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ABSTRACT 

There is frequently a considerable difference 

between the behavior of a rock mass and the behavior of an 

intact specimen of rock taken from that mass and tested in 

the laboratory. The purpose of this investigation is to 

study the deformation which has occurred in the foundation 

of heavily loaded structures and compare these actual 

deformations to those which are calculated from the elastic 

moduli determined by laboratory testing of intact samples. 

Where possible, those factors that cause the difference 

between the calculated and the actual deformation are 

identified. Factors required to reduce the average labora

tory values to the actual modulus of the foundations are 

empirically developed. 

The foundations of three heavily loaded structures 

were selected for this study. Each had been instrumented 

to measure deformation occurring as the load of the 

structure was applied to the foundation. The three 

structures are the West Point Powerhouse, Dworshak Dam 

and Lower Granite Powerhouse. 

All three are constructed on hard rock foundations. 

West Point is founded primarily on an amphibole gneiss 

with a lesser amount of biotite gneiss. Dworshak is 
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founded on a granodiorite gneiss. Lower Granite is 

founded on a basalt lava flow underlain by a layer of 

flow breccia. 

Jointing and fracturing in the three foundations 

differs substantially. Dworshak is the least fractured 

having a range of joint spacings from 8 inches to 9 feet. 

The wider spacings are the more common. Joint spacings 

in the West Point foundation generally range between 2 

feet and 10 feet. The average is on the order of 4 to 5 

feet. The foundation of Lower Granite is highly jointed 

with a range of spacings between 1 inch and 18 inches. 

Columnar jointing is quite pronounced in the Lower Granite 

Foundation. 

Reduction factors were found to be closely related 

to the fracture frequency in the rock mass. The average 

reduction factor required for both West Point and Dworshak 

coincidentally was exactly the same, 0.31. The average 

for Lower Granite was 0.12. 

Reduction factors were also found to be related to 

depth beneath the foundation surface, blast damage during 

excavation, and loss of confinement due to shaping of 

the foundation. 

In situ testing to determine the modulus of defor

mation of the foundation prior to design was done only at 

Dworshak. It is significant that the values obtained by 



these tests were in very good agreement with the values 

computed from the deformation measurements obtained from 

the actual load of the structure. It was necessary to 

apply no reduction factor to these in situ test results. 



CHAPTER 1 

INTRODUCTION 

The purpose of this work is to study the deforma

tion which has occurred in the rock foundations of three 

heavily loaded structures. The basic aim of the study is 

to compare measured deformation with deformation values 

computed from elastic moduli determined by laboratory and/ 

or in situ tests. The geology of each foundation will be 

discussed and the deformational characteristics will be 

related to the geology and to other observable influences 

where possible. An attempt will be made to develop reduc

tion factors to aid in estimating rock mass deformational 

characteristics from laboratory tests made on intact 

samples. 

The three structures studied are the West Point 

Powerhouse, Dworshak Dam and Lower Granite Powerhouse. 

These structures are all founded on hard rock foundations. 

West Point is located in the Southeastern United States 

and the other two are located in the Northwestern United 

States. 

The deformational characteristics of hard rock 

foundations under actual prototype loadings have been pre

viously studied to only a limited extent. Most of the 
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investigations have been carried out in connection with 

the foundations of dams and powerplants because the larger 

of these structures are heavily loaded enough to create 

measurable deflections and because excessive deformation 

can lead to operating problems with these structures. 

Only during about the last 15 years has any concerted 

effort been made to measure deformation in hard rock founda

tions. The efforts still are quite limited in number and 

scope. 

The computations of anticipated deformation made 

for each structure studied are based upon elastic theory 

as explained in Coates (1967). Stress distributions with 

depth are determined by use of the Newmark Chart, which 

is based upon the Boussinesq equations of stress distribu

tion, and on finite element analysis of stress where such 

analyses were performed in the design of the structure. 



CHAPTER 2 

WEST POINT POWERHOUSE 

Geology 

The West Point Powerhouse structure is located in 

the Piedmont Plateau Physiographic Province and on the 

Chattahoochee River bordering Alabama and Georgia. The 

Piedmont Plateau is a region of rolling hills underlain by 

crystalline rocks of early Cambrian and Precambrian Age. 

Gneisses, schists and granites form the predominant rock 

types of the region. 

The site lies in a broad belt between two large 

though inactive faults. The faults are the Towaliga to 

the southeast and the Brevard to the northwest. The faults 

are parallel and trend northeast - southwest. The area is 

generally seismically stable. 

The West Point Dam and Powerhouse are founded in a 

relatively wide valley. See Fig. No. 1. The river flows 

against the left or east abutment. A very narrow flood 

plain exists between the river channel and the left abut

ment. A rather wide flood plain is found between the river 

channel and the right or west abutment. The left abutment 

is quite steep while the right abutment has a gentle slope. 

The concrete dam and powerhouse are located across the 
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Fig. 1. Topographic Map and Geologic Profile of West Point Dam Site, 
Adapted from Savannah District (1964). 
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river channel and near the left abutment. An earch embank

ment approximately one mile long ties the concrete struc

ture into the right abutment. A much shorter embankment, 

only about 600 feet long, forms the tie in with the left 

abutment. The maximum height of the dam above its founda

tion is 112 feet. The maximum height of the powerhouse in

take structure is 126.5 feet. 

The dam and powerhouse foundation is composed of 

two metamorphic rock types. They are an amphibole gneiss 

and a biotite gneiss. Fig. No. 1 shows a center line geo

logic profile of the foundation. This profile and the 

accompanying map were prepared and printed in Design 

Memorandum No. Ill of the West Point Project entitled Site 

Selection and Geology, dated 30 September 1964. This work 

was done by James W. Erwin and Earl F. Titcomb and was pub

lished as an internal design document by the Savannah Dis

trict of the Army Corps of Engineers. All of the geological 

description of this project is based upon information con

tained in this document and in the 3 supplements to it 

listed as Savannah District 1964, 1965a, 1965b, and 1968. 

Individual reference to these documents will not be made as 

all geological information is based upon them. 

The biotite gneiss stratum strikes up and down

stream at the dam site and dips southeast. It is about 

300 feet wide at foundation level. 
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Petrographic analyses of the biotite gneiss made by 

James Niehiesel, petrographer at the South Atlantic Division 

Laboratory of the U. S. Army Corps of Engineers, revealed 

the following mineral content: 

Plagioclase 69% 

Quartz 20% 

Biotite 10% 

Hornblende 1% 

The biotite gneiss is the better foundation material, 

essentially because it has far fewer fractures and is much 

less susceptible to weathering. It can generally be des

cribed as massive. Because of its superior engineering 

qualities, the structures at the site were arranged so that 

the spillway would be founded on the biotite gneiss. The 

spillway is the structure which has the most critical 

sliding factor (ratio of horizontal to vertical loads) and 

consequently requires the best foundation for resisting 

sliding. The powerhouse has a much less critical sliding 

factor and also requires a much deeper foundation excava

tion to accomodate the structure. For these reasons, it 

was considered preferable to found the spillway on the best 

available foundation rock and the powerhouse on the lower 

quality rock. 

The amphiobole gneiss is the poorer quality rock 

type. It was found to be moderately highly jointed. Of 

special concern was a strong, almost horizontal set of 
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sheet joints which characterize this rock type. The dis

continuities were of considerable concern in sliding 

stability analyses. It is also a significant factor in the 

deformational characteristics of the foundation. The power

house foundation contains both biotite and amphibole gneiss 

but the amphibole gneiss predominates. 

Petrographic analyses of the amphibole gneiss, also 

performed by Dr. James Niehiesel, revealed the following 

general mineral content for this rock type as it occurred 

under the powerhouse: 

Plagioclase •. 52% 

Hornblende 34% 

Quartz 10% 

Pyroxene, Biotite & Chlorite . . 3% 

Epidote 1% 

Small bands within the samples contained up to 80% horn

blende and as little as 10% plagioclase and 4% quartz. 

Structural studies of the foundation rock revealed 

a pronounced gneissic foliation. The foliation has a strike 

ranging from N 20°E to N 75°E and dips Southeast at angles 

generally ranging from 20 to 28 degrees. 

Two significant structural features were found in 

the powerhouse area. One was a steeply dipping fault which 

strikes up and downstream almost perpendicular to the axis 

of the powerhouse. See Fig. No. 2 for the location of the 

fault. This fault had a badly fractured and weathered zone 
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Fig. 2. Excavation Plan of West Point Powerhouse 
Showing Extensometer Locations, Fault Location and Section 
Locations. 
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some ten feet wide near the top of rock, pinching down to 

less than three feet wide in the deepest portions of the 

excavation. 

Of even greater significance to the construction of 

the powerhouse was another structural feature. This feature 

has been referred to in the Design Memorandum as a "low angle 

weathered seam . Actually, it appeared to be a feature which 

resulted from flexure slip folding where a weak bed was 

fractured during folding. This bed happened to be almost 

pure amphibole. The fracturing provided ready access for 

percolating ground water. The amphibole rich zone is quite 

susceptible to weathering. This combination of circum

stances created a thick (1 to 6 feet) zone of weathered 

rock dipping at a lo^ angle under a thick layer of fresh, 

unaltered rock. The location of this weathered seam is 

shown on Fig. No. 2. 

Numerous tests were performed during the design of 

the West Point Dam and Powerhouse to determine the strength 

and deformational properties of the two rock types underly

ing the project. In general, the intact rock was found to 

be quite strong and resistant to deformation. The weakness

es of the rock were in its discontinuities and these were 

found primarily in the amphibole gneiss. 

The unconfined compressive strength of unweathered 

biotite gneiss samples tested ranged from 19,380 up to 
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24,790 psi. Its static tangent modulus of elasticity ranged 

from 2.4 x 106 psi to 3.52 x 106 psi. 

The unconfined compressive strength of the un-

weathered amphibole gneiss ranged from 23,330 psi to 

29,650 psi. Its static modulus of elasticity ranged from 

2.05 x 10 to 7.8 x 10 psi. Table No. 1 is a listing of 

the pertinent rock testing performed at the project. All 

testing was done on core samples ranging in size from 

NW (2.155 inches) to 6 inch (5.970 inches). No insitu 

testing was done. Table No. 1 contains physical properties 

other than just deformational properties in order to give 

as complete a picture of the foundation rock as possible. 

In the powerhouse foundation sheet joints occur 

rather frequently. The vertical spacing between these near 

horizontal joints is very erratic but in general varies 

from about 2 feet to about 10 feet. During excavation 

these joints were slightly opened by blasting in the upper 

10 to 15 feet of the foundation. Prior to concrete place

ment, the opened joints were grouted with a cement grout. 

The disturbance due to blasting is greatest in the area 

around Extensometer No. 1 which is located on Fig. No. 2. 

The low angle weathered seam referred to earlier 

was of major concern during construction of the powerhouse 

because it was feared that it might allow significant de

formation within the foundation. Significant deformation 

cannot be tolerated in powerhouse foundations because it 
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can result in misalignment of the turbine and generator 

shafts. Because of the concern, the seam and the sound rock 

above were removed in the western portion of the foundation. 

See Fig. No. 2. At the construction joint between Units 2 

and 3, however, the seam had gotten so deep into the 

foundation that the cost of further removal was prohibitive. 

Also the thickness of the seam had reduced from about 6 feet 

to about 1 to 1-1/2 feet at this point. In some places it 

appeared that firm rock completely crossed the seam, thus 

serving as pillars to transmit loads through the seam. It 

was reasoned that these pillars would tend to minimize 

consolidation of the weathered material and that any 

deformation would occur rather rapidly during construction. 

Therefore, the turbine and generator shafts could be in

stalled after deformation was essentially complete. 

It was decided to instrument that foundation with 

extensometers so that deformation could be measured during 

construction. In this way any excessive deformation could 

be detected and considered in the installation of the 

generating equipment. 



Table 1. Physical Properties of Foundation Rock. 

Unconfined Triaxial 
Direct Compressive Initial Tangent Modulus Compression 
Shear Strength of Elasticity (PSI x 106) Test 

Class Sp G (PSI) (psi) Static Dynamic 0 S(PSI) 

Biotite 
Gneiss 

Biotite 
Gneiss 

Biotite 
Gneiss 

Amphibole 
Gneiss 

Amphibole 
Gneiss 

Amphibole 
Gneiss 

2.8 

2.73 

2.74 

2.92 

2.93 

2.96 

992 

1061 

1131 

1250 

1606 

1556 

20,000 

24,790 

19,380 

25,760 

23,330 

29,650 

2.4 

3.52 

2.56 

2.05 

4.13 

7.80 

2.16 

4.37 

2.25 

0.60 

3.36 

1.29 

39° 

45° 

5,000 

6,400 

(1) Note: The direct shear tests were run under a normal load of 6500 psf. 

to 
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Deformation 

During design no calculations were made to predict 

deformation. They were not considered necessary because the 

rock in general is a hard crystalline, metamorphic gneiss 

with a high modulus of elasticity and the loads of the 

structures are not excessively high. Numerous dams and 

powerhouses have been constructed in this area on founda

tions very similar to this one and none have experienced 

noticeable or detrimental settlement. 

The calculations of anticipated deformation which 

are discussed in following paragraphs were all made by the 

author for the purposes of this research project. 

There were initially four Terrametrics Multiposition 

Borehole Extensometers (MPBX), each with eight anchors, 

installed in the foundation. The 8 anchors of each instru

ment were installed in pairs at 4 different depths in the 

borehole. Two of the four extensometers began to give 

totally irrational readings soon after installation. The 

other two instruments have given useable information. 

Extensometers 1 and 4 have remained in relatively good 

order and provide the data on which this study is based. 

The extensometer locations are shown on Fig. No. 2. 

The anticipated deformation has been calculated for 

each interval of foundation rock which is being measured by 
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a properly functioning extensometer placement. In the case 

of each extensometer this has resulted in calculations of 

deformation for four zones within the foundation. 

The foundation loads used in the calculations of 

deformation are based on total load computations made by the 

structural engineers during design of the structure. Stress 

distributions for each foundation zone were made by use of 

the Newmark Chart which is a graphical means of computing 

stress at depth below a foundation load. The Newmark Chart 

is based on the Boussinesq Equations of stress distribution 

and is explained in Coates (1967). 

Extensometer No. 1 

Extensometer No. 1 (EX-1) is located in the founda

tion of Powerhouse Unit No. 3. See Fig. No. 3 for this 

location. This extensometer has 8 anchors set in pairs at 

depths of 12, 36, 38 and 75 feet. The extensometer is 

measuring the change in distance between each of these 

anchors and the extensometer head which is located at the 

foundation surface. This provides a measure of the 

deformation which has occurred in foundation intervals of 

12, 36, 38 and 75 feet. It does not, of course, measure 

total deformation, as some deformation may be occurring in 

the rock below a depth of 75 feet. Fig. No. 3 is a cross 

section through the powerhouse showing the location of the 

extensometer and its anchors. 
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The anticipated deformation has been calculated for 

each interval of the foundation which is being measured by 

the extensometer. Base pressures under the intake section 

of Unit 3 of the powerhouse are 142 psi. Base pressures 

under the powerhouse, exclusive of the intake section are 

27 psi. Base pressures under Unit No. 2 are greater by 31 

psi than the pressures under Unit No. 3 because the 

foundation was excavated deeper and backfilled with concrete. 

EX-1 is located under Unit No. 3 but only 15 feet from Unit 

No. 2, therefore the additional load imposed by Unit No. 2 

affects the level of stress in the deeper portion of the 

foundation being monitored by EX-1. This has been taken 

into account in the stress distribution calculations. 

The anticipated deformation of each interval of the 

foundation was computed using the following formula con

tained in Coates (1967): 

In this equation, d is deformation measured in inches, 0 

is distributed stress measured in psi, d is thickness of 

foundation interval measured in inches, and E is the modulus 

of deformation measured in psi. 

The modulus of deformation of the foundation was 

estimated based upon laboratory determinations of the 

modulus of elasticity of intact specimens of the foundation 

rock. The laboratory values are given in terms of the 
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tangent modulus of elasticity. However, a review of the 

stress-strain curves from the tests reveals that the initial 

tangent modulus and secant modulus are essentially equal in 

the lower stress range where the loads of this powerhouse 

fall. For these computations, either modulus could be used 

since they are comparable. 

The average tangent modulus of elasticity of all 

laboratory samples tested is 3.74 x 10 psi, the average 

after throwing out both the high and the low value is 

3.15 x 10 psi, the average of only the biotite gneiss is 

2.83 x 10 psi, and the average of only the amphibole gneiss 

is 4.66 x 10 psi. One of the amphibole gneiss samples gave 

an unrealistically high value. Throwing this out and 

averaging those remaining gives a modulus of elasticity of 

3.09 x 10 for intact specimens of amphibole gneiss. The 

modulus of 3.09 x 10 was selected as the representative 

value of the laboratory modulus of deformation for the sound 

rock portion of the powerhouse foundation monitored by EX-1 

because this portion of the foundation is predominantly 

amphibole gneiss. This modulus was reduced by a reduction 

factor to convert from the laboratory value on intact . 

specimens to an average value for the rock mass. 

A reduction factor of 0.65 was selected for the 

sound rock based on average Rock Quality Designation (RQD) 

values of the foundation rock. The RQD values for the 

foundation range between 94% and 100%. The RQD 
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determinations are an application of a modified core re

covery method for determining rock mass quality developed 

by Deere and explained in Stagg and Zienkiewicz (1968). The 

reduction factor of 0.65 applied to the laboratory modulus 

of elasticity of intact samples to determine the inplace 

modulus of the sound rock mass was arrived at by use of the 

chart developed by Hendron and presented on page 43 of Stagg 

and Zienkiewicz (1968). This reduction factor was used for 

each zone of the foundation except for the 2.0 feet thick 

stratum of weathered rock between the 36 feet anchors and 

the 38 feet anchors. The RQD value for that interval is 0% 

and the reduction value selected for use is 0.1. The 

following shows the computations of modulus of deformation 

of the two foundation materials based on the laboratory 

tests and reduced by the above reduction factors: 

Sound Rock 0.65 (3.09 x 106) = 2.0 x 10 psi 

Weathered Zone...0.10 (3.09 x 106) = 0.309 x 106 psi 

Calculations of anticipated deformation occurring in 

the,.̂ first 12, 36, 38 and 75 feet of the rock foundation at 

EX-1 are as shown in Table No. 2. Calculations contained in 

Appendix A. 

Actual deformations measured by EX-1 as of 24 Jan. 

1974 are as shown in Table No. 3. 

As a comparison of Table No. 2 and Table No. 3 will 

show, the actual deformation experienced in this foundation 

is considerably more than was anticipated based on elastic 
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Table 2. Calculated Deformation EX-1. 

DEPTH CUMULATIVE DEFORMATION 

(1) 12 feet 0.0019 inches 

(2) 36 feet 0.0019 + 0.0066 = 0.0085 inches 

(3) 38 feet 0.0085 + 0.0042 = 0.0127 inches 

(4) 75 feet 0.0127 + 0.0124 = 0.0251 inches 

1. Complete calculations are contained in Appendix A. 

Table 3. Measured Deformation Ex-1. 

DEPTH DEFORMATION 

(1) 12 feet 0.0209 inches 

(2) 36 feet 0.0548 inches 

(3) 38 feet 0.0603 inches 

(4) 75 feet 0.0758 inches 
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analysis, even though an attempt was made to account for the 

rock mass discontinuities in the analysis. The measured 

deformation in the first 12 feet of the foundation was 11 

times the calculated deformation. This interval of the 

foundation was disturbed by blasting. This may partially 

explain the increased deformation. 

The measured deformation in the first 36 feet of 

the foundation was 6.4 times the calculated deformation. 

This interval of course also contains the rock which was 

damaged by blasting. 

The measured deformation in the first 38 feet of the 

foundation was 4.7 times the calculated deformation. 

The measured deformation down to 75 feet was 3.0 

times the calculated deformation. 

Considering that the blast damage probably caused a 

considerable portion of the excess deformation in the upper 

12 feet of the foundation, computations were made deleting 

both the calculated and measured deformation of this inter

val. Only deformation occurring below 12 feet was con

sidered. Measured deformation was still considerably great

er than calculated deformation but not nearly so great as 

when the upper 1.2 feet was included. This is a good 

indication that the blast damage was a major contributing 

factor to the deformation. Measured deformation from 12 to 

36 feet was 5.1 times the computed, from 12 to 38 it was 3.7 
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times the computed, and from 12 to 75 feet it was 3.2 times 

the computed. 

Another consideration is the fact that there are 

steeply dipping excavation faces on 3 sides of EX-1 which 

extend into the foundation about 34.5 feet. Because of this 

excavation, the rock in which EX-1 is set is unconfined on 3 

sides down to a depth of 34.5. This may have allowed 

excessive rebound and loosening in the upper 34.5 feet of 

foundation. To check this, both measured and calculated 

deformation down to the 3 8 feet anchor was excluded. The 

measured deformation from 38 to 75 feet was found to be 

1.25 times the calculated deformation. These calculations 

are included in Appendix A. 

From this comparison of the measured and calculated 

deformations at the locations of EX-1, several inferences 

can be drawn. 

(1) The blast damage in the upper few feet of the 

foundation made a significant difference in the 

total deformation. 

(2) The free faces on 3 sides of the foundation 

down to a depth of 34.5 feet contributed to 

increased deformation in a significant way. 

(3) An attempt to establish a reasonably close 

modulus of deformation of the rock mass, using 

average values from laboratory tests on intact 

samples and by reducing this value by a 



o 
c 

c 
,0 

o 

.•OJW 

,0 
..01 
..OS. 

..03 

..CM 

..OS 

..06 

..07 

..08 

..Of 

.JO 

~r-
Oi 

T— 
C 

-4 

— I — 

•< 

C 
~l— 

s 
o_ 

•••>#« 

12' Bncho*-

£—36'Anchor 
*_PZ3S'ffnchor 

15'flnchtr 

Concrete Phcemeni Complete 

Fig. 4. Graphical Plot of Deformation Measurements with Time in West 
Point Extensometer No. 1. 

to 
to 



23 

reduction factor based on RQD, did not result 

in a reasonably accurate value for the modulus 

in the shallow zones where disturbance has 

occurred due to blasting and loss of confine

ment. Greater understanding of the effects of 

blasting disturbance and loss of confinement 

may make it possible to better estimate the 

reduction factors which should be used in these 

zones of a foundation. 

(4) The modulus of deformation of the rock from 

38.0 to 75.0 feet computed from the actual 

measured deformation is 1.6 x 10 psi. A 

reduction factor of about 0.52 would be 

required to reduce the average laboratory value 

6 fi 

of 3.09 x 10 psi to 1.6 x 10 psi. This is in 

comparison with the reduction factor of 0.65 

selected based on an RQD value of 94% to 100% 

and using the chart developed by Hendron. In 

the case of the deeper foundation rock, the 

reduction factor estimated from the RQD com

pares rather favorably with that which was 

calculated from actual measurements. 

Fig. No. 4 contains a graphical plot of measured 

deformation with time. The anchors were paired at each 

foundation level being monitored. In all cases where both 

measurements appeared to be giving reliable results, the 
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two measurements were averaged before plotting the results. 

When one of the measurements became unreliable, its use 

was discontinued and only the reliable one was plotted 

thereafter. This graphical plot serves to illustrate the 

point that the rock is far from being truly elastic. 

Significant deformation continued to occur in the 75 feet 

anchors for a period of 4 months after the last substantial 

load was applied. The steep deformation occurring between 

July and September 1973 appears to have been caused by the 

installation of turbines and generating equipment. 

Extensometer No. 4 

Extensometer No. 4 (EX-4) is located in the founda

tion of Powerhouse Unit No. 4. See Fig. No. 2 for this 

location. This extensometer, like EX-1, has 8 anchors set 

in pairs. The depth of these anchors are 33, 39, 44 and 75 

feet. The extensometer is measuring the change in distance 

between each of these anchors and the extensometer head 

which is located at the foundation surface. This provides 

a measure of the deformation which has occurred in each 

of these foundation intervals. Fig. No. 5 is a cross 

section through the powerhouse showing the location of the 

extensometer and its anchors. 
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The anticipated deformation has been calculated for 

each interval of the foundation measured by the extenso

meter, just as was done for EX-1. Base pressures under the 

intake section of Unit 4 are 142 psi. Base pressures under 

the powerhouse, exclusive of the intake sections are 27 psi. 

The modulus of deformation of the sound rock 

foundation was selected as 2.0 x 10 psi based on the same 

rationale as discussed under EX-1. The interval from 39 to 

44 feet contains a badly weathered stratum of rock 0.5 feet 

thick. This reduces the RQD for this interval to 90%. 

Because of the highly weathered nature of this 0.5 feet of 

rock, a reduction factor of 0.5 was selected for the 5.0 

feet interval measured. This results in modulus of 

deformation of 1.55 x 10 psi. 

Calculations of anticipated deformation occurring in 

the first 33, 39, 44 and 75 feet of the foundation at EX-4 

are as shown on Table No. 4 . 

Actual deformations measured by EX-4 as of 24 Jan 

1974 are as shown on Table No. 5. 

A comparison of Tables 4 and 5 (EX-4) shows some

what different results to those noted in comparing Tables 2 

and 3 (EX-1). The actual deformation measured by EX-4 is 

considerably greater than that computed only in the 0 to 33 

feet interval of the foundation. The measured deformation 

in the first 33 feet of the foundation was 2.3 times the 

computed deformation. The upper 10 to 12 feet of this 
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Table 4. Calculated Deformation EX-4 . 

DEPTH CUMULATIVE DEFORMATION 

(1) 33 feet 0.0250 inches 

(2) 39 feet 0.0250 + 0.0032 = 0.0282 inches 

(3) 44 feet 0.0282 + 0.0033 = 0.0315 inches 

(4) 75 feet 0.0315 + 0.012 = 0.0435 inches 

1. Complete calculations are contained in Appendix A. 

Table 5. Measured Deformation EX-4. 

DEPTH MEASURED DEFORMATION 

(1) 33 feet 0.0575 inches 

(2) 39 feet 0.0586 inches 

(3) 44 feet 0.0435 inches 

(4) 75 feet 0.0713 inches 
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interval was slightly disturbed by blasting. This may 

explain some of the excess deformation. 

The measured deformation of the first 39 feet of 

the foundation was 2.1 times the computed deformation. This 

measurement confirms the measurements taken in the upper 33 

feet. The difference between the measurements at 33 and 39 

feet of 0.0011 inches however, compares very well with the 

computed difference of 0.0032 inches. This indicates that 

the excess deformation is occurring in the first 33 feet of 

the foundation. That is, of course, the portion of the 

foundation which has been subjected to disturbance due to 

blasting and to loss of confinement. 

The measured deformation of the first 44 feet of 

the foundation was 1.4 times the computed deformation. The 

weathered interval lies between anchor depths 3 9 and 44 feet. 

Consequently, this anchor should be measuring the added 

deformation occurring because of consolidation of the 

weathered seam. The deformation measured by this anchorage, 

however, is less than that measured by both of the slallower 

anchorages. This can only be logically explained by assum

ing that the instrument has a larger margin of error in its 

measurements than do the shallower instruments or by 

assuming that the rock between depths 39 and 44 feet is 

heaving to offset some of the compaction which has occurred 

above 39 feet. It is more logical to believe that the 44 
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feet depth instrument has a lower order of accuracy, in 

light of the completely irrational measurements obtained 

from EX-2 and 3. 

The measured deformation in the first 75 feet of the 

foundation was 1.6 times the computed deformation. However, 

all of the excess deformation occurred in the upper 33 feet 

of the foundation as can be determined by comparing the 

measured difference of 0.0138 inches with the calculated 

difference of 0.0185 inches between the 33 feet and 75 feet 

instruments. 

The deformation which has occurred between the 

anchors at 39 feet and at 75 feet should give a relatively 

good measure of the true, undisturbed modulus of deformation 

of the foundation rock at this location. The modulus 

determined from the measured deformation is 2.37 x 10 psi. 

A reduction factor of 0.77 would be required to reduce the 

average laboratory value of 3.09 x 10 to this value of the 

modulus of the rock mass. See Appendix A for the computa

tions. This relatively high modulus of deformation can be 

largely attributed to very few fractures in the rock and to 

the confined state of the rock in this level of the founda

tion. The only significant discontinuity in this interval 

is the 0.5 feet of weathered rock between depths 41.6 and 

42.1 feet. 

From this comparison of the measured and calculated 

deformations at the location of EX-4, several inferences 
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can be drawn : 

(1) Disturbance in the first 33 feet of the founda

tion due to blasting and loss of confinement 

significantly reduced the modulus of deforma

tion as computed from one cycle of load 

application, as represented by the instrumen

tation measurements. 

(2) An attempt to establish a reasonably accurate 

modulus of deformation of the rock mass, by 

using average laboratory test value and 

appropriate reduction factors, can only have a 

chance of success if the effects of distur

bance due to excavation and loss of confine

ment are properly assessed in selecting the 

reduction factor. 

(3) It appears to be possible to estimate, with 

some degree of confidence, the modulus of 

deformation of the deeper undisturbed and 

confined rock in the foundation by use of an 

appropriate reduction factor based on the 

chart developed by Hendron in Stagg and 

Zienkiewicz (1968). 

Fig. No. 6 contains a graphical plot of measured 

deformation with time. The anchors were paired at each 

foundation depth, just as described for extensometer No. 1. 

In all cases where both measurements appeared to be giving 
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reliable results, the two measurements were averaged before 

plotting the results. When one of the measurements became 

unreliable, its use was discontinued and only the consis

tent one was plotted thereafter. As in the plot of EX-1 

on Fig. No. 4, this plot also illustrates the inelastic 

qualities of the foundation. The 75 foot anchors continued 

to measure significant deformation for eight months after 

the last substantial loads had been applied in Jan. 73. 

Comparison of Results of EX-1 and EX-4 

The measured deformaeion in the upper 33 feet of 

EX-4 was considerably greater than the computed deformation, 

however, it was nowhere near so exaggerated as those 

measured in EX-1. This probably can be explained at least 

in part by noting the locations of EX-1 and EX-4 on Fig. No. 

2. EX-1 is located on a protrusion of rock with free faces 

on three sides which extend down to a depth of about 34.5 

feet. EX-4 is located where free faces disturb the rock 

much less. 

Disturbance of the rock by blasting was also great

est in the vicinity of EX-1. 

The difference in the deformations measured below a 

depth of 34.5 feet in EX-1 and EX-4 are not explainable by 

variations in degree of confinement or by variations in 

blast damage. The rock below this level is confined and is 

undamaged by blasting. A review of the rock core from the 
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extensometer holes reveals no explanation for the difference 

in measured deformation. 

A review of the range of measurements between 

anchors 7 and 8, both of which are installed at the 75 feet 

depth, in both EX-1 and EX-4 reveals a rather wide range. 

The 24 Jan.19 74 measurements for EX-1 give a range of total 

deformation of between 0.1144 inches for anchor 7 and 

0.0758 inches for anchor 8. The range on the same date for 

EX-4 was 0.0713 inches for anchor 7 and 0.0574 inches for 

anchor 8. This range is much larger than the range 

measured by paired anchors at shallower depths in each of 

these extensometers. In the case of both EX-1 and EX-4, 

one of the anchors had become erratic to the point that its 

readings were no longer being averaged on the plots on Fig. 

No. 5 and 7 by Jan. 1974. This comparison indicates that 

the order of accuracy of the measurements for the 75 feet 

anchors in both EX-1 and EX-4 may not be as good as is 

desired. The computed modulus of deformation of 1.6 x 10 

psi for EX-1 and 2.37 x 10 psi for EX-4 may reflect the 

general range of the order of accuracy of the instrumenta

tion measurements. 

Reduction Factors 

From these studies it can be concluded that in 

order to compute the anticipated deformation of a 

structural foundation on this amphibole gneiss, it is first 
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necessary to determine the modulus of deformation of 

various levels and areas in the foundation. The modulus 

will vary significantly depending upon the depth of blast 

damage, the frequency of the low angle joints, the distance 

to free faces, the degree of confinement and the presence 

of weathered seams. 

Because of the great expense of performing in situ 

tests, it is desirable to be able to estimate reduction 

factors for use with modulus of elasticity values determin

ed from intact specimens tested in the laboratory. This 

study indicates that it may be possible to roughly estimate 

reduction factors if all the factors mentioned in the para

graph above are carefully assessed in arriving at the re

duction factor. Table No. 6 compares the reduction factors 

found to be necessary for differing foundation depths and 

conditions. 

The computed reduction factors range from a low of 

0.06 to a high of 0.77. The smaller reduction factors must 

be used for the portions of the foundation which have been 

disturbed by blasting and which are also adjacent to free 

faces which reduce the level of confinement. The higher 

factors are applicable to deeper levels of the foundation 

where the rock remains in a confined and undisturbed state. 

It appears that loss of confinement and disturbance due to 

blasting had greater effect upon the in situ modulus of 

deformation than did any other observable condition. From 
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Table 6. Comparison of Factors Affectir.cr the Modulus 
of Deformation Reduction Factor. 

DEPTH OF 
ANCHORAGE 

0 -12' 

12'-36' 

36'-38' 

38'-75' 

0 -33' 

33*-39' 
39'-44' 

39'-75' 

MOD. OF DBF. 
PSI 

0.186xl06 

0.390xl06 

0.235xl06 

1.604xl06 

0.885xl06 

Deformation 
those at 33 

2.37xl06 

BLAST 
DAMAGE 

Yes 

No 

No 

No 

Yes 
upper 10' 

OPEN 
JOINTS 
LOW 

ANGLE 

Freq. 

Occas. 

Occas. 

Occas. 

Freq. 

WEATHERED 

measurements do not 
ft. to allow reason 

No Occas. 

SEAM 

No 

No 

Yes 

No 

No 

reflect 

NEARBY 
FREE 
FACKS 

3 sides 

2 sides 

2 sides 

No 

1 si vie 

CONFINE
MENT 

Pool-

Poor 

Modorrtt'e 

Good 

Poor 

RKPUC'UON 
FAC'tOR 

0.0 6 

0.13 

0.0 tf 

o.ro 
0.?.9 

sufficient movement over 
able calculations 

Yes No 

at 39 Ct. 

Good 

and 4-1 Ct 

0.77 

The reduction factors are computed by dividing the average modulus of 
elasticity of intact laboratory specimens (3.09 x 10(> psi) into the modulus 
of deformation computed from the deflections measured by Extensometer:? 
No. 1 and 4. See Appendix A for the calculations of modulus of deformation 
and reduction factors. 

Ul 
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this we can conclude that an intricately shaped foundation 

is likely to deflect considerably more under the load of a 

structure than will a foundation which has few free faces, 

steps, reentrants, etc. See Appendix A for calculations. 

The reduction factors computed here are quite valid 

for use in this particular rock type and in this particular 

foundation but they must be used with caution when extra

polated to other foundations. Many foundations and many 

rock types must be evaluated before a sufficient body of 

knowledge is available to allow confident extrapolation to 

new design problems. 



CHAPTER 3 

DWORSHAK DAM 

Geology 

The Dworshak Dam is located in northwestern Idaho 

on the North Fork Clearwater River approximately two miles 

upstream of the confluence of the North Fork with the 

Clearwater River. The dam is a large concrete gravity 

structure with a maximum height of approximately 673 feet 

and a crest length of 3300 feet. See Fig. No. 7. 

The geology of the dam site is described in detail 

in Shannon and Wilson (1962), Walla Walla District (1963) 

and Walla Walla District (1964a). The geological des

cription which follows is based upon the descriptions 

contained in these references. All three works are based 

upon work by unnamed Corps of Engineer geologists. 

The dam is located in the geological setting of the 

Bitterroot Mountains. Metamorphosed sediments of the Belt 

series form the oldest rocks in the area. A large granite 

pluton referred to as the Idaho Batholith intruded the rocks 

of the Belt series. The intrusion further metamorphosed 

the surrounding rocks, forming gneisses which are referred 

to as the Orofino series. Later in geologic time, the area 

was uplifted and eroded forming mountains with deep valleys. 
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Fig. 7. General Plan of Dworshak Dam and Topographic Map of Site, Adapted 
from Walla Walla District (1964a). 
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Lava from the Columbia Plateau filled many of the valleys 

at the foothills of the mountains. Refer to Shannon and 

Wilson (1962). 

At the dam site, erosion has cut through the over

lying lava and into the gneiss of the Orofino series which 

forms the foundation of the structures. The gneiss has 

been classified as a granodiorite gneiss. The mineral 

composition is somewhat variable with local concentrations 

of biotite and hornblende. The rock displays a conspicuous 

foliation which dips upstream at an angle of about 52 

degrees. Refer to Shannon and Wilson (1962). According to 

Walla Walla District (1964a), the rock exhibits no tendency 

for preferred failure parallel to the foliation. This 

conclusion is supported by tests for modulus of rupture both 

parallel to and normal to the foliation. The rock is as 

strong in one direction as the other. 

Jointing is described in Walla Walla District 

(1964a). The joints are steeply dipping, for the most part, 

dipping steeper than 65 degrees. The predominant set 

strikes north 5° east and dips 70° to 90° to the east. 

Others in order of importance are a north 10° east set 

which dips 80° to 90° west, a north 10° west set which dips 

35° to the west, and a north 20° west set which dips 65° to 

the west. The majority of the joints exposed in adits 

excavated in the abutments were tight. Average joint 
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spacing is variable but is generally quite wide. The range 

of spacings described is from 8 inches to 9 feet. The 

wider spacings are more common. 

Walla Walla District (1964a) also describes the 

shears found in the foundation. No major shear zones were 

found. In mapping 4 adits, a total of 33 minor shear zones 

were described. The largest was found in an adit in the 

right abutment and varied in width from 1 foot at the roof 

to 5 feet at the floor. The second largest one found 

varied from 0.1 foot to 2 feet in width. Attempts to 

correlate shears found in the adits and borings were un

successful, apparently because they pinch and widen and 

lose their identity over relatively short distances. A 

study of the orientation of the shears mapped in the adits 

reveals that they fall into two major sets. One of the sets 

has a strike which ranges from north 4° east to north 35° 

west with dips ranging from 47° to 80° to the east. The 

other strikes from north 64° west to north 85° west and 

dips from 35° to 80° to the south. The shears beneath the 

concrete structure were treated by dental treatment. This 

consisted of excavation beneath the foundation to a depth 

of three times the normal width of the shear then backfill

ing with concrete. 

The concrete structures were founded in rock that 

is described as lightly weathered or fresh. The lightly 

weathered rock is defined as very competent rock which may 
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show staining on joint surfaces. 

References by Shannon and Wilson (1962) and Walla 

Walla District (1964a) describe the results of laboratory 

and in situ tests of rock properties. Table No. 7 lists 

average rock properties determined from laboratory tests 

and reported in Walla Walla District (1964a). 

The static moduli of elasticity for laboratory 

6 6 
samples ranged from 5.06 x 10 psi to 10.42 x 10 psi 

c 

and averaged 8.32 x 10 psi. Values for Poisson's ratio 

ranged from 0.09 to 0.25 and averaged 0.2. 

An extensive in situ testing program was conducted 

at this site by Shannon and Wilson under contract to the 

U. S. Army Corps of Engineers. This testing was conducted 

in underground adits located in each abutment of the dam 

site. The in situ tests consisted of jacking tests, 

pressure chamber tests and seismic tests. The purpose of 

the tests was to determine the rock mass modulus of 

deformation. 

Shannon and Wilson (1964) and Walla Walla District 

(1964a) describe these tests and discuss the test results. 

The tests were performed at depths of 80 to 180 feet below 

the ground surface and, of course, reflect modulus of 

deformation values than can be expected in this depth ranae. 

The jack tests were performed in both the vertical 

and horizontal directions. Refer to Shannon and Wilson 
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Table 7. Laboratory Rock Property Tests. 

TYPE OF TEST AVERAGE VALUE 

(1) Unit Weight 173.2 lbs/c ft 

(2) Unconfined Compressive Strength 15,325 psi 

(3) Modulus of Elasticity 8.32 x 10 psi 

(4) Poisson's Ratio 0.2 

(5) Tensile Strength 926 psi 
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(1964). The load was applied with 34 inch diameter Freyssi 

jacks. The fractured and disturbed rock was removed from 

the adit surface at the location of each test. Surface 

irregularities were kept to a minimum. The bearing plate 

was flexible so that a known uniformly distributed pressure 

would be transmitted to the rock surface. A hole was 

drilled at the center of the bearing area to a depth of 

approximately 19 feet and a joint meter embedded to measure 

deformation with depth. The joint meter was embedded 

approximately 30 inches behind the bearing surface and ex

tended to the bottom of the hole. Deflections were measured 

on the surface at the center of the loaded area and at 

points two feet to either side of the center. They were of 

course also measured at depth with the joint meter embedded 

in the core hole at the center of loading. 

Six horizontal and six vertical tests were perform

ed. Eleven of the tests were performed utilizing a maxi

mum pressure of 1,000 psi. One test was run with a maximum 

pressure of 1,500 psi. The tests were made with five load

ing and unloading cycles each. The loadings were 250, 500, 

750 and two at 1,000 psi. At the maximum and zero load in 

each cycle the load was maintained until a strain rate of 

0.0005 inches/hour occurred or the center extensometer indi

cated no increase with time, whichever occurred first. 

Moduli computed from deflections measured with the 

embedded joint meters are consistently higher than the 
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moduli computed from measurements of surface deflections. 

Refer to Walla Walla District (1964a). The causes for this 

were explored by drilling NX size core holes into the bear

ing surface to explore for near surface fractures caused by 

blasting or stress relief. The cores showed that fractures 

and joints were very widely spaced and did not appear to be 

influenced by proximity to the adit surface. It was then 

assumed that destressing adjacent to the tunnel wall was 

the cause of the apparent lower modulus of deformation in 

the surface rock. Laboratory tests on the completely des-

tressed NX core samples, however, disproved this thesis. 

These samples had a high modulus of elasticity averaging 

8.32 x 10 psi. From these observations, it was deduced 

that the consistent increase in calculated modulus of 

deformation with depth is either a result of the stress dis

tribution at the joint meter installations being different 

from that assumed by elastic analysis or the deformation 

moduli is a function of the intensity of loading. 

The range of values of the modulus of deformation 

determined from the surface deflections is 0.5 to 7.0 x 10 
c 

psi and the average is 2.1 x 10 psi, according to Shannon 

and Wilson (1964). The range of values computed from the 

embedded joint meters is 4.9 to 9.0 x 10 psi and the 

average is 6.3 x 10 psi. 
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Walla Walla District (1964a) gives a good descrip

tion of the physical set up for two pressure chamber tests, 

performed to determine the modulus of deformation of the 

rock mass. The tests were performed in Adits E and F. Adit 

E is located in the right abutment and Adit F is located in 

the left abutment. The chambers were approximately 36 feet 

long and were formed by sealing off a portion of the adit 

with a 4-foot thick reinforced concrete bulkhead construct

ed 36 feet from the end of the adit. The chambers were 

nearly rectangular in shape with a height of about 7 feet 

and a width of about 5 feet. The chamber walls were 

smoothed with a plaster coating which varied in thickness 

from one to three inches. A butyl rubber membrane (1/16 

inch thick) was installed. This membrane was installed in 

sheets with the joints taped. It was then sprayed with 15 

coats of latex rubber to create a seal. 

Each chamber was instrumented with 12 Carlson joint 

meters for measuring deformation. The instruments were 

located in two planes perpendicular to the long axis of the 

chamber. One plane was approximately 14 feet from the 

bulkhead and the other was approximately 22 feet from the 

bulkhead. Each plane contained one horizontal, one vertical 

and two diagonal gages. Drill holes were made both in the 

vertical and horizontal directions for installation of 

joint meters to measure deflections behind the surface of 
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the chamber. The vertical holes were 10 feet deep and the 

horizontal holes were 18 feet deep. 

The joint meters had a measurement range of 0.1 inch 

with a smallest reading of 0.00012 inch. Pressure was 

applied to the chamber wall by filling the chambers with 

water then pressuring the water with a positive displace

ment pump of 500 psi design capacity. 

The maximum pressure used in the tests was 290 psi. 

Refer to Shannon and Wilson (19 64). The modulus of defor

mation calculations were based on the total deflection 

measured from initiation of the first loading cycle to the 

completion of the last loading cycle up to the 29 0 psi 

pressure. A modulus of deformation was computed for 

Chamber F only. The average modulus for F was 2.6 x 10 

psi. The gages in Chamber E were reset several times dur

ing the test so total deflection was not determined. 

The modulus of elasticity, as distinguished from 

the modulus of deformation, was computed by taking only the 

deflections measured in the last loading cycle as reported 

in Shannon and Wilson (1964). Supposedly all the joints 

and fractures in the rock would have been closed during 

previous loading cycles and these deflections would repre

sent the deflections of the intact rock itself. The 

computations for Chamber F provided some interesting 

results. It indicated considerable anistrophy in the 

modulus of elasticity. The anistrophy appeared to be 
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controlled by the direction of the ground surface. The 

modulus parallel to the ground surface was about double the 

modulus perpendicular to the surface. This could be ex

plained by the existence of large in situ stresses parallel 

to the ground surface in this area possibly due to the 

great depth of overburden which has been eroded away. It 

could also be explained in part by the presence of stress 

relief joints which have been created due to reductions in 

the vertical stress resulting from this erosion. The jack 

test results showed no such trend as this nor did the 

modulus of elasticity calculated for the Adit E Chamber 

Test. Consequently, the results found in Chamber F remain 

interesting but unsubstantiated. 

Table No. 8 adapted from Shannon and Wilson (1964) 

provides a summary of the test results from jack tests, 

chamber tests and core sample tests. 

It is recommended in Shannon and Wilson (1964) that 

design calculations use modulus of deformation values 
c 

ranging from 2.0 to 3.0 x 10 psi. The lower values should 

be used for the rock near the foundation surface and the 

higher value should be used for deeper rock. It was 

reasoned that higher levels of confining stress and wider 

spacings of joints found at greater depths would provide 

increased modulus values. This is born out by the test 

results. In all cases, computations based on deflections 
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measured by joint meters in bore holes gave greater values 

for the modulus than did those based on surface deflections. 



Table 8. Summary of Test Results - Dworshak Dam. 

AVG. MODULUS AVG. MOD. 
DEFORMATION RANGE STANDARD ELASTICITY RANGE 

TEST NO. PSI PSI DEVIATION PSI PSI COMMENTS 

Jack 
Verti
cal 

Jack 
Hori
zontal 

Jack 
Joint 
Meter 

Pressure 
Chamber 
Test F 

Pressure 
Chamber 
Test E 

12 

12 

9 

7 

6 

2. 

2. 

6. 

2. 

, OxlO6 

,3xl06 

.3x106 

.6xl06 

* 

0.5 to 
5.OxlO6 

0.9 to 
7.0x106 

4-9 to 
9.OxlO6 

1.8 to 
3.6xl06 

1.38 

1.55 

0.94 

0.65 

3.4xl06 

3.1xl06 

6.6xl06 

3.OxlO6 

1.3xl06 

0.9 to 
6.2xl06 

1.5 to 
7.OxlO6 

4.9 to 
9.OxlO6 

1.9 to 
4.4xl06 

0.5 to 
2.2x106 

Surface 
Deflections 

Surface 
Deflections 

Surface 
Deflections 

Surface 
Deflections 

Labora- 72 8.3xl06 3.5 to 
tory 11.9x10 
Tests on 
Core 
Samples 

It was necessary to reset the diametrical gauges in Pressure Chamber E several 
times during the course of the test. This made it impossible to otain total 
deflections thereby eliminating the possibility of computing the modulus of 
deformation. 

VO 
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Deformation 

The recommended modulus of deformation for use in 

predicting deflections in shallow rock of 2.0 x 10 psi and 

3.0 x 10 psi for deeper rock was based on the average in 

situ jack test results. It was substantiated by the 

pressure chamber tests. The average modulus of elasticity 

obtained by performing 72 laboratory tests on core samples 

was 8.3 x 10 psi. Reduction factors of 0.24 and 0.36 

would be required to reduce the laboratory test values to 

those which were obtained for the shallow and deeper rock 

respectively by in situ testing. 

The recommended modulus of deformation obtained by 

in situ testing has been used by the author to compute the 

deformation to be expected within the depth range being 

measured by the instruments listed in Table No. 9. The 

modulus value of 2.0 x 10 psi was used to a depth of 50 

feet, and 3.0 x 10 psi was used below a depth of 50 feet. 

Deformation Measuring Instruments 

Six deformation measuring instruments have been used 

in this study. Three others were installed in the founda

tion, but gave readings which did not appear to be correct 

so were not incorporated in the study. 

The six instruments are installed in the foundation 

of monoliths 23 and 25. These two monoliths are located in 
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the original river channel where the height of the dam 

above its foundation is at a maximum. The approximate 

maximum height of the dam is 673 feet. See Figure 8 for 

the location of the instruments. 

Instruments D2, D3, D4 and D5 are Carlson meters 

and are installed in Monolith 23. D2, D3, and D5 are 

measuring deformation in the upper 60 feet of the founda

tion. D4 is measuring deformation in the upper 30 feet of 

the foundation. These instruments were installed prior to 

placement of the first concrete. Therefore, they are 

measuring total deformation within their respective measur

ing depths. 

Instruments Dl and D6 are Slope Indicator extenso

meters. Dl is installed in Monolith 23 and D6 is installed 

in Monolith 25. Each of these extensometers has four 

different anchors set at different depths into the founda

tion. Anchor depths for Dl are 47 feet, 73 feet, 95 feet 

and 120 feet. Anchor depths for D6 ave 44 feet, 71 feet, 

85 feet, and 100 feet. These instruments were not 

installed until after concrete placement had been going on 

for approximately 8 months. At the location of Dl approxi

mately 120 feet of concrete had been placed. At the 

location of D6 approximately 145 feet of concrete had been 

placed. Therefore, these instruments are not measuring 

total deformation but only that deformation which resulted 

from the load of concrete placed above approximate 
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Monolith Numbers 
25 2.4 2 3 2 2 

D6 

o 

Dl 
© 

D2 

D3 

D4 

OS 
© 

Scale; l"=|O0' 

. too Fwt , 

Fig. 8. Location of Deformation Measuring 
Instruments in Monoliths 23 and 25 of Dworshak Dam. 
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elevation 1100 feet. This is taken into account in the 

computations of anticipated deformation. 

Monoliths 23 and 25 are founded on lightly weather

ed to fresh rock. Fracturing is generally rather widely 

spaced (1 foot to 5 feet vertically). There are 

occasional shear zones noted where fracturing is more 

closely spaced. 

Figs. 9, 10, 11, 12, 13 and 14 are graphs show

ing plots of deformation versus time for each of the defor

mation measuring instruments. These plots demonstrate that 

deformation had stabilized for a considerable length of 

time prior to the final measurement and therefore the final 

reading should represent essentially total deformation 

within the foundation interval being measured. 

Figs. 9 and 14 both show deformation measured from 

four different anchors located at different depths in 

the same hole. These plots graphically demonstrate that 

the vast majority of the deformation occurring takes place 

in the upper 50 feet of the foundation. 

Comparison of Computed and Actual Deformation 

Comparisons of the computed deformation with the 

actual deformation and actual moduli of deformation shown 

on Table No. 9 reveal two interesting things. First of all, 

and perhaps most important, it indicates that the deforma

tion moduli determined from the jacking tests and pressure 
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Fig. 10. Graphical Plot of Deformation Measurements With Time in 
Carlson Meter D2, Located in Monolith 23, Dworshak Dam, Anchor at Depth of 
60.5 feet. 
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Fig. 11. Graphical Plot of Deformation Measurements with Time in 
Carlson Meter D3, Located in Monolith 23, Dworshak Dam, Anchor at Depth 
of 60.5 feet. 
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Fig. 12. Graphical Plot of Deformation Measurements with Time in 
Carlson Meter D4, Located in Monolith 23, Dworshak Dam, Anchor at Depth of 
30.5 feet. 
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ô V-

ro 

T — 

-4 
ro 

~ 1 — 

:» 

-4 ^4 
In 

- T — 

-4 
-fc 

0 -

* 5e^on ReservoirInipo(A.ndmen-£ 

^ 

s^-44'flnchor 
L.y^7l' JJnchor 

Jr A 00' Anchor 

F i g . 14. G r a p h i c a l P l o t of Deformation Measurements wi th Time in 
Extensometer D6, Located i n Monol i th 25 , Dworshak Dam. 

en 
vo 



Table 9. Deformation Measuring Instruments List 
with Calculated and Actual Deformation. 

Exten. Measuring Mono. Computed Def. Actual Def. Actual Mod. Red. 
No. Depth No. Inches Inches Def. Factor 

D-ll 

D-12 

D-13 

D-14 

0 

0 

0 

0 

to 

to 

to 

to 

120 ft 

95 ft 

73 ft 

47 ft 

23 

23 

23 

23 

0.095 

0.083 

0.070 

0.054 

0.056 

0.054 

0.054 

0.052 

4.37xl06 

3.80xl06 

3.00xl06 

2.06xl06 

psi 

psi 

psi 

psi 

0.53 

0.46 

0.36 

0.25 

D-2 

D-3 

D-4 

D-5 

0 

0 

0 

0 

to 

to 

to 

to 

60.5 ft 

60.5 ft 

30.5 ft 

60.0 ft 

23 

23 

23 

23 

0.112 

0.126 

0.070 

0.112 

0.109 

0.128 

0.108 

0.062 

2.24xl06 

2.14xl06 

1.29xl06 

3.91xl06 

psi 

psi 

psi 

psi 

0.27 

0.26) 

0.16 

0.47 

D-61 

D-62 

D-63 

D-64 

0 

0 

0 

0 

to 

to 

to 

to 

100 ft 

85 ft 

71 ft 

44 ft 

25 

25 

25 

25 

0.081 

0.074 

0.066 

0.049 

0.078 

0.076 

0.076 

0.072 

2.60xl06 

2.34xl0S 

2.01xlOS 

1.35xl06 

psi 

psi 

psi 

psi 

0.31 

0.28 

0.24 

0.16 

Note: Reduction factors calculated by dividing average lab. mod. of elasticity of 
8.3 x 106 psi into the actual mod. of def. computed from the instrumentation ^ 
measurements. o 
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chamber test were very close to the moduli computed from 

actual deformation measured under structural loading. The 

values of the modulus of deformation computed from the 

deflections measured by the foundation instrumentation 

6 6 

ranged from 1.29 to 4.37 x 10 psi and averaged 2.59 x 10 

psi. This is compared with the 2.0 x 10 psi for shallow 

rock and 3.0 x 10 psi for deeper rock recommended from the 

jacking and pressure chamber tests. Refer to Tables 8 and 

9 for these comparisons. 

Secondly, the measurements of actual deformation 

showed a marked increase in modulus of deformation with 

increase in depth beneath the foundation. This substanti

ates a similar condition noted during the jacking and 

pressure chamber tests. It also justifies the design 

recommendation for using 2.0 x 10 psi for shallow rock and 
c 

3.0 x 10 psi for deeper rock. 

Reduction Factors 

There are 72 laboratory tests performed on core 

samples to determine their modulus of elasticity. These 

tests obtained values which ranged from 3.5 to 11.9 x 10 

psi and averaged 8.3 x 10 psi. This average value was much 

higher than the average obtained by either in situ testing 

or by measurements of actual deflection under the structure. 

Hendron, in Stagg and Zienkiewicz (1968), has studied the 

results of the in situ deformation testing of Dworshak. He 
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has attempted to develop a rational method of determining 

reduction factors which can be used to reduce laboratory 

modulus of elasticity values, determined from tests on 

intact samples, to a true modulus of deformation of the 

foundation. He has attempted to do this by relating reduc

tion factors to the Rock Quality Designation (RQD) of the 

foundation rock. His data plotted on Fig. No. 2.16, page 

43 of Stagg and Zienkiewicz (1968) indicates that a rough 

correlation exists between RQD and reduction factors. 

Logically, this correlation should exist since RQD is an 

indirect measure of fracture frequency and reduction factors 

are at least partially required because of the deflections 

which result from movements on fractures. The author will 

not attempt to further develop the relationship between RQD 

and reduction factors because there is very little addition

al data available. 

There is an obvious relationship between reduction 

factors required and depth beneath the loaded area. Refer 

to Table No. 9. In the case of extensometer Dl, practically 

all of the deformation occurred in the upper 47 feet of the 

foundation. A comparison between the 47 foot anchor and 

the 120 foot anchor shows a total deformation of 0.052 

inches to 47 feet and a total of 0.056 inches to 120 feet 

or an increase of only 0.004 inches in the lower 73 feet. 

In the case of extensometer D6, practically all of 

the deformation occurred in the upper 44 feet of the 
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foundation. A comparison between the 44 foot anchor and 

the 100 foot anchor shows a total deformation of 0.072 
« 

inches to 44 feet and a total of 0.078 inches to 100 feet 

or an increase of only 0.006 inches in the lower 56 feet. 

This cannot be explained by an elastic distribution of 

stresses with increasing depth. According to the finite 

element analysis of stresses, the reduction in stress from 

a depth of 50 feet to a depth of 100 feet would be less 

than 10%. 

A reduction factor of 0.25 would be required to 

reduce the average laboratory modulus of elasticity of 8.3 

x 10 psi to that actually measured in the upper 47 feet of 

Dl. No reduction factor would be required for the rock 

below 47 feet. 

A reduction factor of 0.16 would be required for 

the upper 44 feet of D6. Once again, no reduction factor 

would be required for the rock below 44 feet. 

Refer to Appendix B for the calculations of reduc

tion factors and modulus of deformation. 



CHAPTER 4 

LOWER GRANITE POWERHOUSE 

Geology 

The Lower Granite Powerhouse and Dam is located on 

the Snake River in southeastern Washington State. The dam 

is a concrete gravity structure with a maximum structural 

height of about 161 feet. The powerhouse has a maximum 

structural height of about 228 feet from the deepest draft 

tube excavation to top of the powerhouse. Normal hydraulic 

head on the powerhouse structure is 100 feet. The instru

mentation used in this study is located under the intake 

section of the powerhouse which has a maximum height of 

about 173 feet. Structures other than the powerhouse 

included in this project are a lock, spillway, stilling 

basin, and three nonoverflow sections. These do not enter 

into this study. See Fig. No. 15 for layout. 

The geology of the dam site is described in Walla 

Walla District (1964b). This work was done by unnamed 

Co.; of Engineer geologists. All of the following 

gee ic description is based upon this reference. 

The structure site is located in an area of inter

calated basalt lava flows and flow breccias with a combined 

thickness in excess of 800 feet. The flows are consistent 

and can be correlated over considerable areas. They are 

64 



Fig. 15. General Plan of Lower Granite Dam and Powerhouse and Topo
graphic Map of Site, Adapted from Walla Walla District (1964b). 
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essentially horizontally stratified with a dip of only about 

1° 30" to the southwest. There are indications of local, 

minor arching of the rocks which appear to be the result of 

tectonic forces and dike intrusions. There is a large 

basaltic dike which has intruded the rocks of the left 

abutment. Two shear zones underlie the embankment section 

beneath the flood plain on the right bank of the river. 

Figs. 16 and 17 are sections through the 

powerhouse showing the stratigraphic sequence in the founda

tion. The powerhouse is founded directly upon a basalt lava 

flow. The lava flow is underlain by a flow breccia. The 

engineering properties of the two rock types are very 

different. The flow breccia being much less dense and 

having a considerable lower compressive strength and lower 

modulus of elasticity. Walla Walla District (1964b) Plate 

53 describes the basalt as a dark grey colored, hard rock 

characterized by the fine grained crystals. It contains 

columnar jointing. The flow breccia is described as being 

soft to moderately hard, scoriaceous to vesicular and 

moderately to heavily altered. There is no discernible 

pattern to the joints. 

The powerhouse foundation rock is typically 

moderately to severely jointed. A common range of joint 

spacings as depicted on the boring logs is from 0.1 feet to 

1.5 feet. The lava flows in the general foundation area 

have undergone local modifications due to faulting 



Fig. 16. Section A-A Through the Lower Granite Powerhouse Foundation 
Showing the Location of Extensometer D21 and Its Anchors. 



Fig. 17. Section B-B Through the Lower Granite Powerhouse Foundation Showing 
the Location of Extensometer D51 and Its Anchors. 
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associated with the slight arching of the strata. Aqueous 

solutions introduced along shear zones have contributed to 

the alteration of the rock. 

Where the flow breccia strata is exposed at the 

surface localized deep pockets and trenches have been 

eroded in the top of rock surface. 

Walla Walla District (1964b) contains information 

on the physical property tests which were performed on 

laboratory samples of the foundation rock. Table 10 is a 

summary of these test results. 

There were no in situ tests performed on the 

foundation rock at this site. The laboratory tests indi

cate the intact rock of the basalt lava flow to be composed 

of very strong and very hard rock. The intact rock of the 

flow breccia is much lower strength, softer, more defor-

mable rock. As shown in Table No. 10, the average modulus 

of elasticity of the basalt is 9.24 x 10 psi, while the 

average modulus of the flow breccia is 2.99 x 10 psi. 

These test results indicate that the flow breccia is 

approximately three times as deformable as the basalt. 



Table 10. Summary of Test Results - Lower Granite Powerhouse. 

NUMBER 
TYPE OF OF AVG. MODULUS AVG. COMP. AVG. UNIT 
ROCK TESTS OF ELASTICITY RANGE STRENGTH RANGE WEIGHT 

Basalt 

Flow 

Breccia 

23 

7 

9.24 x 106 psi 

g 
2.99 x 10 psi 

7.47 to 10.54 
1 r.6 

x 10 psi 

0.95 to 6.87 

x 106 psi 

20,970 

psi 

1,943 

psi 

5,950 

33,940 

1,030 

3,260 

to 

psi 

to 

psi 

174 lbs/ 

cu.ft. 

143 lbs/ 

cu.ft. 

o 
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Deformation 

The calculations of anticipated deformation which 

are discussed in the following paragraphs were all made by 

the author for the purposes of this study. 

The instruments installed to measure deformation in 

the foundation were Slope Indicator extensometers. A total 

of eight instruments were installed. The two instruments 

installed beneath the upstream heel of the intake section 

were selected for this study because the measurements in 

the upper two anchors of each appear to be reasonable and 

because the stresses in the rock at this location can be 

determined with a reasonable degree of confidence. Refer 

to Figs. 16 and 17 for the location and depth of the 

anchors in each of these instruments. 

The two deeper anchors in each extensometer were 

intended to measure deformation occurring in the flow 

breccia. It was found in each case that no additional de

formation occurred below the lower anchor in the overlying 

basalt strata. This indicates that no deformation actually 

occurred in the flow breccia under the load of the power

house at the location of the two extensometers. Because of 

this, the study was confined to the deformation measured by 

the extensometer anchors located in the basalt strata. 
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The anticipated deformation has been calculated for 

each interval of foundation rock which is being monitored 

by one of the extensometer anchors described above. This 

has resulted in the calculation of anticipated deformation 

in two foundation intervals at each extensometer location. 

The loads used for the computations are based upon 

the total load of the intake section of the structure. Up

lift was not a factor because no water had been impounded 

behind the structure at the time the deformation measure

ments were made for this study. 

Stress distributions for each foundation zone were 

computed by use of the Newmark stress distribution chart. 

Extensometer D21 

Extensometer D21 is located in the foundation of 

Generator Bay No. 2. See Fig. No. 16 for its location. 

This extensometer has four anchors set at depths of 38, 78, 

103 and 127 feet. The two shallow anchors are both set in 

the basalt strata. The 103 foot anchor is set near the 

center of the flow breccia. The 127 foot anchor is set in 

basalt just below the lower contact of the flow breccia. 

These two deep anchors showed no increase in deformation 

over the one located at 78 feet. Because they did not in

dicate increasing deformation, they were not used in the 

study. 
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The anticipated deformation has been calculated for 

the 38 foot and 7 8 foot intervals of the foundation. See 

Appendix C for calculations. Average base pressure under 

the intake section of this bay is 87 psi. The modulus of 

deformation selected for use in this calculation is 9.24 x 

10 psi. This is based upon the average modulus of elas

ticity of the 23 laboratory samples tested. The total 

deformation calculated in the upper 38 feet of the founda

tion is 0.0 034 inches. Actual deformation was 0.1740 

inches. Calculation of the actual modulus of deformation 

of the foundation based on the measured deformation gives a 
g 

value of 0.178 x 10 psi. The reduction factor which would 

be required to reduce the laboratory test value of the 

average modulus of elasticity to the value actually obtained 

in the foundation is 0.019. See Fig. No. 18 for a graphi

cal plot of deformation measurements with time. This plot 

illustrates the point that total deformation had occurred 

prior to June 3, 1974. The measurements taken that date were 

used to calculate the actual modulus of deformation of the 

foundation. 

The calculated deformation between 38 and 78 feet 

is 0.0026 inches. Actual deformation was 0.008 inches. A 

reduction factor of 0.322 is required to reduce the average 
g 

laboratory modulus of 9.24 x 10 psi to the actual modulus 
g 

of 2.976 x 10 psi obtained in the foundation. 
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If the entire interval from 0 to 78 feet is con

sidered together, a reduction factor of 0.033 is required. 

There are two apparent possible explanations for 

the need for this large reduction factor. Probably the most 

important reason is the relatively closely spaced jointing 

in the rock. The other reason is the free face approxi

mately 100 feet away where the deep excavation for the draft 

tubes exists. 

There is an increase in the modulus of deformation 

with increasing depth. This can possibly be explained by 

the greater confinement existing at greater depth, less dis

turbance and loosening of joints further away from the 

excavation surface and less effect from the free face. 

Much greater stress distribution than that calculated by 

use of the Newmark Chart must also be considered as a 

possibility. 

Extensometer D51 

Extensometer D51 is located in the foundation of 

Generator Bay No. 5. See Fig. No. 17 for its location. 

This extensometer has four anchors set at depths of 30, 70, 

96 and 121 feet. The two shallow anchors are both set in 

the basalt strata. The 96 foot anchor is set near the 

center of the flow breccia. The 121 foot anchor is set in 

basalt just below the lower contact of che flow breccia. 

These two deeper anchors measured exactly the same total 
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deformation as the 70 foot anchor. This indicates that no 

measurable deformation occurred in the flow breccia strata. 

Since the two deeper anchors did not measure any increase 

in deformation they were not used in the study. 

The anticipated deformation has been calculated for 

the 30 foot and 70 foot intervals of the foundation. See 

Appendix C for the calculations. Average base pressure 

under the intake section of this bay is 83 psi. The 

modulus of deformation selected for use in this calculation 
g 

is 9.24 x 10 psi. This is based upon the average modulus 

of elasticity of the 23 laboratory samples tested. The 

total deformation calculated in the upper 30 feet of the 

foundation is 0.0027 inches. Actual deformation was 0.1160. 

Calculation of the actual modulus of deformation of the 

foundation based on the measured deformation gives a value 
g 

of 0.212 x 10 psi. The reduction factor which would be 

required to reduce the laboratory test value of the average 

modulus of elasticity to the value actually obtained in the 

foundation is 0.023. See Fig. No. 19 for a graphical plot 

of deformation measurement with time. This plot illustra

tes the point that total deformation had occurred prior to 

June 3, 1974. The measurements taken that date were used 

to calculate the actual modulus of deformation of the 

foundation. 

The calculated deformation between 30 and 70 feet 

is 0.0026 inches. Actual deformation was 0.02 inches. A 
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reduction factor of 0.129 is required to reduce the average 
g 

laboratory modulus of 9.24 x 10 psi to the actual modulus 

of 1.195 x 10 psi obtained in the foundation. 

If the entire interval from 0 to 70 feet is con

sidered together, a reduction factor of 0.039 is required. 

The apparent explanations for the need for such 

large reduction factors at the location of this instrument 

are the same as those given for D2. The explanation for 

the increase in the modulus of deformation with increasing 

depth is also the same as given for D2. 

Reduction Factors 

Table No. 11 is a comparison of those things which 

affect the reduction factors required to reduce the average 

laboratory test values of modulus of elasticity to the 

actual modulus of deformation of the rock mass. It is 

apparent from this table that three things have consider

able influence. These are frequency of occurrence of open 

joints, proximity of free faces or lack of confinement, and 

depth below foundation surface. 

Where all three adverse things occur within the 

same interval of this foundation, a reduction factor of 

about 0.02 is necessary to determine the foundation modulus 

of deformation. At foundation intervals between about 35 

and 80 feet, considerably larger reduction factors can be 

used. The average reduction factor for the deeper interval 

is about 0.23. 



Table 11. Comparison of Factors Affecting the Modulus 
of Deformation Reduction Factor. 

MODULUS OF 
EXTENSION FOUNDATION DEFORMATION OPEN NEAR BY REDUCTION 
NO. INTERVAL PSI JOINTS FREE FACES CONFINEMENT FACTOR 

D21 

D21 

D21 

D51 

D51 

D51 

0' 

38' 

0' 

0' 

30' 

0' 

- 38' 

-78' 

- 78' 

- 30' 

'-70' 

- 70' 

0.178xlOS 

2.976xlOS 

0.305xlOS 

0.212xl0S 

1.195xlOS 

0.360xl06 

Frequent 

Frequent 

Frequent 

Frequent 

Frequent 

Frequent 

Approx. 100' 
Away 

No 

Upper 38' 
Only 

Approx. 100' 
Away 

No 

Upper 30' 
Only 

Mod. to Poor 

Good 

Moderate 

Mod. to Poor 

Good 

Moderate 

0.019 

0.322 

0.033 

0.023 

0.129 

0.039 

NOTE: The reduction factors are computed by dividing the average modulus of 
elasticity of intact laboratory specimens (9.24 x 106 psi) into the modulus 
of deformation computed from the deflections measured by Extensometers D21 
and D51. 

VO 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The purpose of this work, as stated in Chapter 1, 

is to study the deformation which has occurred in the rock 

foundations of three heavily loaded structures and compare 

the actual deformation with the deformation predicted from 

elastic moduli values obtained by laboratory and in situ 

tests. 

A basic aim has been to develop empirical relation

ships between the actual modulus of deformation of the 

foundation and the modulus of elasticity as determined by 

laboratory tests on intact samples. 

The empirical relationship is referred to as the 

reduction factor. The reduction factor is determined by 

dividing the modulus of deformation computed from measured 

foundation deflections by the average modulus of elasticity 

determined from laboratory tests on intact samples of the 

foundation rock. 

The reduction factors determined in this work are 

useful in establishing the general trend and magnitude of 

reduction factors that should be used in determining the 

modulus of deformation of foundations in rock similar to 

the ones involved in this study. However, they must be 

used with caution and with an understanding of the factors 

80 
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which influence them. Those factors include fracture fre

quency, confinement, blast damage and depth beneath founda

tion surface. Residual stress may also be a factor even 

though that has not been established in this investigation. 

In cases where approximate values will suffice, it appears 

to be possible to determine the foundation modulus of de

formation by use of laboratory test values reduced by an 

appropriate reduction factor. In cases where very exact 

values of the modulus of deformation are required, in situ 

tests must be performed. 

Table No. 12 contains a summary of the reduction 

factors, moduli of deformation and elasticity and rock 

classification for each of the three structures studied. 

The average reduction factor for the foundation of both the 

West Point Powerhouse and Dworshak Dam coincidentally was 

exactly the same, 0.31. The average reduction factor for 

Lower Granite Powerhouse was 0.12. 

From Table No. 12 it can be seen that in each 

foundation there is a trend for the modulus of deformation 

to increase with increasing depth beneath the foundation. 

There is, of course, also a concomitant increase in the 

reduction factor with increase in depth. This can be ex

plained in part by assuming that the fractures in rock are 

progressively more open from deep to shallow because of 

loosening due to blasting vibrations and due to stress 
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relief from removal of overburden load. In the case of the 

two powerhouses, confinement is also less in the shallow 

rock due to 'the adjacent deeper excavation for the draft 

tubes. Another factor which may enter into the explanation 

is stress reduction with depth occurring at a greater rate 

than is predicted by elastic analysis. This latter 

possibility is strongly suggested by the complete lack of 

deformation in the flow breccia strata underlying the 

basalt lava flow on which Lower Granite Powerhouse is 

founded. 

Dworshak Dam was the only one of the structures 

studied for which in situ test data was available. Exten

sive jack testing and pressure chamber testing was 

accomplished in two adits excavated into the abutments of 

the dam. The average values for these tests are shown in 

Table No. 8. They compare very closely with the average 

modulus of deformation computed from the measured deflec

tions which occurred under the load of the structure. This 

suggests that in situ tests provide good values for use in 

design. 

The geologic condition which has the greatest in

fluence on the size of the reduction factor required in the 

foundation of these three structures ij fracture frequency. 

The average laboratory modulus of elasticity of the 

granodiorite gneiss at Dworshak is 8.3 and of the basalt 



Table 12. Summary. 

ROCK CLASS. LAB. MOD. ELAST. INSITU TESTS ACTUAL MOD. DEF. RED. FACTOR 

AVG. RANGE TYPE AVG. DEPTH MODULUS ACTUAL MOD./ 
106 psi 106 psi MOD. FT. 106 psi LAB. MOD. 

106 psi 

Amphi
bole 
Gneiss 

Grano-
diorite 
Gneiss 

3.09 

8.3 

2.05-
4.13 

3.5-
11.9 

WEST POINT POWERHOUSE 

DWORSHAK 

Jack Vert. 2.0 
Jack Horz. 2.3 
Press Cham. 2.6 

0-12 
12-36 
0-33 
36-38 
38-75 
39-75 

DAM 

0-30. 
0-44 
0-47 
0-60 
0-60. 
0-60. 
0-71 
0-73 
0-85 
0-95 
0-12C 

5 

5 
5 

1 

0.186 
0.390 
0.885 
0.235 
1.604 
2.370 
0.95 AVG 

1.29 
1.35 
2.06 
3.91 
2.14 
2.24 
2.01 
3.00 
2.34 
3.80 
4.37 
2.59 AVG 

0.06 
0.13 
0.29 
0.08 
0.52 
0.77 
0.31 AVG 

0.16 
0.16 
0.25 
0.47 
0.26 
0.27 
0.24 
0.36 
0.28 
0.46 
0.53 
0.31 AVG 

CO 



Table 12. Continued 

ROCK CLASS. LAB. MOD. ELAST. INSITU TESTS ACTUAL MOD. DEF. RED. FACTOR 

AVG. 
106 psi 

RANGE 
106 psi 

TYPE AVG. 
MOD. 
106 psi 

DEPTH 
FT. 

MODULUS 
10S psi 

ACTUAL MOD./ 
LAB. MOD. 

Lower Granite Powerhouse 
Basalt 
Lava 
Flow 

9.24 7.47-
10.54 

0-30 
0-38 
30-70 
38-78 

0.212 
0.178 
1.195 
2.976 
1.140 AVG 

0.02 
0.02 
0.13 
0.32 
0.12 AVG 

CO 
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lava flow at Lower C :nite is 9.24. These are very close. 

The average reduction factors for each, however, are not 

close. Dworshak has an average reduction factor of 0.31 

while Lower Granite's is 0.12. The range of joint spacings 

in the foundation of Dworshak are generally from 8 inches 

to 9 feet with the wider spacings being more common. The 

range of joint spacings in the foundation of Lower Granite 

is from 1 inch to 18 inches. 

The dip of the jointing is probably also a factor. 

The dominant joint sets in the foundation of Dworshak are 

steeply dipping with angles ranging from 70 to 90 degrees. 

Those at Lower Granite are much more variable with many at 

considerably flatter dips. 



CHAPTER 6 

ADDITIONAL INVESTIGATIONS RECOMMENDED 

It was noted, as discussed in Chapter 5, that the 

modulus of deformation of the foundation rock tends to in

crease significantly with increasing depth beneath the 

foundation. The causes of this are not clearly understood. 

It may be that actual stress distribution is considerably 

different from the calculated stress distribution based 

upon elastic analysis. Intensity of loading may also be a 

factor, with the modulus varying as the intensity of load

ing varies. Residual stress may also be a factor at depth 

in the rock mass. Additional research, where the oppor

tunity exists for the measurement of the actual three 

dimensional stress field existing in the foundation both 

before and after construction, would help to explain why 

the modulus of deformation of the rock mass increases with 

increase in depth. 

Additional studies similar to the one done for this 

paper but on other types of foundation rock would provide 

useful information concerning the range of reduction factors 

required for use in analyzing each of the many different 

rock types. Similar study in sandstone and limestone would 

be of considerable value. 

86 



APPENDIX A 

WEST POINT POWERHOUSE 

DEFORMATION CALCULATIONS 
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West Point Powerhouse 

88 

Computation of deformation to be expected at the location 

of EX-1. 

Stress distribution determined with the Newmark Chart. 

Computations according to Coates (19 67). 

av = Iv(q)(S) 

d - ^ 
do - i r 

I = Influence Value 

q = Base Pressure 

S = Number of Squares 
CT = Avg. Vertical Stress 

d = Deformation in inches 
o 

d = Depth in inches 

E = Modulus of Deformation 

Deformation computed for intervals measured by anchors set 

at the following depths: 

12 Ft. Anchor 

36 Ft. Anchor 

38 Ft. Anchor 

75 Ft. Anchor 

Average base pressure under intake section - 142 PSI 

Average base pressure under Powerhouse Section - 27 PSI 
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Consolidation fro.i 0.0 to 12.0 Ft. 

There is essentially no reduction of stress due to 

stress distribution. The 27 PSI stress will govern. 

. °Vd 27 (12x12) n nmn • u 
d = -±~ = . .' ... = 0.0019 inches 
o E 2,000,000 

Consolidation from 12.0 to 36.0 Ft. 

a = 0.001[(27x662)+(142xl40)+(173x39)+(58x30)]= 46 PSI 

Total deformation 0.0 to 36.0 Ft. = 0.0019 + 0.0066 = 

0.0085 in. 

Consolidation from 36.0 to 38.0 Ft. 

ov = Iv (q) (S) 

CTV = 0.001[(27x507)+(170xl42)+(70xl73)+(90x58)] = 54 PSI 

d = fi- = ^P^l^ = 0.00419 inches 
o E 309,000 

Total deformation 0.0 to 38.0 Ft. = 0.0085 + 0.00419 = 

0.0127 in. 

Consolidation from 38.0 to 75.0 Ft. 

% = iv (q) (s) 

av = 0.001[(97x58)+(80xl73)+(178xl42)+(420x27)] = 56 PSI 

d = fv£ = 56(37x12) = o E 2,000,000 u . u i z i m c n e s 

T o t a l deformat ion 0.0 to 75.0 F t . = 0.0127 + 0.0124 = 

0.0251 i n . 
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Note: EX-1 is located under the Powerhouse Section which 

has a base pressure of 27 PSI. However, it is only 

15 Ft. from the Intake Section which has a base 

pressure of 142 PSI. The weight of the Intake Section 

affects the deeper foundation beneath EX-1 causing 

the increase in average vertical stress noted in 

steps 2, 3 and 4 above. 
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Computation of deformation to be expected at the location 

of Ex-4. 

Stress distribution determined with Newmark Chart. Compu

tations for intervals measured by anchors set at the 

following depths: 

33 Ft. Anchor 

39 Ft. Anchor 

44 Ft. Anchor 

75 Ft. Anchor 

Average base pressure under Intake Section - 142 PSI 

Average base pressure under Powerhouse Section - 27 PSI 

1. Consolidation from 0.0 to 33.0 Ft. 

ov = Iv (q) (S) 

av = 0.001[(142x891)+(27x68)+(43xl2)+(30x6)] = 129 PSI 

d = ^ = 129(33x12) = 0 > Q 2 5 i n c h e g 
o E 2,000,000 

Total deformation 0.0 to 33.0 Ft. = 0.025 Inches 

2. Consolidation from 33.0 to 39.0 Ft. 

% = *v W <s> 
CTV = 0.001[(142x588)+(27xl01)+(43x45)+(30x40)] = 89 PSI 

, avd 89(6x12) n „n,0 . . 
do = -E- = 2,000,000 = °-°°32 i n C h S S 

Total deformation 0.0 to 39.0 Ft. = 0.025 + 0.0032 = 

0.0282 Inches 
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Consolidation from 39.0 to 44.0 Ft. 

av = Iv (q) (S) 

av = 0.001[(142x527)+(43x58)+(30x44)+(210x27)] = 84 PSI 
avd 84(5x12) _ n nn,~,- T v^v^ d = —=— = •=—': c_ .' = 0.00325 Inches o E 1,550,000 

Total deformation 0.0 to 44.0 Ft. = 0.0282 + 0.00325 = 

0.0315 Inches 

Consolidation from 44.0 to 75.0 Ft. 

av = Iv (q) (S) 

av = 0.001[ (142x377)+(27x233) + (43x65)+(30x66) = 65 PSI 

d o ! £ = l5i
nllXnVn = °*0120 InCheS 

o E 2,000,000 

Total deformation 0.0 to 75.0 Ft. = 0.0315 + 0.0435 = 

0.0120 Inches 
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Location of EX-1 

Comparison of measured deformation to calculated deforma

tion at depths below the 12 Ft. Anchor to try and determine 

the affects of the blast damage in the upper 12 Ft. of rock. 

Measured Calculated Ratio 

1. 12.0 to 36.0 Ft. 0.0339 * 0.0066 = 5.14 

2. 12.0 to 38.0 Ft. 0.0394 T 0.0108 = 3.65 

3. 12.0 to 75.0 Ft. 0.0742 v 0.0232 = 3.20 
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Location of EX-1 

Comparison of measured deformation to calculated deforma

tion at depths below the 38.0 Ft. Anchor to try and 

determine the affects of both blast damage and loss of 

confinement. 

Measured Calculated Ratio 

38.0 to 75.0 Ft. 0.0155 * 0.0124 = 1.25 



West Point Powerhouse 
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Location of EX-1 

Computation of the modulus of deformation, for the founda

tion rock betv/een each anchor from the measured deformations 

of 24 Jan. 19 74. Computation of the required Reduction 

Factor using the average laboratory modulus of elasticity 

of 3.09 x 10 PSI, 

0.0 to 12.0 Ft. 

RF = Reduction Factor 

E = 

E = 

RF = 

CT d 
V E 

27(12x12) 
0.0209 

186,029 
3,090,000 

186 

= 

,029 PSI 

0.06 

12.0 to 36.0 Ft. 

2- B - l§f§l|iil. . 390.796 PSI 

36.0 to 38.0 Ft. 

3 F _ 54(2x12) _ 
3' E " 0.0055 " 2 3 5' 6 3 6 P S I 

235,636 
3,090,000 
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4 . E = 

RF = 

56 (37x12) 
0 . 0 1 5 5 

1 , 6 0 4 , 1 2 9 
3 , 0 9 0 , 0 0 0 

= 1 , 6 0 4 , 1 2 9 P S I 

= 0 . 5 1 9 
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Location of EX-4 

Computation of the modulus of deformation of the rock 

between the depths of 39 and 75 feet based upon the measured 

deformation of 24 Jan. 1974. 

The average stress acting between 39 and 75 feet was 

determined by taking a weighted average of stresses deter

mined between 39 and 44 feet and between 44 and 75 feet 

using a Newmark Chart. 

= (84x5)+(65x31) = 6 8 

v 36 

E - ^ 
" " do 

E = 6g.(jigi2) = 2,369,032 PSI 
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Location of EX-4 

Computation of the modulus of deformation for the founda

tion rock between each anchor from the measured deforma

tions of 24 Jan. 1974. Computation of the required 

Reduction Factor using the average laboratory modulus of 
g 

elasticity of 3.09 x 10 PSI. 

0.0 to 33.0 Ft. 

i t, 0v d 129(33x12) _ p.R[- --_ p q T 
1. E = — = 0.0577 ~ 885,337 PSI 

o 

^ ' f S o o - °-287 

33.0 to 39.0 Ft. 

The increase in defor-
89 (6x12) _ c r> An r\nr\ DCT mation over that re-

2* E ~ 0.012 ~ b'J40'uuu P S I corded in the 33.0 Ft. 
anchor is so small that 
the computation of E 
and RF are not believed 
to be reliable for this 
6.0 ft. interval. 

39.0 to 44.0 Ft. 

3. Note: This interval will not compute because measured 
deformation is less than for the two higher 
anchors. 



4 4 . 0 t o 7 5 . 0 F t . 
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4* E = 6 0 . ( 0 2 1 1 2 ) = 1 , 1 4 5 , 9 7 1 PSI 

RF = 1 ^ 1 4 5 , 9 7 1 = 0 
3 , 0 9 0 , 0 0 0 



APPENDIX B 

DWORSHAK DAM 

DEFORMATION CALCULATIONS 

100 



101 

Dworshak Dam 

Computation of deformation to be expected at the location 

of D-l. 

Stress distribution determined from finite element analysis 

performed during design by the Walla Walla District, Corps 

of Engineers. 

Computations according to Coates (1967). 

o d 

*o - IT 

d = Deformation in inches o 

a = Average vertical stress 

d = Depth in inches 

E = Modulus of deformation 

Deformation computed for intervals measured by anchors set 

at depths of 47 Ft., 73 Ft., 95 Ft., and 120 Ft. 

E values used were those recommended by Shannon and Wilson 
g 

(1964) from results of in situ tests. E value of 2.0 x 10 
g 

PSI used to depth of 50 Ft., 3.0 x 10 PSI used for depths 

below 50 Ft. 

1. Consolidation from 0.0 to 47.0 Ft. D-14 

,, °vd _ 190x47x12 . ._. . . 
do = T " " 2.0x106 = °*054 i n c h e s 
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2. Consolidation from 0.0 to 73.0 Ft. D-13 

°vd _ 185 x 73 x 12 . 
o ~ E 50(2.0x106)+ 23(3.0x106) v 73 " °*070 in* 

3. Consolidation from 0.0 to 95.0 Ft. D-12 

A _ V5; = 180 x 95 x 12 . 
o E 50(2.OxlO6 + 45 (3.OxlO6) * 95 U - U a j in* 

4. Consolidation from 0.0 to 120 Ft. D-ll 

°yd = 170 x 120 x 12 . 
o E 50(2.OxlO6) + 70 (3.OxlO6 *- 120 ~ °'095 ln' 
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Computation of deformation to be expected at the location 

of instruments D-2, D-3, D-4 and D-5. Each instrument has 

only one anchor. 

Stress distribution determined from finite element analysis 

performed during design by the Walla Walla District, Corps 

of Engineers (1964a). 

1. Consolidation from 0.0 to 60.5 Ft. D-2 

a
v
d _ 336 x 60.5 x 12 

do = ~E~ ~ 50(2.OxlO6) + 10.5 (3.OxlO6) r 60.5 

0.112 inches 

2. Consolidation from 0.0 to 60.5 Ft. D-3 

g
v
d _ 378 x 60.5 x 12 

o " E 50(2.OxlO6) + 10.5 (3.OxlO6) v 60.5 

0.126 inches 

3. Consolidation from 0.0 to 30.5 Ft. D-4 

° v d - 382 x 30.5 x 12 . ._ . . 
dQ = — - 2.0 x 10* = °*07 i n C h S S 

4. Consolidation from 0.0 to 60.0 Ft. D-5 

= V̂  = 337 x 60.0 x 12 = 
o E 50(2.OxlO6) + 10 (3.OxlO6) * 60.0 

0.112 inches 
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Computation of deformation to be expected at the location of 

instrument D-6. Deformation computed for intervals measured 

by anchors set at depths of 44 Ft., 71 Ft., 85 Ft., and 100 

Ft. 

Stress distribution determined from finite element analysis 

performed during design by Walla Walla District, Corps of 

Engineers (1964a). 

1. Consolidation from 0.0 to 44.0 Ft. D-64 

, 184 x 44 x 12 - _.„ . . d = —Tr—p: -̂T-r— = 0.049 inches o 2. 0 x 10° 

2. Consolidation from 0.0 to 71.0 Ft. D-63 

d = 1 7 V 7 1 x 1 2 , = 0.066 inches 
o 50(2.OxlO6) + 21 (3.OxlO6) T 71 

3. Consolidation from 0.0 to 85.0 Ft. D-62 

174 x 85 x 12 n nn. . . 
d = = c = 0.074 inches 
o 50(2.OxlO6) + 35 (3.OxlO6) v 85 

4. Consolidation from 0.0 to 100.0 Ft. D-61 

169 x 100 x 12 
d = o 50(2.OxlO6) + 35 (3.OxlO6) + 15 (3.OxlO6) * 100 

0.081 inches 
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Dworshak Dam 

Computation of modulus of deformation based upon measured 

deflections in D-l. 

Stress distribution determined from finite element analysis 

performed during design. 

Reduction Factors determined from average laboratory test 

value of 8.3 x 106 PSI. 

CT d 
v - v 
E " d 

o 

RF = Reduction Factor 

d = Deformation in inches 
o 

a = Average vertical stress 

d = Depth in inches 

E = Modulus of deformation 

1. 

0.0 to 47.0 Ft. D-14 

E = f~ = 190°052012. = 2,060,769 PSI 
o d 
v 

R P _ 2,060,769 = 
R F " 8,300,000 °-Z5 
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0.0 to 73.0 Ft. D-13 

v - -X_ = 185x73x12 3 0 Q 1 ,,., E " ~ 0.0540 ^001,111 PSI 
o 

_ 3,001,111 = 

** ~ 8,300,000 U*-3b 

0.0 to 95.0 Ft. D-12 

o 

RF 
3,800,000 = 0 4 6 

8,300,000 

0.0 to 120.0 Ft. D-ll 

B s M a 170x120x12 = 4 3 7 1 4 2 9 p S T * d 0 . 0 5 6 0 4 , J / i , 4 ^ y i b i 
o 

_ 4 , 3 7 1 , 4 2 9 _ 
R F ~ 8 , 3 0 0 , 0 0 0 ~ ° * 5 3 

Note: Monolith 23 had 120 Ft. of concrete placed 
on the foundation before these instruments 
were installed. To compensate for this, 
125 PSI has been subtracted from the stress 
levels indicated by the finite element 
analysis. 
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Computation of modulus of deformation based upon measured 

deflections in D-2, D-3, D-4, and D-5. Stress distribution 

determined from finite element analysis performed during 

design. Reduction Factors determined from average labora-
g 

tory test value of 8.3 x 10 PSI. 

1. 0.0 to 60.5 Ft. D-2 

= V̂  = 336x60 5x12 = 2 / 2 3 7 , 9 4 5 P S I 

d„ 0 .109 
o 

_ 2 , 2 3 7 , 9 4 5 = 

^ " 8 , 3 0 0 , 0 0 0 U ' ^ / 

2 . 0 . 0 t o 6 0 . 5 F t . D-3 

*-¥• - 3 7 8 o ^ r 2 • * . " 3 . 9 M PSI 
o 

= 2 , 1 4 3 , 9 6 9 = Q 2 6 

8 , 3 0 0 , 0 0 0 

3 . 0 . 0 t o 3 0 . 5 F t . D-4 

E = -Z- - 382x30.5xl2 
E - d - 0 > 1 Q 8 ± , ^ 4 , ^ Fbi 

o 
R F = 1 , 29 ; ; , 555 = 0ml6 

8,300,000 

4. 0.0 to 60.0 Ft. D-5 

„ °vd 337x60x12 „ „, „ „,„ 
E = d7 = 0.062 = 3,913,548 PSI 
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RF = 
3 , 9 1 3 , 5 4 8 
8 , 3 0 0 , 0 0 0 

= 0.47 
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Computation of modulus of deformation based upon measured 

deflections in D-6. Stress distribution determined from 

finite element analysis performed by the designers. 

Reduction Factors determined from average laboratory value 

of 8.3 x 10 PSI. 

1. 0.0 to 44.0 Ft. D-64 

E " T1 - 1!?tffF - ^«-333 PSI 
o 

_ 1,349,333 = 

^ ~ 8,300,000 0 , i 6 

2. 0.0 to 71.0 Ft. D-63 

V^tr- = T076012 = 2,006,684 PSI 

= 2,006,684 = 

** 8,300,000 U ' ^ 

3. 0.0 to 85.0 Ft. D-62 

°vd _ 174x85x12 _ 
E " d ~ " 0.0760 ~ 2,335,263 PSI 

o 

_ 2,335,263 = 

** ~ 8,300,000 U*2b 
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0.0 to 100.0 Ft. D-61 

o d ,,.„ n„„ ,„ TP - v _ 169x100x12 _ „ ,.»., nnf. _ E = d ^ 0.0780 2,600,000 PSI 
o 

_ 2,600,000 
* 8,300,000 
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Lower Granite Powerhouse 

Computation of deformation to be expected at the location 

of D-21. Stress distribution determined by use of the 

Newmark Chart. Computations according to Coates (1967). 

a d 

o = I (q) (S) v v 

d = Deformation in inches o 

a = Average vertical stress 

d = Depth in inches 

E = Modulus of deformation 

I = Influence Value 

q = Base pressure 

S = Number of squares 

Average base pressure under intake = 87 PSI. 

E values used are obtained by averaging the results of 23 

laboratory tests. The value used is 9,240,000 PSI. No 

reduction factor used. Deformation computed for anchors 

at 38.0 and 78.0 Ft. 

1. 0.0 to 38.0 Ft. D-214 

CTV = Iv(q)(S) = 0.01 (87) (783) = 68 PSI 
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,, _ °vd 68(38x12) . .... . . 
do ~ — = 9,240,000 = °*0034 i n c h e S 

Total deformation 0.0' to 38.0 Ft. = 0.0034 inches 

2. 38.0 to 78.0 Ft. D-213 

a = Iv(q) (S) = 0.001 (87) (570) = 49.6 PSI 

°vd 49.6(40x12) . n n o c . . 
do = ^ ~ = 9,240,000 = 0.0026 inches 

Total deformation 0.0' to 78.0 Ft. = 0.0034 + 0.0026 in. 



Computation of deformation to be expected at the location 

of D-51. Stress distribution determined by use of the 

Newmark Chart. Deformation computed for anchors at 30.0 

and 70.0 Ft. 

1. 0.0 to 30.0 Ft. D-514 

CT = I (q) (S) = 0.001 (83) (824) = 68.4 PSI 

/• - ° v d 68.4(30x12) . 
do " — = 9,240,000 = 0.0027 inches 

Total deformation 0.0 to 30.0 Ft. = 0.0027 inches 

2. 3.0 to 70.0 Ft. D-513 

«* = Iv(q)(S) = 0.001 (83) (600) = 49.8 PSI 

A ^ 49.8(40x12) _ n.oc . . 
d o = - E " = 9,240,000 = 0.0026 inches 

Total deformation 0.0 to 70.0 Ft. = 0.0027 + 0.0026 

0.0053 in. 

Note: See page 112 for note explaining selection of 
9,240,000 PSI for the E value. 
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Lower Granite Powerhouse 

Computation of modulus of deformation based upon measured 

deflections in D-21. Stress distribution determined by 

use of the Newmark Chart. Computations according to 

Coates (1967) . Computation of the required Reduction 

Factor using the average laboratory modulus of elasticity 

of 9,240,000 PSI. Computations made for measured deforma

tion of June 3, 1974. RF = Reduction Factor 

1. 0.0 to 38.0 Ft. D-214 

= 178,206 PSI E = 

RF 

°vd 68x38x12 
d 0.1740 o 

178,206 
9,240,000 0.019 

2. 38.0 to 78.0 Ft. D-213 

E = V = 49.6x40x12 = 
d 0.008 ^,y/o,uuu Fbi 
o 
_ 2,976,000 = 3 

** ~ 9,240,000 U.J^Z 

3. 0.0 to 78.0 Ft. D-213 

E = 

RF 

o d 
V 
d 
o 

9 

= 

301, 
,240 

58.6x78x12 
0.1820 

3 7 1 = 0 
,000 

= 

033 

3 
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Computation of modulus of deformation based upon measured 

deflections in D-51. Computation of the required Reduction 

Factor using the average laboratory modulus of elasticity 

of 9,240,000 PSI. Computations made for measured deforma

tion of June 3, 1974. RF = Reduction Factor 

1. 0.0 to 30.0 Ft. D-514 

E 

RF 

2. 

E 

RF 

E 

RF 

CT d 
v 68.4x30x12 

0.1160 = 212,275 PSI 

212,275 
9,240,000 = 0.023 

30.0 to 70.0 Ft. D-513 

o d 
V d o 

1, 
9, 

49 

195, 
240, 

.8x40x12 
0.02 

200 
000 

= 1,195,200 PSI 

= 0.129 

0.0 to 70.0 Ft. D-513 

CT d 
v 57.8x70x12 

0.1360 
= 357,000 PSI 

357,000 
9,240,000 0.039 
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