sliding friction test specimen. P801-D-79789
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Table i.-Propertiesof concrete cores (dry) - Arrowrock Dam

Compressive Modulus of Poisson's

Core strength elasticity ratio Densi t y

No. MPa Ib/in2 CPa Ib/in2 x 106 kg/m3 Ib/ft3

lA 6.9 1000 * * * 2220 139

lAB 11.3 1640 6.48 0.94 0.70 2220 139

lAE 14.2 2060 * * * 2200 137

IE 14.9 2160 8.83 1.28 .50 2200 137

2C 10.5 1520 7.45 1.08 .62 2340 146

2J 19.1 2770 13.03 1.89 .25 2270 142

3R 16.2 2360 * * * 2270 142

35 15.6 2260 9.93 1.44 .17 2280 142

41 17.4 2520 14.27 2.07 .17 2290 143

4P 22.3 3230 15.58 2.26 .03 2330 145

5B 13.2 1910 16.96 2.46 .45 2350 147

5N 11.0 1600 8.07 1.17 .64 2260 141

Avg. 14.4 2090 11.18 1.62 .39 2270 142
,-

* Core too short for elasticity frame.
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Table 2.-Propertiesof concrete cores (wet) - Arrowrock Dam

Compressive Modulus of Poisson's Absorp-

Core strength elasticity ratio Density tion

No. MPa lb/in2 GPa lb/in2 x 106 kg/m3 lb/ft3 %

1D 7.4 1070 9.79 1.42 0.10 2330 145 3.5

1AF 7.9 1150 * * * 2290 143 4.2

lAG 8.5 1240 5.52 0.80 .22 2290 143 3.5

2C 12.0 1740 10.00 1.45 .08 2300 144 3.7

2D 8.3 1200 6.89 1.00 .22 2330 145 3.6

3Q 8.2 1190 4.83 0.70 .13 2360 147 3.7

3T 7.9 1150 2.90 0.42 .17 2310 144 4.1

4C 8.2 1190 4.62 0.67 .15 2280 142 4.1

4D 7.8 1130 6.34 0.92 .45 2300 144 3.6

5J 5.7 830 3.45 0.50 .21 2270 142 4.3

5K 12.5 1810 9.52 1.38 .18 2360 147 3.2

Avg. 8.6 1250 6.39 0.93 .19 2310 144 3.8

* Core too short for elasticity frame.
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Table 3.-Direct shear and sliding friction test data on 150-mm (6-in) diameter
concrete cores tested in a dry condition - Arrowrock Dam

Specimen Normal Shear Sliding Linear regression An~le envelope Remarks

1'10. stress, a stress, T friction Equation 0 Cohesion 0 degrees Cohc!oiion for

MPa lb/in' MPa lb/in' MPa lb/in' T= degrees MPa max. min. a\'g. max. (2) min.0 avg. 0

(lb/in') MPa (lb/in')

IB 0.69 100 2.73 396 2.02 67.9 55.1 60.9 1.04 1.74 1.51 JjJj'

0.69 100 1.70 246 (293) (151) (253) (219) SF

1.38 200 2.36 343 SF

2.07 300 3.10 450 SF

2.41 350 3.46 502 140.9 + 1.02870- 45.8 SF

IC 0.69 100 2.61 379 1.72 70.4 60.1 65.2 0.68 1.41 1.12 BB

0.69 100 1.93 280 (249) (98) (205) (162) SF

1.38 200 3.10 450 SF

2.07 300 3.86 560 SF

2.41 350 4.19 608 165.7 + 1.30110- 52.5 SF

IF 1.38 200 4.31 625 2.62 66.7 57.0 61.7 1.10 2.19 1.75 Bll

0.69 100 1.60 232 (380) (160) (317) (254) SF

1.38 200 2.63 382 SF

2.07 300 3.39 492 SF

2.41 350 3.72 539 120.4 + 1.22530- 50.8 SF

IG 1.38 200 3.32 481 1.57 68.8 58.6 63.1 O. 1.06 0.60 BB

0.69 100 1.78 258 (227) (0) (154) (87) SF

1.38 200 2.68 388 SF

2.07 300 3.59 520 SF

2.41 350 3.95 573 133.1 + 1.26990- 51.8 SF

2E 1.38 200 3.38 490 1.79 68.8 57.1 62.1 O. 1.25 0.78 Bll

0.69 100 1.78 258 (260) (0) (181) (113) SF

1.38 200 2.47 358 SF

2.07 300 3.36 487 SF

2.41 350 3.73 541 138.2 + 1.14880- 49.0 SF

2F 1.38 200 4.81 697 3.16 68.8 57.7 62.7 1.25 2.6:J 2.14 Bll

0.69 100 1.78 258 (459) (182) (381) (310) SF

1.38 200 2.63 382 SF

2.07 300 3.47 503 SF

2.41 350 3.82 554 140.7 + 1.19210- 50.0 SF

2H 2.07 300 4.80 696 2.61 70.5 57.3 6.3.2 O. I.S8 0.70 Bll

0.69 100 1.94 282 (378) (0) (229) (101) SF

1.38 200 2.63 381 SF

2.07 300 3.41 494 SF

2.41 350 3.76 545 173.4 + 1.06120- 46.7 SF

21 2,07 300 5.02 728 2.36 70.6 S9.9 64.9 O. I.4S 0.61 llB

0.69 100 1.95 283 (343) (0) (210) (88) SF

1.38 200 2.96 429 SF

2.07 300 3.79 550 SF

2.41 350 4.16 604 162.2 + 1.28090- 52.0 SF

3D 0.52 75 2.84 412 2.12 65.2 57.3 61.6 1.72 2.03 1.88 Bll

0.52 75 1.12 162 (308) (249) (295) (273) SF

1.38 200 2.50 363 SF

2.41 350 3.76 545 68.4 + 1.38410- 54.2 SF

28

IIP'I 1111



Table 3.-Direct shear and sliding friction test data on 150-mm (6-in) diameter
concrete cores tested in a dry condition - Arrowrock Dam-Continued

Specimen Normal Shear Sliding Linear regression Angle envelope Remarks

No. stress, U ~tress, T friction Equation 0 Cohesion 0 degrees Cohesion for

MPa lblin' MPa lb/in' MPa lblin' T= degrees MPa max. min. 8Vg. max. 0 min. 0 8Vg. 0

Ob/in') MPa (lb/in2)

3P 0.69 \00 2.8:; ~13 2.13 60.8 51.7 55.6 1.6\ 1.97 1.8~ BB

0.69 100 1.23 \79 (309) (2H) (286) (267) SF

1.38 200 2.06 299 SF

2.07 300 2.67 387 SF

2.41 350 3.05 4~3 80.5 + 1.0377/7 ~6.\ SF

3Q 0.69 \00 :1.3\ 180 2.29 72.0 62.6 66.7 1.22 1.98 1.70 BB

0.69 \00 2.12 308 (332) (\72) (287) (2~7) SF

1.38 200 3.14 456 SF

2.07 300 4.\6 603 SF

2.41 350 ~.66 676 160.9 + 1.4730/7 55.8 SF

4Q 1.38 200 3.:;6 :;17 1.50 72.9 63.5 67.9 O. 0.81 0.\7 BB

0.69 100 2.2~ 325 (218) (0) (\\7) (2:;) SF

\.:J8 200 :J.43 498 SF

2.07 300 ~.36 6:J3 SF

2.~1 350 ~.83 70\ \84.3 + 1.4948/7 56.2 SF

4R U8 200 4.77 692 2.94 68.9 58.0 62.8 1.21 2.56 2.09 BB

0.54 78 1.39 201 (426) (\75) (372) (30:J) SF

1.38 200 2.6\ 379 SF

2.07 300 3.51 :;09 SF

2.41 350 3.87 56\ \03.7 + 1.33\6/7 53.\ SF

5H 1.72 250 :;.09 738 4.\4 73.4 .J.J.\ 65.2 O. 2.62 1.36 BIJ

0.69 100 2.3\ 3% (600) (0) (380) (\97) SF

U8 200 3.30 478 SF

2.07 :JOO 3.08 446 SF

2.4\ 350 3.46 502 309.\ + 0.5525/7 28.9 SF

51 1.72 250 5.27 761 :J.32 74.:; 61.7 68.2 O. 2.06 0.96 BB

0.69 100 2.48 360 (48\) (0) (:JOO) (\40) SF

U8 200 3.50 :;08 SF

2.07 300 4.1\ :;96 SF
2.4] 350 4.47 649 259.7 + 1.1305/7 48.5 SF

'BB = Break hond

SF = Sliding frietion
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Table 4.-Direct shear and sliding friction test data on 150-mm (6-in) diameter
concrete cores tested in a wet condition - Arrowrock Dam

Specimen Normal Shear Sliding Linear regt:ession Angle ern/elope Remarks

No. stress, (J stress, T friction Equation 0 Cohesion 0 degree, Cohesion for

MPa Ib/in' MPa Ib/in' .\<IPa Ib/in' T= degrees MPa max. min. avg. max.0 min.0 avg. 0

(Ib/in') "Pa (lb/in2)

lAC 2.07 300 4.55 660 1.82 69.8 59.8 64.4 O. 0.99 0.23 BB'
0.69 100 1.88 272 (264) (0) (144) (33) SF

1.38 200 2.90 420 SF

2.07 300 3.76 545 SF

2.41 350 4.14 601 146.2 + 1.3197a 52.8 SF

lAD 0.69 100 2.21 320 1.38 62.6 54.6 57.8 0.88 1.203 l.ll BB

0.69 100 1.33 19:1 (200) (128) (179) (161) SF

1.38 200 2.17 :114 SF

2.07 300 03.01 4:16 SF

2.41 350 :1.40 49:1 72.4 + 1.2061a 50.3 SF

3C 1.38 200 2.94 427 1.85 66.7 50.5 57.0 O. 1.26 0.82 BB

0.69 100 1.60 232 (268) (0) (185) (119) SF

1.38 200 1.90 275 SF

2.07 :100 2.61 379 SF

2.41 350 2.92 424 138.8 + 0.7943a 38.5 SF

:lL 2.07 300 :1.19 463 0.90 65.3 54.9 59.3 O. 0.25 O. BB

0.69 100 1.50 218 (130) (0) (36) (0) SF

1.38 200 2.32 :136 SF

2.07 300 ;J.O;J 439 SF

2.41 350 3.43 498 108.9 + l.l108a 48.0 SF

3M 1.38 200 :1.86 560 2.32 72.4 .'>9.5 65.5 O. 1.52 0.84 BB

0.69 100 2.17 314 (336) (0) (221) (122) SF

1.38 200 2.9:1 425 SF

2.07 300 ;J.72 539 SF

2.41 350 4.10 594 201.8 + 1.1210a 48.3 SF

4F 0.69 100 1.79 259 0.96 67.2 57.1 61.5 0.14 0.72 0.52 BB

0.69 100 1.64 2:18 (B9) (21) (104) (75) SF

1.38 200 2.54 369 SF

2.07 :100 3.31 480 SF

2.41 350 3.74 542 121.7 + 1.2028a 50.3 SF

4G 1.38 200 3.003 439 1.43 70.1 58.2 64.2 O. 0.80 0.18 BB

0.69 100 1.91 277 (208) (0) (116) (26) SF

1.38 200 2.92 424 SF

2.07 :100 :1.63 527 SF

2.41 350 3.90 565 17:1.8+ 1.1550a 49.1 SF

4K 2.07 300 4.22 612 1.77 70.6 59.0 64.1 O. 0.78 O. BB

0.69 100 1.95 283 (257) (0) (113) (0) SF

1.38 200 2.79 405 SF

2.07 :100 03.56 517 SF

2.41 350 4.01 582 165.8 + 1.18.33a 49.8 SF

4L 0.69 100 03.79 549 2.76 77.0 67.6 no 0.81 2.11 1.54 BB

0.69 100 2.98 432 (400) (117) (306) (2203) SF

1.38 200 4.19 608 SF

2.41 300 5.03 729 292.3 + 1.4871a 56.1 SF
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Speci men ~ormal Shear Sliding

'10. slrcs~. a stress, T fridion

MPa Iblin' \IPa Ib/in' MPa Ib/in2

5D 0.69 100 2.,)5 3iO 1.53 iO.1 bU 6,) I O.b. U9 I.Ob BB

0.69 100 1.91 2ii (225) 1931
( 18i I I I;,.) SF

1.:\8 200 2.95 128 SF

2.0i 300 3.92 568 SF

2.11 :J:;O .AO 638 135.0 + U435lT 55.3 SF

5E 2.0j :~OO :1.89 56. I.i. 57.9 50.0 5:\,1 0,59 1.\2 1.10 BB

0.69 100 1.10 159 1252) 1861 (lOb) 11.)91 SF

U8 200 1.8i 2i 1 SF

2.07 300 2.59 :n5 SF

2'<1 350 2.88 .18 58.7 +
] .OIOOlT 58.7 SF

'BB
"

Break hOlld

SF = Sliding friction

Table 4.-Direct shear and sliding friction test data on 150-mm (6-in) diameter
concrete cores tested in a wet condition - Arrowrock Dam-Continued

Linear regression

Equation 0 Cohesion

"\ng:le envelope Remarks

13 degrees Cohe~ion for

T= degrees MPa

(lb/in')

max. min. avg. max.0 min. 0 avg.\2j

\IPa (lkin')
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Mission o f  the Bureau o f  Reclamation 

The Bureau of Reclamation of the U.S. Department of  the Interior is 
responsible for the development and conservation of the Nation's 
water resources in the Western United States. 

The Bureau's original purpose ''to provide for the reclamation of arid 
and semiarid lands in the West" today covers a wide range of interre- 
lated functions. These include providing municipal and industrial water 
supplies; hydroelectric power generation; irrigation water for agri- 
culture; water quality improvement; flood control; river navigation; 
river regulation and control; fish and wildlife enhancement; outdoor 
recreation; and research on water-related design, construction, mate- 
riais, atmospheric management, and wind and solar power. 

Burem programs most frequently are the result of close cooperation 
with the U.S. Congress, orher Federal agencies, States, locai govern- 
ments, academic institutions, water-user organizations, and other 
concerned groups. 

A free pamphlet is available f r o m  the Bureau entitled, "Publications 
fo r  Sale". It describes some o f  the technical publications currently 
available, their  cost, and h o w  t o  order them. The pamphlet can be 
obtained upon request f r o m  the Bureau o f  Reclamation, A t t n  0-922, 
P 0 Box  25007, Denver Federal Centec Denver CO 80225-0007. 




