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FOREWORD 

The study reported herein was performed by the U. S. Army Engineer 

. Waterways Experiment Station (WES) at the request of the U. s. Army 

Corps of Engineers District, Louisville, and was authorized in Intra­

Army Order No. DC-B-72-105 dated 10 March 1972. 

The engineers of the WES who were actively engaged in this study 

were Drs. F. C. Townsend and W. F. Marcuson III and Mr. P. A. Gilbert. 

The work was conducted under the general supervision of Messrs. R. W. 

Cunny, Chief, Soil Dynamics Branch, ~d R. G. Ahl vin and J. P. Sale, 

Assistant Chief and Chief, respectively, Soils and Pavements Laboratory. 

This report was reviewed by Mr. S. J. Johnson, Special Assistant, Soils 

· and Pavements Laboratory. 

During the time this study was conducted, COL Ernest D. Peixotto, 

CE, and Mr. F. R. Brown were Director and Technical Director, respec­

tively, of the WES. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British tmits of measurem:mt used in this report can be converted to 

metric uni ts as follows: 

Multi;El:t: B;r To Obtain 

inches 2.54 centimeters 

feet 0.3048 meters 

miles (u. S. statute) 1.609344 kilometers 

pounds o.45359237 kilograms 

pounds per square inch 0 .689476 newtons per square centimeter 

pounds per cubic inch 27679 .91 kilograms per cubic neter 

ponnds per cubic foot 16.01846 kilograms per cubic meter 

acre-feet 1233.482 cubic meters 
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SUMMARY 

A preliminary exploration of the damsite revealed foundation mate­
rials with extremely low penetration resistance. The site is in a 
seismic Zone 2 (Algennissen) and near the border of a seismic Zone 3. 
Consequently, a laboratory study was conducted to evaluate the liquefac­
tion potential of the foundation materials when subjected to an 
earthquake. 

To evaluate the liquefaction potential, undisturbed samples of the 
foundation soils were obtained using a fixed-piston sampler and drilling 
mud. The materials were found to be fine clayey sands, fine silty sands, 
fine sandy cleys, and silty cleys. The in situ dry density was deter­
mined to range from 88 to 104 pcf in the depths considered to be criti­
cal in regard to liquefaction potential. 

Cyclic triaxial tests were conducted on material representative 
of the five depths that were anticipated to be subject to liquefaction • 

. Based on the results of these tests, the foundation is expected to 
liquefy if subjected to an earthquake of magnitude 6. 5 with a peak 
acceleration of 0.17 g or greater. 

Logs of borings are given in Appendix A. A simplified procedure 
for evaluating liquefaction potential is given in Appendix B. 
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EARTHQUAKE LIQUEFACTION POTENTIAL AT PATOKA DAM, INDIANA 

PAR!' I: INTRODUCTION 

Background 

1. The U. S. Army Engineer District, Louisville, is designing a 

dam on Patoka River in south-central Indiana, which will form Patoka 

Lake (see fig. 1). The damsite is 13 miles* northeast of Jasper, 

Indiana, and about 55 miles northwest of Louisville, Kentucky. The 

purposes of the dam are to :furnish flood protection in the Patoka and 

Wabash River valleys and to reduce Wabash River flood stages downstream 

where it joins the Ohio River. 

2. The reservoir is designed to store 301,640 acre-~ of water 

with a pool elevation of 548.** The proposed dam is to be constructed 

of earth and rock fill with a crest elevation of 566, a maximum height 

of 86 ft, and a length of 1500 ft. 

· 3. The dam will be founded on fairly weak alluvial and lacustrine 

.clays, silts, and sands. Brown sandy clay to sandy silt comprises the 

top 10 to 15 ft of overburden in the Patoka River valley. Grey silty 

sand and sandy silts occur immediately below this layer and range in 

thickness from 5 to 40 ft. Below the silty sand is an 11- to 21-ft 

layer of grey silty clay to clayey sandy silt. With the exception of 

the top 4 to 10 ft, all of the underlying material is saturated, due to 

a high groundwater table in the valley. Bedrock (highly weathered to 

friable sandstone) is buried beneath at least 60 ~of overburden at th~ 

damsite. 

* 

Purpose and Scope 

4. A preliminary exploration ·of the damsite indicated foundation 

A table of factors for converting British units of measurement to 
netric units is presented on page vii. 

** All elevations (el) cited herein are in feet referred to mean sea 
level. 

1 



I MICH 

~ 
I 
I : 

I ' r-· ' I I I 

-N- I I : 
~NDIANA 

0 I 

I i 

~ I ' 
0 

' ILL I : • INDIANld"OLll 
I 
I 

I 
• • 

I 
ILLINOIS 

N 

PATOKA LAKE 

Fig. 1. Location of Patoka damsite 



materials of remarkably low penetration resistance values. Since the 
1 damsite is located in an area classified by Algermissen as seismic 

~.)ne 2 and is fairly close to a Zone 3 border, the U. S. Army Engineer 

Waterways Experiment Station (WES) was asked to evaluate the liquefac­

tion potential of the foundation materials should they be subjected to 

earthquake excitation. A limited number of undisturbed samples were ob­

tained from the foundation material at the site, and various laboratory 

tests, including mechanical analysis, classification indexes, density, 

and cyclic triaxial tests were conducted on the samples to evaluate the 

~iquefaction potential of the Patoka damsite foundation materials under 

earthquake loadings. 
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PART II: SOIL SAMPLING 

Initial Boring Program 

Field investigation 

5. The Louisville District engaged a contractor to drill two 

borings, S-1001 and SD-1002, on the downstream side of the proposed dam, 

and two borings, D-1003 and S-1004, on the upstream side of the proposed 

dam to obtain the samples for investigating the liquefaction potential 

of the foundation material. These borings were drilled at sta 9+oo 

(fig. 2). Undisturbed samples were taken using a piston (not fixed) 

_sampler, and both ends of each sample were sealed with wax. These 

samples were to be used by WES for laboratory testing. Logs of the 

borings are presented in Appendix A. 

6. Boring S-1001. This boring was drilled to refusal at an 

elevation of 424, which corresponds to a depth of 67.5 ~. The eleva­

tion of the top of the hole was 491.5 and the grotmdwater table was at 

el 488.4 on 11 Jan 1972. Shelby tube samples 36 in. in length and 3 in. 

in diameter were taken continuously when possible. 

7. Boring SD-1002. This boring was drilled to refusal at an 

elevation of 427, which corresponds to a depth of 64.4 ~. The eleva­

tion of the top of the hole was 491.4. The groundwater table was at an 

approximate elevation of 488 at the time of this investigation. Stan­

dard penetration tests were conducted continuously to a depth of 50 ~. 

Below a depth of 50 ft, Shelby tUbe samples 36 in. in length and 3 in. 

in diameter were taken when possible. The N-values determined by the 

standard penetration tests* were extremely low, with values of 2 occa­

sionally -~e_por_ted. -These -:values -are -shown i-n fig. 3-; -other data shown 

in this figure will be discussed subsequently. The low N-values sug­

gest that the in situ material has a low relative density. 

8. Boring D-1003. This boring was drilled to refusal at an 

* An N-val ue is the number of blows of a 140-lb hammer falling 30 in. 
required to drive a split-spoon sampler the last 12 in. of an 18-in. 
drive. 
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elevation of 426, which corresponds to a depth of 63 ft. The elevation 

of the top of the hole was 489. St:andard penetration tests were con­

ducted continuously for the depth of the hole. The N-values were ex­

tremely low, varying from 2 to 19 blows per ft. These low N-values 

suggest that the in situ soil has a low relative density. The N-values 

versus depth for boring D-1003 are presented in fig. 4. Also shown in 

this figure are other data which will be discussed later. 

9. Boring S-1004. This boring was drilled to refusal at an ele­

vation of 425, which corresponds to a depth of 64 ft. The elevation at 

the top of the hole was 489 and the groundwater table was at el 456 on 

22 Mar 1972. Shelby tube samples 36 in. in length and 3 in. in diameter 

were taken continuously when possible. 

Laboratory examination 

10. Based upon the N-values obtained from borings SD-1002 and 

D-1003 and upon the driller's descriptions of the samples, the follow­

ing samples were determined to be composed predominantly of sand with 

little or no fines and were believed to have low relative densities. 

Boring Sample Boring Sample 
No. No. No. ' No. 

S-1001 11 S-1004 4 
12 5 
13 6 
14 
18 

11. These samples were X-ra;yed to determine sample disturbance 

and variation of density of material withi~ the sample. If one assumes 

a uniform thickness of homogeneous material, then any variation in 

film density (darkness of X-ray) is proportional to the variation ih 

material density. If the material is layered and if these layers show 

up distinctly across the sample as well as at the sample edge, it can 

be concluded that little sampling disturbance has occurred. The con­

verse of this principle is also true. 

12. Fig. 5 is a radiograph of sample 13 from boring S-1001 and 

is considered typical. The bottom 2 ft of the sample were lost vmen the 
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tube was removed from the hole; the light area in the top two-thirds of 

the tube shows the evidence of the ·void. The top of the sample was ob­

viously disturbed, as indicated by the swirls in the radiograph. The 

remaining portions of the specimen appear undisturbed. Based on the 

radiograph, the sample was cut into three segments, 13-1, -2, and -3, 

as shown on the side of the radiograph. 

13. Even though examination of the radiographs indicated that 

all samples appeared to be considerably disturbed, the samples were 

cut into various segments as dictated by the radiographs, and density 

and gradation tests were conducted on each segment. The dry density 

and percent (by weight) passing the No. 200 sieve for samples 11, 12, 

13, 14, and 18 of boring S-1001 and samples 4, 5, and 6 of boring S-1004 

are shown in figs. 3 and 4, respectively. Fig. 3 shows that organic 

matter (wood) was encountered in boring S-1001 at approximately 32 ~. 

The dry density varies from about 100 pcf at 29 ~ to 80 pcf at 48 ~, 

with a large portion of the foundation area at a dry density of around 

95 pcf. The data in fig. 4 show less scatter than in fig. 3, and show 

a lower density in the upper 15 ft than in boring S-1001. These samples 

.would indicate an in situ dry density of approximately 90 pcf for the 

upper layers of material. 

14. Fig. 6 shows the range of the gradation curves from samples 

11, 12, 13, 14, and 18 from boring S-1001 and samples 4, 5, and 6 from 

boring S-1004. These plots in.dicate that the percent (by weight) finer 

than the No. 200 sieve varied from 7% to 76%. The majority of these 

specimens had more than 20 percent fines. Two segments were determined 

to be fine sand (SP-SM). These were samples ll-3 and 14-4 of boring 

S-1001, which had n50_ of 0.16 and 0.25_ mm,_ respec±i_vely._ AlLother­

segments were either sandy clay (CL), sandy silt (ML), silty sand (SM)°, 

or clayey sand (SC). 

Additional Boring Program 

Field investigation 

15. Because the first borings had extremely low N-values and 
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because sample disturbance was suspected, three more borings were 

drilled by personnel of the LouisVille District. At the request of the 

Louisville District, Mr. Kearney Waites, an experienced WES driller, 

assisted in the sampling operations. Boring S-1006 was drilled in the 

same area as borings S-1001 and SD-1002; borings S-1007 and S-1007a 

were near boring locations S-1004 and SD-1003. Boring logs are pre­

sented in Appendix A, figs. A5-A7. 

16. Sampling techniques. The 3-in.-diam undisturbed samples were 

taken using the technique and procedures described in reference 2. A 

fixed-piston sampler and drilling mud are used in the technique. Hy­

draulic pressure was used to push the sampler and was recorded as aver­

age drive pressure for each 6-in. increment. A perforated, expanding 

packer was inserted at the bottom of the sample immediately after the 

tube was lifted clear of the drilling mud in the borehole. The sampler 

head and piston were removed, and the sample was placed in a rack, 

pinned to prevent rotation, and held in a vertical position until it 

was properly drained. Then an expanding packer was inserted on the top 

of the sample. The sample and the rack were next rotated 90 deg and 

held in a horizontal-position. With the sample in this position, the 

top side was then struck approximately 50 light blows with a hammer. 

This consolidated the sand and thus prevented possible movement of 

loose samples of sand in the tube during transportation. Once in the 

laboratory, the tubes were X-rayed, cut into segments, and the density 

of each segment was determined. This procedure assumed that the vol­

ume of the tube segment was the in situ volume of the sand which was 

inside the tube segment. 

17. Boring S-1006. This boring was drilled to refusal at a depth 

of 60 ft. Continuous Shelby tube samples 36 in. in length and 3 in. in 

diameter were taken when possible. Average drive pressure versus depth 

for boring S-1006 is shown in fig. 3. This plot can be compared with 

the penetration resistances from boring SD-1002 which is also shown in 

fig. 3. Both borings exhibited a drop in p~netra~ion resistance at 

depths of approximately 18, 33, and 44 fi and an increase in resistance 

at a depth of about 30 fi. 

13 



18. Borings S-1007 and S-1007a. Boring S-1007 was drilled to re­

fusal at a depth of 64 ft. When possible, Shelby tube samples 36 in. 

in length and 3 in. in dianeter were taken using the fixed-piston 

sampler. Fig. A6, the boring log, shows that it was not possible to 

obtain 36-in.-long samples from depths of 27 to 40 ft using the stan­

dard Shelby tube sampler. Therefore, core catchers consisting of six 

or eight spring steel fingers were fashioned in the field and boring 

S-1007a was drilled adjacent S-1007 (see fig. 2). Samples were ob­

tained between depths of 27 and 37 ft, by using the modified Shelby 

tube. Fig. A7 is the boring log for this hole. Average drive pres­

sure versus depth for borings S-1007 and S-1007a are shown in fig. 4. 

This plot can be compared ~ith the penetration resistances from boring 

D-1003 which is also shown in fig. 4. 

Laboratory examination 

19. Based on the driller's description of the soil and on the 

pressure required to push the sampler (obtained from boring logs), 

samples 5-7, 9-23, 25, and 26 of boring S-1006; samples 2-10, l2-24, 

26, and 27 of boring S-1007; and samples 1-4 of boring S-1007a were 

. opened. A sample of the soil was removed from each and the packers 

were replaced in the 36-in.-long, 3-in.-diam tubes after the sample was 

removed. Each sample was subdivided so that a number of laboratory 

tests could be performed. The sample was first visually classified. 

This information is presented in table 1. Sieve analyses were also 

conducted on these samples and percent (by weight) finer than the 

No. 200 sieve is also given in table 1. 

20. Available information, such as visual classification, grain­

size curves, and drive pressure values, was studied and it was decided 

-to conduct -Atterberg Tiniit tests on samples 5, 6, 7, and 20 of boring 

S-1006 and samples 7, 8, 23, and 24 of boring S-1007. Plasticity in­

dex data are also presented in table 1. After reviewing the additional 

plasticity index information, it was decided to determine the in situ 

dry density of the following samples: 5, 7, 9, 11, 12, and 13 from 

boring S-1006; 7, 13, 14, 15, 16, and 23 from boririg S-1007; and 1, 

2, 3, and 4 from boring S-1007a. 

14 



21. Several of .these samples were X-ra;yed prior to cutting open 

the tubes to determine if the samples were disturbed or stratified. 

Stratified samples were cut according to the stratifications indicated 

by the radiographs. Fig. 7 is the radiograph of sample 16 from boring 

S-1007 and is considered to be typical. Based on the radiographs, the 

samples were cut in approximately 3-in. segments and density tests and 

sieve analyses were conducted. In situ dry density was determined in 

this manner for samples 9, 11, 12, .and 13 from boring S-1006; samples 

12, 13, 14, 15, and 16 from boring S-1007; and samples 1, 2, 3, and 4 

from boring S-1007a. Fig. 8 presents density versus depth data for 

borings S-1006, S-1007, and S-1007a. The incremental density data are 

also shown in table 2. The in situ dry density was also determined 

for samples 5 and 7 from boring S-1006 and samples 7 and 23 from bor­

ing S-1007. These dry density values are listed in table 1. Because 

sample 5 from boring S-1006 and samples 7 and 23 from boring S-1007 

exhibited low density values (see table 1), these tubes were cut into 

6-in. increments and dry density was determined. These data are also 

given in table 2. 

Selection of Potential Liquefaction-Susceptible Zones 

22. With this portion of the investigation completed, five zones 

in the foundation were selected as probably the most susceptible to 

liquefaction. 

a. 

b. 

c. 

The five zones are described below. 

A 9-ft-deep layer represented by sample 5 from boring 
S-1006. The in situ dry density of this material was 
estimated to be 92 pcf. This material was selected 
because it was nonplastic; it had a fairly low density; 
and the drive pressure rn the sample area was low. 

A 17.5-ft-deep layer represented by sample 7 from boring 
S-1007. The in situ dry density of this material was 
estimated to be 88 pcf. This material was chosen because 
it was nonplastic; it had a very low density; and the 
drive pressure in the sample area was low. 

A 28-ft-deep layer represented by sample 13 from boring 
S-1006. The in situ dry density of this material was 
estimated to be 98 pcf. This material was chosen because 

15 



it appeared to be a fine sand similar in grain size to 
sands that have liquefied in the past. 

d. A nominal 33-fi-deep layer composed of various increments 
of samples obtained from borings S-1007 and S-1007a. To 
obtain this material, a plot of unit dry weight versus 
percent passing No. 200 sieve (fig. 9) was made for the 
segments of samples from this approximate depth. Mate­
rial from every sample plotting inside and on the perim­
eter of the polygon in the upper right in fig. 9 was 
combined to form the 33-fi sample·. The dry density of 
this material was estimated to be 104 pcf. This material 
was picked because it was extremely difficult to obtain 
an undisturbed sample; the WES driller said that this 
was the softest material he had seen in 25 years of 
drilling. 

e. A 55-ft-deep layer represented by sample 23 from boring 
S-1007. The in situ dry density of this material was 
estimated to be 90 pcf. This material was chosen because. 
of the extremely low drive pressure required to obtain 
the sample and the low N-values obtained in the sampling 
area. It is interesting to note that the soil at this 
depth in boring S-1001 poured from the tube as it came 
out of the drill hole. However, boring S-1006, which 
was drilled beside boring S-1001, did not show this sofi 
material. 

23. Grain-size curves for each of these five materials are shown 

in fig. 10. From the field and laboratory data, a soil profile at 

sta 9+00 was prepared (fig. 11). The locations of the five materials 

that were determined to be most susceptible to liquefaction are shown 

in this plot. 

24. For this study relative density was not used because absolute 

in situ dry density was determined directly. However, the maximum and 

minimum densities were determined for some of the samples from the 

depths considered to be susceptible to liquefaction. The tests were 

performed using a vibratory table to determine maximum dry density 

(yd ) with the following results: 
max 

Material Depth 
fi 

17.5 
28 
33 

Dry Density, pcf 

Yd min Yd max 

79 
82.4 
81 112 
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Compaction tests were performed on the 17.5- 28-, and 33-~ material. 

For these tests, the samples were compacted inside a 2-in.-diam, 4-in.­

high mold in four layers, with 25 blows of a 4-lb hammer falling 12 in. 

per layer. The results of these tests are: 

Material Dry Water 
Depth Density Content 

ft Yd max % 

17.5 108.9 0 
28 112 17.5 
33 116 13 

Using. the data above, in situ relative densities of the 17. 5-, 28-, and 

33-ft materials were calculated to be 37%, 59%, and 73%, respectively. 

Petrographic Analysis 

25. Following selection of the depths at which materials might 

be susceptible to liquefaction, samples of materials from these depths 

were furnished to the WES Geology Branch for determination of rock type 

and particle shape. 

26. Petrographic examinations were conducted on the samples rep­

resentative of the materials at 9-, 17.5-, 33-, and 55-ft depths. The 

procedure used for this examination was as follows: 

a. Approximately 250 g of each material was weighed. 

b. Each sample was sized over the Nos. 60, 120, and 200 
sieves. The individual plus No. 200 size fractions were 
then examined under the binocular· and petrographic 
microscopes for determination of rock type and particle 
shape. The minus No. 200 size -material was examined for 
rock type, and particle shape was estimated under the 

_petrographic microscope. 

27. Tables 3-5 show the percentages of each rock type and par­

ticle shape present in each of the samples and also show the distribu­

tion of rock types and particle shapes within each size of each sample. 

The samples consisted principally of angular to subrounded fragments and 

crystals of quartz with minor amounts of chert, feldspar, organic matter, 

or calcite. The minus No. 200 sizes contained a considerable amount of 

silt and clay-size fragments of quartz. 
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PART III: CYCLIC TRIAXIAL TEST EQUIPMENT AND PROCEDURES 

Equipment 

Triaxialdevice 

28. ·.In cyclic triaxial tests the deviator stress is uniformly in­

creased arid decreasedwhile maintaining a constant chamber·pressure. 

'l'he test equipment utilized by the WES is shown schematicaliy in fig. 12. 

The pneumatic control unit consists of regulators and solenoid valves . . . 

that are actuated by a cam-operated microswitch. These valves provide 

alternating air pulses to a double-acting air cylinder (loading piston) 

such that a cyclic load is transmitted from the air cylinder through 

the piston to the sample. Obviously, to regulate the pulsating air 

pressures so that desired loads are imposed on the specimen requires 

extremely careful calibrations, considering friction in the system and 

upli~ pressures generated by the chamber pressure. 

Instrumentation 

29. Electrical pressure transducers, a deformation transformer, 

and a load cell are used to measure pore pressure and chamber pressure, 

axial deformation, and axial load, respectively, because of the rapid 

change in sample behavior at liquefaction. A high-speed recorder is 

required to provide a continuous record of events during the test. 

Extra care is required to calibrate these sensors such that accurate 

measurements are maintained over the range of data created by the tests. 

Procedures 

30. The tests performed were consolidated-undrained. Four vari­

ables were recorded continually during the test: axial load, axial 

deformation, pore water pressure, and· chamber pressure. Each test con­

sisted of four stages: molding, saturation, consolidation, and cyclic 

loading. Each stage is described in detail below.·· 

Molding 

31. The forming jacket was measured to determine its exact 
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volume. Sufficient dry soil to give the desired density of the speci­

men to be built was then weighed and placed in a container. Distilled 

deaired water was added to the container to cover the soil completely 

and the soil and water were stirred gently to release entrapped air. 

The mixture was then boiled over a low flame for about 10 min. The 

rubber membranes used in this testing were 0.023 in. thick. A few 

inches of vacuum was applied to the space between the membrane and form­

ing jacket to hold the membrane flat against the jacket. With the mem­

brane and forming jacket in place on the triaxial base, the boiled soil 

(which had been allowed to cool) was spooned into the membrane. Two 

testing densities were sometimes desired, a medium density and a high 

density. The medium density was obtained by spooning the wet soil into 

the mold gently. To obtain the higher density, the wet soil was spooned 

into the mold then rodded gently with a 1/2-in.-diam steel rod. When 

the volume of the forming jacket had been filled with soil and the top 

soil surface smoothed off, a cap was put in place on top of the soil 

specimen and the membrane was pulled up around the cap. A rubber 0-ring 

was used to hold the membrane tightly to the cap, and 10 in. of vacuum 

.was applied to the soil specimen through the top cap. The fonning 

jacket was removed and the specimen was measured at the top, bottom, 

and midheight under 10 in. of vacuum to detennine its area and volume. 

Saturation 

32. The process of saturation consisted of two stages: seepage 

saturation and back-pressure saturation. As was mentioned above, a 

vacuum of 10 in. was applied to the specimen at the end of molding. 

A~er measurements of the specimen were made, the vacuum was increa.Sed 

to at least 20 in~ A chamber press-ure- cf 2 ps-i- was- applied-to-the­

sample and· a line containing deaired distilled water was introduced to 

the bottom of the specimen. This line allowed water to seep into the 

specimen while air, which was entrapped inside the soil, percolated up 

through the top porous stone and out of the specimen. This operation 

was continued until air bubbles were no longer seen coming through the 

line from the top of the sample. At this point the vacuum was released 

and water allowed to enter the specimen from the top as well as the · 
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bottom. When enough water had entered the specimen to dissipate the 
vacuum that was le~ in the soil fr.om the seepage operation, pressure 
was slowly added to the chamber fluid while maintaining the pressure in 
the pore water of the soil at a constant 5.0 psi below the pressure in 
the chamber. Thus, the volume of air remaining in the specimen was de­
creased and, with time, was forced to dissolve in the pore water. Ex­
perience with the soils tested in this program showed that about 65.0 psi 
of back pressure acting for a period of 16 hr was sufficient to produce 

the desired saturation. Saturation for this testing program was given 
in terms of Skempton's B-para.meter. The B-parameter is determined by 

the ratio of the change in pore water pressure to an induced change in 
chamber pressure. The value was checked in this testing by closing the 

drainage line and increasing the chamber pressure 5.0 psi and observing 
the increase in pore water pressure. The minimum acceptable B-value for 
this testing was 0.96; however, typical values were greater than 0.98. 
During saturation, the change in height of the specimen was measured 
with a dial indicator that could be read to the nearest 0.0001 in. 
Consolidation 

33. When saturation had been completed, the specimen was con­
solidated to the effective confining pressure under which it would be 
tested. This was done by closing the drainage line and increasing the 

chamber pressure such that the difference between the back pressure and 
chamber pressure was the desi.red effective confining pressure. The 

drainage line was then opened and the specimen began to consolidate. 
The volwne and height change of the specimen were observed with time 

during consolidation, and the process was considered to be complete·when 
the volume and height of the specimen reached a constant value. Typi­

cally, for the materials tested in this program, no more than 30 min was 
required for complete consolidation. 

Cyclic loading 

34. Cyclic loading consisted of the cyclic application and re­
duction of axial stress. The specimen was loaded in this manner through 
a double-acting air cell driven by the loading unit described previously 
at· a frequency of 2 Hz. Depending upon the material tested, effective 
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confining pressure, density, and magnitude of cyclic load, the soil 

specimen would withstand a number of cycles of load and then would 

liquefy. Liquefaction consisted of deformation and a partial-to-total 

loss of strength. At the start of cyclic loading, little deformation 

occurred; but as the cyclic loading progressed, the pore pressure in­

creased, consequently reducing the effective stress. Initial liquefac­

tion is defined as the stage when pore pressure first becomes equal to 

the chamber pressure, giving an effective stress.of zero. When this 

happened with a loose specimen, large deformation would soon occur ac­

companied by a total loss of strength. In dense specimens, liquefaction 

consisted of smaller deformations (typically about 5%)' and loss of the 

ability to support a load under this amount of deformation. 
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PART IV: CYCLIC TRIAXIAL TESTS 

35. As discussed in Part II, materials at five depths at the dam­

site were identified as possibly being susceptible to liquefaction under 

earthquake loading. Remolded samples of material from each of the five 

depths were subjected to cyclic triaxial loading under isotropic and 

anisotropic stress conditions. The sequence of testing was determined 

by the anticipated degree of susceptibility of each material to lique­

faction, beginning with the one expected to be most susceptible. Re­

sults of these tests are discussed in the following paragraphs and are 

summarized in table 6. 

Isotropic Loading 

Material from 28-~ depth 

36. Tests 1-4 and 20 were conducted on material representative 

of the 28-~ depth. The in situ dry density was estimated to be 98 pcf. 

The dry density of the remolded samples ranged from 97.0 to 99.8 pcf. 

For these tests, the B-values were 0.96 or more. These tests were con­

ducted at a normal stress (a1 ) computed from overburden conditions to be 

17.4 psi. The cyclic deviator stress (adc) was varied between 3.96 and 

10.34 psi. Initial liquefaction was obtained over a range of l to 134 

cycles of loading, depending upon the magnitude of axial load. A~er 

these samples reached initial liquefaction, they developed a peak-to­

peak strain of about 9% to 12% within one or two additional cycles of 

stress. The same samples reached about 20% strain in just a few more 

gycles (see table 6). 
37. Fig. 13 is the actual trace (raw data) for cycles 1-3 and 

11-13 for test 2. This sample behavior is considered typical. The top 

line is the chamber pressure, which for this test was 72.9 psi. The 

second line from the top is the axial load that started at an initial 

value of 27.3 lb, which gave an isotropic state of stress. The third 

line down is the axial deformation as measured by the LVDT. The bottom 

line is the pore water pressure, which had an initial value of 55.5 psi. 
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The cyclic deviator stress for this test is 6 psi, which corresponds to 

an axial force of 38 lb. This figure shows that with each cycle of 

load, the pore pressure increases; however, at first the actual defor­

mation is small. By the eleventh cycle, the pore pressure approached 

the chamber pressure and the actual deformation was still relatively 

small. On the twelfth cycle of loading, the pore pressure actually 

equaled the chamber pressure (initial liquefaction) and the axial de­

formation was approximately 0.65 in. peak to peak. The deformation can 

be subdivided, compression being about 40% and extension about 60% of 

the total peak-to-peak values. This is typical. 

38. Fig. 14 is a plot of the triaxial data expressed as stress 

ratio versus the number of cycles of loading. The stress ratio3 is 

expressed as 

where 

o =cyclic deviator stress, psi 
de 
o = ambient effective consolidation stress, psi 

a 
The curves in fig. 14 are for initial liquefaction and 10% and 20% 

strain. Along the right ordinate is plotted peak ground acceleration. 

The conversion from stress ratio to acceleration was made for an assumed 

relative density of about 50% according to Seed's simplified procedure. 3 

A brief review of the simplified procedure is presente~ in Appendix B. 

39. The remolded dry density of the specimen for test 5 was 

supposed to be 98 pcf; however, the actual remolded dry density was· 

101.2 pcf. The confining pressure for this test was calculated assum­

ing that the embankment was on top of the foundation. This gave a o1 
of 58 psi. The results of this test are plotted in fig. 14. It is 

seen that when the results were normalized with respect to 

effect of the dam on top of the foundation was negligible. 

o , the 
a 

40. Tests 16-19 were also conducted on material representative of 

the 28-ft depth. The purpose of the tests was to determine the effect 
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of field densification. For this series of tests, the dry density of 

the remolded specimens ranged from 107.4 to 109.1 pcf. Fig. 15 is a 

plot of stress ratio versus number of cycles of loading to initial 

liquefaction and to 10% strain. Acceleration is plotted along the right 

vertical axis. To calculate the acceleration, the material was assumed 

to have a relative density of 70% to 80%. After this material, in a 

dense state, developed a state of initial liquefaction, a substantial 

number of additional cycles was required to develop 10% strain. This 

behavior is quite different from the 98-pcf material, which developed 

large strains at only one or two cycles more than was required to de­

velop initial liquefaction. 

41. Fig. 16 is a plot of stress ratio versus the number of 

cycles of loading to initial liquefaction for the 28-ft-depth material 

for both the 98- and 109-pcf densities. If this plot is entered at a 

stress ratio of 0.2, the 98-pcf material is shown to liquefy after five 

cycles, while the 109-pcf material will liquefy after 100 cycles. Thus, 

it is seen that densification of this material from 98 to 109 pcf sub­

stantially increased the stability of the material. The benefits are 

.even greater, however, since the dense material did not develop large 

deformations in the tests. 

Material from 33-ft depth 

42. Tests 6-9 and 11 were conducted on material representative 

of the 33-ft depth. The in situ dry density of this material is be­

lieved to be 104 pcf. The effective vertical stress, based on over­

burden conditions, was calculated to be 19.5 psi. The cyclic deviator 

stresses ranged from 3.06 to 5.65 psi, which gave a range of 5 to 

287 cycles to initial liquefaction. The results_ of_ these tests- are­

presented in fig. 17, which is a plot of stress ratio (acceleration) 

versus number of cycles of loading to initial liquefaction and to 10% 

and 20% strain. 

43. Test 10 was also conducted on the material from the 33-ft 

depth at a confining pressure of 60.4 psi, which was computed for the 

condition that the dam was constructed on top of the layer. Data from 

this test are also plotted in fig. 17. The data points fall on the 
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previous curve, which indicates that the additional overburden pressure 

had no significant effect. 

44. Tests 12-15 were conducted on the material from a depth of 

33 ~. For this series of tests, the samples were remolded at a dry 

density of approximately 113 pcf. The results of these tests, which 

were performed to ietermine the effect of in situ densification, are 

presented in fig. 18. Fig. 18 is a plot of stress ratio (acceleration) 

versus the number of cycles of loading to initial liquefaction and to 

10% strain. The results of test 12 were suspect, so test 14 was con­

ducted to check test 12. The results of test 14 are believed to be 

valid and test 12 is, therefore, ignored. 

45. Fig. 19 is a plot of stress ratio versus the number of cycles 

of loading to initial liquefaction for the material at dry densities of 

104 and 113 pcf. If this figure is entered at a stress ratio of 0.13, 

the numbers of cycles to initial liquefaction are 10 and 120 cycles for 

the 104 and the 113 pcf material, respectively. This is a significant 

increase in dry density and a significant increase in stability. 

Material from 17.5-~ depth 

46. Tests A-1, -2; -3,-and -5 were conducted on material repre­

sentative of the 17.5-~ depth. The in situ dry density was estimated 

to be 88 pcf. Sample consolidation occurred during saturation, and the 

dry density of the remolded specimens increased from its desired value 

of 88 pcf to 93.3 to 97.9 pcf. The B-values for these tests were 0.96 

or higher. The overburden pressure was calculated to be 12.8 psi. The 

cyclic deviator stress ranged from 2,98 to 5.00 psi, which produced ini­

tial liquefaction in 1375 and 2 cycles, respectively.· Fig. 20 is a-plot 

of stress ratio (acceleration) versus number of cycles to initial lique­

faction and to 10% and 20% strain. 

Material from 9-~ depth 

47. Tests.A-4 and -7 were conducted on material representative of 

the 9-ft depth. The in situ dry density was estimated to be 92 pcf. 

The samples were prepared at a dry density of approximately 90 pcf, but 

saturation and consolidation caused the density to· increase to 110.1 and 

115.2 pcf for tests A-4 and -7, respectively. Thus, the test results 
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are for materials much denser than the in situ material. The B-values 

for these tests were 0.91 and 0.90. These B-values are below the 0.96 

value that is considered to be the minimum acceptable B-value. During 

these tests the back pressure was increased to the approximate limit of 

the transducer. In the interest of time, testing was conducted with the 

low B-values. The applied vertical stress was calculated, based on 

overburden conditions, to be 7.8 psi. The cyclic deviator stress was 

varied from 3.6 to 5.2 psi, which yielded initial liquefaction in 109 

and 10 cycles, respectively. The results of these tests are presented 

in fig. 21, which is a plot of stress ratio (acceleration) versus number 

of cycles of loading to initial liquefaction and to 10% strain. 

Material from 55-ft depth 

48. Tests A-6 and -8 were conducted on material representative of 

a depth of 55 ~. It should be noted that 98% of this material passed 

the No. 200 sieve. The meaning of tests on remolded samples of this 

material is questionable. The in situ dry density of this material was 

estimated to be 90 pcf. The samples were tested at dry densities of 

96.7 and 93.0 pcf. The B-values were 0.96 for this material. The over-

. burden pressure was calculated to be 29.1 psi. The cyclic deviator 

stresses rariged from 8.8 to 11.7 psi, which produced initial liquefac­

tion in 217 and 17 cycles, respectively. Fig. 22 is a plot of stress 

ratio (acceleration) versus number of cycles of loading to initial 

liquefaction and to 10% and 20% strain. 

Tests at in situ density 

49. Fig. 23, a summary of· all of the test results of isotropic-
-

ally loaded samples at in situ density, is a plot of stress ratio versus 

the number of cycles to initial liquefaction. From this figure it can 

be seen that the 33-~ material is the most susceptible to liquefaction. 

A stress ratio of 0.1 will cause initial liquefaction in 65 cycles of 

loading of this 33-ft material. All the other material will stand con­

siderably more loading cycles at a stress ratio of 0.1. 

Anisotropic Loading 

50. All results discussed so far were for tests consolidated 
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isotropically. In the field this is generally not the stress condition. 
To evaluate the effect of a1 1 a3 ·, tests were conducted at K values 
of 2.5 and 3.0. (These were considered to be the upper limits of the 

01 K values.) Tests A-9, -10, and -ll were conducted at a K = 0-- = 2.5 
3 and tests A-12, -13, and -14 were conducted at K = 3.0 • These tests 

were conducted on the material representative of the 33-ft depth, since 
it was considered the most critical in regard to liquefaction. The 
tests were conducted at a remolded dry density of approximately 108 pcf, 
which was somewhat more than in situ dry density of 104 pcf. The re-

0dc sults of these tests are not presented in terms of stress ratio 2 
O'a 

because a 
a 

is defined as an ambient pressure. 

pressure is not applicable. 

For K ~ l , ambient 

51. The results of tests A-9, -10, and -11 are presented in 
fig. 24. This is a plot of pulsating deviator stress versus number of 
cycles of loading to 10% and 20% strain. (This strain is zero to peak 
and is in compression only.) These samples did not develop an initial 
liquefaction condition. Fig. 25 is a plot of pore pressure at 20% 
strain versus pulsating deviator stress for these tests. It can be seen 

.that the pore pressure never equaled the chamber pressure. 
52. The results of tests A-12, -13, and -14 are presented in 

fig. 26. This is a plot of pulsating deviator stress versus number of 
cycles of loading to 10% and 20% strain. Fig. 27 is a plot of pore pres­
sure at 20% strain versus pulsating deviator stress. These samples did 
not reach initial liquefaction. 

53, To compare the data for the material from the 33-ft depth at 
K = 1.0, 2.5, and 3.0 , fig. 28 was prepared. This is a plot of pulsat­
ing deviator stress versus number of cycles of loading to 10% (zero to 
peak) compression strain. If this plot is entered at 20 cycles, then a 
ode of 5.0 psi causes failure if K = 1.0 ; a ode of 8.7 psi causes 
failure if K = 3.0 ; and a ode of 10.6 psi causes failure if 
K = 2.5 

54. The vertical consolidation stress is not a constant in this 
plot; it varied from 19.5 to 32.5 psi. To more clearly present the 
data, fig. 29 was prepared, which is a plot of vertical consolidation 
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stress (cr1 ) versus pulsating deviator stress, for the material from 
-c 

the 33-ft depth at a compression strain of 10%. This plot shows that 

cr1 (not K) is the parameter influenc111g the test results. 
-c 

55. There are two different phenomena involved in comparing these 

three K values. For the K = 1.0 data, the samples remained fairly 

stable until the effective confining pressure became small. At this 

point the samples strained in extension and compression, an amount ap­

proximately 20%, in a few cycles. Comparatively, the K ~ 1.0 samples 

strained a proportional ai:oount on each cycle of stress application. The 

samples .. strained only in compression and no catastrophic movements were 

observed. 
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.PART V: ANALYSIS OF LIQUEFACTION POTENTIAL AT PATOKA DAMSITE 

Predicted Ground Motions 

56. A study was made at the WES to predict earthquake ground mo­
tions at Patoka da.msite. 4 In the study several earthquakes at bedrock 

were considered. Among these earthquakes was a magnitude 7,5 earthquake 
occurring in the Mississippi Embayment, Nuttli's Zone 1, which is some 
130 miles away. Such an earthquake would produce the following recur­
rent peak ground motions for 0.3 to 3.0 Hz at the da.msite. 

Acceleration, g 
Velocity, cm/sec 
Displacement, cm 
Duration, sec* 

0.045 
17 
7,5 
160 

57. The second earthquake considered in the study4 is one that 
might occur anywhere in Nuttli 1s Zone 2, in which Patoka damsite is lo­

cated. The epicenter of this earthquake would occur close to the dam­
si te but not at it. The regional Zone 2 earthquake is a magnitude 6.5 
event having at least the following peak recurrent ground motions for 
0.3 to 3.0 Hz at the site. 

Acceleration, g 0.11 
Velocity, cm/sec 54 
Displacement, cm 26 
Duration, sec 68 

58. The third and most severe earthquake considered is a local 
earthquake having its epicenter beneath the- da.msite-. Such an- ear-t-hquake­
might produce severe high-frequency acceleration pulses at the damsite 
according to California experiences at Parkfield, Pacoima Dam, and 
Melendy Ranch. Ambraseys also predicts severe acceleration pulses of 
high frequency in the epicentral area.** Data do not exist in the 

* Duration is defined in this study as the total time duration of 
shaking greater than 0 .05 g. 
N. N. Anibraseys, seminar "Selection of Design Earthquakes," U. S. 

Army Engineer Waterways Experiment Station, CE, 4 November 1970. 
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central United States to indicate if similar high accelerations at high 

frequencies can be expected at Patoka damsite. While geologic condi­

tions at the site differ greatly from those in California, raising the 

possibility that California experiences do not apply, Ambraseys' views 

are based on a broad variety of geologic conditions. In the absence of 

observational data, it seems necessary to conclude that an earthquake 

having its epicenter at the damsite would result in some high accelera­

tion pulses, having short periods at the damsite. Obviously, the like­

lihood of an earthquake occurring at the damsite is smaller than that of 

one occurring within a radius of 5 or 10 miles from the dam. An earth-
-

quake at the site might produce some accelerations as high as 0.7 g or 

higher but possibly would not affect maximum particle velocities and 

hence would have a somewhat limited significance. 

Liquefaction Potential 

59. The analysis of the liquefaction potential at Patoka damsite 

was made by a procedure3 that involved the assumption of a horizontal 

acceleration and absence of shear forces on horizontal planes prior to 

the earthquake t-- Therefore, this analysis is valid near and beyond the 

toe and beneath the center line of the dam. 

60. The magnitude 7.5 earthquake occurring in the Mississippi Em­

bayment is obviously not the most critical event; therefore, it is nec­

essary to consider the regional or the local earthquake. No active 
4 

faults were found in the immediate vicinity of the dam. This would in-

dicate that the possibility of experiencing the local earthquake is ex­

tremely remote. For this reason the regional earthquake will be con­

f:ffdered Tirst • 

61. The lower limit of expected acceleration is the 0.11-g peak 

recurring acceleration, given in reference 4, and is assumed to be the 

average acceleration, or 0.658inax as defined by Seed. 3 The maximum 
1 acceleration is computed to be -- (0.11 g) or 0.17 g . The follow-

0.65 
ing relationship between magnitude and average number of cycles having a 

magnitude of 0.65a has been proposed by Seed. 
max 

* The ratio of the acceleration at the soil surface to the acceleration 
at bedrock was assumed to be one. 



* N 
Magnitude ...£.9..... 

* 

8 30 

7-1/2 20 

7 10 

Neq is the equiva­
lent number of cycles 
as defined by Seed, 

If one extrapolates these figures, a magnitude 6.5 earthquake would cor-

respond to an N of 5 cycles. If the duration of earthquake motion 
eq 

in the midcontinent area is taken to be four times that in the West 

Coast area, as proposed by Nuttli,5 N as defined by Seed would pre-
eq 

sumably become 120, 80, 40, and 20 cycles. 

62. Following Seed's procedure, the following stress ratios 

(crd /2cr ) can be calculated. 
c a 

Depth (a:x) (o.6:amax) 
ft 

a 
y c a 

P.£1. rd r ~ 

9 0.17 0.11 125 0.98 0.70 7,8 
17.5 0.17 0.11 125 0.96 0.60 12.8 
28 0.17 0.11 125 0 .92 0.60 17.4 
33 0.17 0.11 125 0.91 0.60 19.5 
55 0.17 0.11 125 o.85 0.60 29.1 

(:~:) 
psi 

0.155 
0.210 
0.237 
0.246 
0.257 

63. The stress ratios in the last column of the tabulation above 

are used in conjunction with figs. 21, 20, 14, 17, and 22. If the fig­

ures indicate more than 20 cycles of loading are required to fail the 

material, the foundation is considered safe according to the number of 

cycles proposed by Nuttli and by Seed. However, if less than 20 cycles 

caused failure, the material would fail according to Nuttli, but 

5 cycles or less would have t.o cause .failure according to Seed. The 

following tabulation presents the results of the analysis of the behav­

ior of the foundation soils at in situ dry density under this regional 
• 

. earthquake. 

57 



,, 

In Si tu 
Dry 

~ 
Cycles to 

Depth Fig. Density Initial 10% 20% 
ft No. pcf 

(J 
a Liquefaction Strain Strain 

9 21 92 0.155 1500* 1500* 1500* 
17.5 20 88 0.210 4 4 7 
28 14 98 0.237 3 4 6 
33 17 104 0.246 l* l* 2* 
55 22 90 0.257 7* 5* 7* 

* The data curves were extrapolated to obtain these values. 

64. Thus, it is seen that the area around the dam and underneath 

the center' line would undergo extensive liquefaction during a Nuttli 's 

Zone 2 nBgnitude 6.5 earthquake according to Nuttli's criteria. However, 

it takes nore than 5 cycles to cause 20% strain in all but the 33-fi 

imterial; therefore, only the 33-fi material fails according to Seed's 

criteria. 

65. The 0 .11-g peak recurring ground motion that gives a peak 

acceleration of 0 .17 g assuming a = 0 .65a can be assumed as a ave6 max 
minimum value. California experience would indicate that a peak accel-

eration of o.44 g can be expected during a 6.5 magnitude earthquake. 

Using this value of peak acceleration, the stress ratios in the follow­

ing tabulation can be calculated. If figs. 21, 20, 14, 17, and 22 are 

In Situ 
Dry 

~ 
Clcles to* 

20% Depth Fig. Density Initial 10% 
ft No. pcf 

(J 
a Liquefaction Strain Strain 

9 21 92 o.401 5 10 --
·17;5 20 -88 ·0.-543 l 1 2 
28 14 98 0 .613 1 1 1 
33 17 104 o.637 1 1 1 
55 22 90 0.665 1 1 1 

* The data curves were extrapolated to obtain these values. 

then entered as indicated in the tabulation, it is seen that the founda­

tion around the dam and underneath the center line ·would undergo ex­

tensive liquefaction according to any criteria proposed to date. The 
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data for the 55-:rt material should be accepted with sone reservation 

since remolded samples were tested·in lieu of undisturbed specimens. 

66. Cyclic triaxial tests were conducted to determine the effects 

of densification on liquefaction potential. Materials representing the 

28- and 33-ft depths were tested at dry densities of about 109 and 

113 pcf, respectively. This corresponds to a relative density of 88% 

for the 28-ft material and 94% for the 33-ft material. These test re­

sults are presented in figs. 15 and 18. The calculation of stress ratio 

is identical with that discussed in paragraph 62 except that C is 
r 

equal to 0. 7. A maximum peak acceleration of 0 .17 g will yield a stress 

ratio of 0 .203 for the 28-:rt material and 0 .211 for the 33-:rt material. 

These stress ratios and figs. 15 and 18 were used to predict the behav­

ior of the compacted materials. The results are shown in the following 

tabulation giving the behavior of the compacted materials Under the 

regional earthquake. 

(;~:) 
Cycles to* 

10% Depth Dry Densit:t: 2 ECf Fig. Initial 
ft In Situ ComEacted No. Li51uefaction Strain 

28 98 108 15 0 .203 100 140 

33 104 113 18 0.211 5 6 

* The data curves were extrapolated to obtain these values. 

67, Based on this analysis it is seen that the compacted mate­

rials would be safe if subjected to a magnitude 6 .5 earthquake with a 

peak acceleration of 0.17 g. However, if the peak acceleration is in-
6 -

creased to O .44 g, · then stress ratios of 0 .525 and 0 .546 are computed 

for the 28- and 33-ft materials, respectively. If fig. 15 is extrapo­

lated and entered at a stress ratio of 0 ,525, initial liquefaction is 

predicted in 1 cycle and 10% strain is predicted in 2 cycles. If 

fig. 18 is extrapolated and entered at a stress ratio of 0 ,546, initial 

liquefaction and 10% strain are predicted during the first cycle. Thus 

by using both Seed's and Nuttli 's criteria, the compacted materials 

would experience a strain of 10% or greater if subjected to a magnitude 

6,5 earthquake with a peak acceleration of 0.44 g. 
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68. It is doubtful that the materials could be compacted to these 
densities in situ without removing ~he material and replacing it. Cer­
tainly a field compaction would be required since the fines exceed the 
amount considered suitable for in situ compaction. (The maximum density 
obtained on the vibratory table was 112 pcf for the 33-ft material.) 
If the material is removed, it should be mixed with a cohesive material 
prior to replacement, as this would increase its resistance to 
liquefaction. 

69. A similar analysis using the predicted ground motions for an 
earthquake occurring at the structure could be conducted. Because the 
foundation materials are predicted to fail when subjected to a Zone 2 
regional earthquake, the use of an earthquake whose epicenter is ·located 
at the site is considered unnecessary. Obviously, extensive liquefac­
tion of the foundation materials is predicted if the earthquake epi­
center is located beneath the dam. 
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PART VI: CONCLUSIONS AND RECOMMENDATION 

70. Based on the results of the study reported herein, it is 

concluded that if the Patoka da.msite is subjected to a magnitude 6.5 
Nuttli's Zone 2 earthquake, extensive liquefaction should be expected 

to occur in the foundation material around the dam. This liquefaction 

would occur throughout the foundation soil to rock. 

71. If the consequences of foundation liquefaction require de­

signing the dam for earthquake effects, it is recommended that consider­

ation should be given to removing the foundation material to bedrock and 

repl~cing it with a compacted rolled-fill section of cohesive material. 

If in the cost analysis of this task, the cost of the removal of the 

bottom 15 ft of silty clay becomes prohibitive, it is recommended that 

a series of tests be conducted on undisturbed samples of the material 

to deterrr.~ ne the liquefaction characteristics of such samples, since 

remolded samples were tested in this study. 
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Table 1 

§211 ~laasitl.~a~iQn Il6ta 

Percent 

Plaiticity 
.Passing Range of 

Boring Sample Depth No. 200 In Situ Dry 
No1 J!2.s_ ft Visual ~l&§S!fi~!tion IB£1111 §i11vs; l&!ld t:ic. ;n~f 

s-1oo6 5 8.0-9.6 Fine silty sand (SM), gray 1 43 90-96 
6 10.4-12.8 Fine sand (SP-SM), light brown RP 12 

7 12.8-13.8 Fine silty sand (SM), gray RP. 47 98-100 
9 17.6-19,5 Fine silty sand (SM) 28 '61.5-86.6 

10 20.0-22,3 Fine clayey sand (SC), gray; 28 
organic matter (wood) 

11 22.4-23.8 Fine silty sand (SM) 28 68.2-90.7 
12 24.8-25.9 Clayey sand silt (ML) 53 90.7-103.2 
13 27.2-29,5 Fine silty sand (SM) 17 92.2-102.8 
14 29.6-31.9 Sandy clay (CL), gray; organic 52 

matter (wood) 

15 32.0-34.3 Fine sandy clay (CL), gray 78 
16 34.4-36,7 Fine clayey sand fsc), gray; 22 

organic matter woOd) 

17 36.8-39.1 Sandy clay (CL), gray; organic 84 
matter 

18 39.2-41.5 Fine sandy clay (CL), gray; 69 
organic matter 

19 41.6-43.9 Fine sandy clay (CL), gray; 87 
organic matter 

20 44.o-46.3 Silty clay (CL), gray; fine 19 85 
sand and organic matter 

21 46.4-48.7 Silty clay (CL), gray; fine 89 
sand and organic matter 

22 48.8-51.1 Silty clay (CL), gray; trace 97 
of iron oxide, fine sand, and 
organic matter 

23 51.2-53. 5 Silty clay (CL), gray; trace 
of fine sand and'organic 
matter 

25 56.0-58,3 Silty clay (CL), gray; trace 99 
of fine sand, iron oxide, 
and organic matter 

26 58.4-6o.l Silty clay (CL), gray; trace 99 
of iron oxide and organic. 
matter 

s- J or::rr 2 4.9-7.1 Sandy clay· (CL), brown 61 

3 7.2-9.3 San~ clay (CL), gray 51 
4 9.6-11. 7 Fine clayey sand (SC), brown 33 
5 12.0-14.2 Fine clayey sand (SC), gray; 47 

organic matter (wood) 
6 14.4-15.6 -Fine clayey sand (Sc), gray; 

organic matter (wood) 
33 

7 16.8-19.1 Fine silty sand (SM), ~ray; 1 38 87-90 
organic matter (wood 

8 19.2-21.l Fine clayey sand (SC), gray; 
organic matter (wood) 

6 44 

9 21.6-23.9 Fine silty sand (SM), light 18 
brOlln; organic mtter (wood) 

(Continued) 



Table 1 (eoncl.uded) 

Percent 
Paaaing Range of 

Boring Sampie Depth Pl&sticity No. 200 In Situ Dry 
Nsz, ..1!2........ ~ Visual ~;J.1:11iti~l:liign ID!Jlilll li1m .tllllli t;x:. J.?Sif 

S-1007 10 24.0-25.1 Fine silty sand (SM), brown; 27 
(Cont'd) organic matter (wood) 

12 27.5-28.5 Fine silty sand (SM) 45 
13 29.9-31.5 Fine silty sand (SM) 38 79.5-103.5 
14 32.3-33.4 Fine silty sand (SM) 35 101.9 
15 34.7-36.0 Fine silty sand (SM) 36 103.2-104.9 
16 37.1-38.6 Fine silty sand (SM) 41 98.2-1o8.2 

17 39.5-41.5 Fine sandy clay (CL), gray 52 
18 41.9-44.2 Silty clay (CL), gray; trace 81 

of fine s&r1d. and organic 
matter 

19 44.3-46.6 Fine sandy clay (CL), gray; 68 
organic matter 

20 46.7-49.0 Fine sandy clay (CL), gray; 98 
organic :matter 

21 49.1-51.4 Silty clay (CL), gray; fine 99 
sand, iran oxide, and 
organic matter 

22 51.5-53.8 Silty clay (CL), gray; trace 99 
of fine sand and organic 
matter 

23 53.9-56.2 Silty clay (CL), gray; trace 23 99 88-92 
of fine sand and organic 
matter 

24 56,3-58,4 Silty clay (CL), gray; trace 17 
of fine sand, organic matter, 
and iron oxide 

26 61.1-63.4 Silty clay (CL), gray; trace 99 
of fine sand, iron oxide, 
and organic matter 

27 63.5-64.4 Silty clay (CL), gray; trace 
of fine sand, organic matter, 
and iron oxide 

S-1007a 1 27 •. 5-29.7 Clayey sandy silt (ML) 56 99-112 
2 29.9-32.1 Fine silty sand (SM) 27 99. 7-107.5 

3 32.3-34.4 Fine silty sand (SM) 28 ~.8-105.8 

4 34.7-36.9 Fine silty sand (SM) 37 10i.3-1o8.o 



Table 2 

D!::i Density of Sample Sei!!!ents 

Boring Depth Sample D!::i Densit~ 1 ~f 1 of Increment No. 
No. ft* No. 1 _2 _ __]_ -- _L_ _L _]__ 8 

s-1oo6 9.0 5 89.7 95.6 
17.6 9 79.7 61.6 86.6 77.0 78.3 72.5 
22.5 11 68.2 84.3 . 91.7 
24.8 12 103.3 90.9 
27.3 13 92.2 97.0 96.1 97.5 96.2 ~.8 98.0 102.9 

S-1007 17.5 7 86.6 88.o 90.4 
30.3 13 99.6 79.5 99.5 103.5 
32.4 14 102.0 
34.8 15 lo4.o 105.0 103.2 
37.2 16 97.1 105.0 lo6.9 107.8 108.2 
55.0 23 87.6 90.3 91.7 91.2 

S-1007a 27.5 1 100.7 99.1 112.0 108.o 
30.0 2 107.5 107.0 99.8 --
32.5 3 102.9 101.9 104.1 105.4 103.3 lo4.7 105.7 97.9 
34.8 4 108.o 105.8 105.4 lo4.7 101.3 

* Depth to the top of the sample. 

Table 3 

Summa!Z of Petrosra12hic Ana~sis 

Mineral Content, %, of 
Sample at DeEth of 

Size Fraction Mineral ....2...11 17.5 ft lil1 55 ft 

Plus No. 200 sieve Quartz 54 58 62 2 
Limonite l Trace 
Chert 2 Trace 
Mica Trace 
Feldspar Trace Trace 
Organic Matter Trace 4 

Minus No. 200 sieve Calcite 5 
Silt and clay-size material* 26 25 27 69 
Clay 17 13 11 24 

Shape, i, of Sample 
at De12th of 

Particle Sha~ ....2...11 17.5 ft ~ 55 ft 

Plus No. 200 sieve . Round 2 1 8 Trace 
Subround 15 10 9 l 
Subangular 30 31 36 1 
Angular 10 20 9 Trace 

Minus No. 200 sieve Round Trace l 
Sub round 12 2 2 4 
Sub angular 14 7 22 54 
Angular 17 29 13 40 

* Predominantly quartz fragments. 



Table 4· 

Distribution of Minerals by Sieve Size 

Mineral Content, % 
Depth of at Sieve Size 
Material -60 -120 -200 

ft Mineral +60 +120 +200 :!f!!!. 
9 Quartz 49 99 95 

Limonite 49 
Organic matter 2 
Feldspar 1 1 
Chert 4 
Silt and clay~size 

material* 60 
Clay 40 

17.5 Quartz 93 97 
Organic matter 100 7 3 
Mica Trace 
Silt and clay-size 

material* 80 
Clay 20 

33 Quartz 99 100 99 35 
Limonite 1 1 
Chert Trace 
Silt and clay-size 

material* 30 
Clay 35 

55 Quartz 96 
Feldspar 2 
Mica 2 
Calcite 5 
Silt and clay-silt 

material* -- 69 
Clay 24 

* Predominantly quartz fragments. 



Table 5 

Distribution of Particle ShaEes b~ Si~ve Size 

Depth of at Sieve Size 
Material -120 -200 

ft Particle Sha:ee +60 +120 +200 +Pan 

9 Round 5 2 
Sub round 10 25 28 28 
Subangular 40 55 53 33 
Angular 50 15 17 39 

17.5 Round 
Subround 15 19 18 
Subangular 55 50 15 
Angular 100 30 30 75 

33 Round ·1 1 3 4 
Subround 19 21 12 6 
Sub angular 60 51 61 60 
Angular 20 . 27 24 30 

55 Round 5 
Subround 40 4 
Subangular 45 54 
Angular 10 40 



Table 6 
Summar:£ of Test Re!!!J,ts 

Dry 
Stress 

oa or Ratio 1o:fi st[!!n gQ:fi §:!;[!in 
Sample No. 

Density Bliek - .'.'..!l.£ Init~!!J, IJ.9ia.!:(astion* Actual Actual 
Boring (Representing Teat 7d Pre ii sure 0 3-c "de Acceleration Cycles of strain** Cycles of strain** Cycles of Strain** 

_J!l2......_ Depth. ft) J!2.. ~ _HL_ _B_ -1!.!L ..RJ.L ~ Loe.d.iM __j_ Loasiing __j_ Loading _i_ J_ 

Is2tr!2J2!C Loading 

S-loo6 13(28) l 97.6 ~.l 0.989 17.4 5.07 0.098 0.136 19 3.6 20 11.5 23 21.9 1.0 
2 99.4 55.5 0.960 17.4 6,01 0.124 0.173 12 3,8 13 9.4 16 18.8 1.0 
3 99.8 75.o 0.960 17.3 10,34 0.213 0.297 1 4.5 2 11.4 4 17.2 1.0 
4 96.8 5~ .. 8 0.984 17.4 3.96 O,o83 O.ll4 134 2.2 l.36 12.4 140 21.5 1.0 
5 l.01.2 4Jl,.9 0.986 58.0 l.7.80 0,llO O.l.53 15 6.5 16 11.7 17 15.5 1.0 

s-1007 (33)t 6 l.04.5 61!.6 o.984 l.9.5 5.23 0.092 0.134 7 8.4 7 8.4 8 22.4 1.0 
s-1007a 7 101.9 61/..9 0,993 19.4 3.36 o.o6o o.087 130 8.4 131 13.4 133 19.6 1.0 

8 104.l. 61J..1 0,987 19.5 4.16 0.078 0.114 54 3,7 55 13.2 57 2l.,l. 1.0 
9 l.05,8 61/..9 0.993 19.5 5,65 0.100 0.145 5 0.5 7 6.7 8 14.3 1.0 

10 l.03.9 47.4 0,992 6o.4 l.3.26 o.<n6 O.l.10 18 7.4 19 13.2 20 20.6 l..O 
ll 104.4 6U.7 0.995 l.9.5 3.o6 0.054 0.078 287 1.4 288 12,0 291 18.4 1.0 
12 l.l.2.8 61!.8 0.976 l.9.4 5,20 0.108 0,134 10 9.2 l.O 9,2 17 16.3 1,0 
13 113.2 611.B 0.994 l.9.5 2.84 o.o6o 0,075 960 0.2 976 8.8 976 8.8 1.0 
14 l.14.0 6i~.8 0.996 19.5 5.22 0,l.08 0.134 110 0.9 125 1.0 127 1.2 1,0 
15 ll3.0 611.9 0.997 l.9,5 8.24 0.170 0.2ll 5 8.4 6 10.0 l.5 l.4.4 1.0 

S-l.oo6 13(28) 16 l.09.l. 60.4 0.981 17.4 4.6o 0.110 0.132 136o 1.0 1389 9.1 1389 9,1 1.0 
17 l.08,9 611.8 0.990 17.4 8.50 0.204 0,244 12 0.9 74 7,9 74 7,9 1.0 
18 108.7 611.8 0.990 17.4 6.73 0.162 0,193 131 1.2 157 1.6 157 1.6 1.0 
19 107.4 61!,9 0,992 17.4 8.43 0.203 0,242 19 1.1 44 8.5 61 8.9 1,0 
20 97.0 1cl.o 0.989 17.4 7.12 0.147 0.205 6 4.5 7 10.7 9 19.5 1.0 

S-1007 7(17.5) Al 95.0 64-8 0.960 12.5 2.98 0.094 0.119 1375 1.9 1377 ll.5 1385 11.0 1.0 
A2 97.0 7,,3 0.960 10.0 5.00 0.158 0.250 2 14.4 2 14.4 4 22.5 1.0 
A3 93.3 6sL1 0.980 12.8 3,49 o.uo 0.136 123 4.3 124 10.0 130 18.2 1.0 

S-loo6 5(9) A4 110.1 123.l 0.910 7,8 3.65 0,257 0.234 109 6.9 110 11,8 113 22.2 1.0 

S-1007 7(17.5) A5 97,9 64.7 0.980 12.9 3.92 0.124 0.152 33 1.1 35 10.8 38 17.l 1.0 

S-1007 23(55) A6 96,7 47.o 0.960 29.1 ll.71 0.141 0.201 17 24.l 15 ll.4 17 24.l. 1.0 

s-1oo6 . 5(9) A7 115.2 82.5 0.900 7.7 5.17 0.364 0.336 10 1.7 18 10.8 20 ll.O 1.0 

S-1007 23(55) AB 93,0 3d,5 0.960 29.2 8.78 o.1o6 O.l.50 217 3.4 220 10.9 224 19.2 1.0 

!ia!&Ot!:2!2iC Load111& 

11-1007 (33)t A9 l.08. 5 64.7 0.970 13.0 4.27 . 275 10.0 llB5 19.l 2,5 
S-1007a AlO 108.3 65.0 0.990 13.0 8.10 42 10.0 149 20.4 2.5 

All 107.4 65.0 o.960 13.0 12.08 14 l.O.O 41 19.6 2.5 
A12 l.o6.6 65.0 0.970 9.8 1.21 36 10.0 84 18.7 3,0 
A13 l.07.0 65.0 0.970 9.8 l.0.07 13 10,0 38 18.0 3.0 
A14 l.07.2 65.o 0.970 9.8 13.20 5 10.0 14 17.8 3.0 

* Defined as the stage vhen the pore presa\lre first equal.ed the chamber pressure. 

** strain values shown are pealt·to-peak val.Iles (the sum of compresdon and extension strains) or zero-to-peak values, vhichever was greater. 
t Material obtained by combining boring S-1007 samples 13-l., 13-2, l.4-l., l.5-l., 15-3, l.6-1 and boring S-1007a samples 1-4, 3-2, 3-3, 3-4, 3-5, 3-6, 3-7, 3-8, 4-1, 4-2, 4-3, 

4-4, and 4-5. 



APPENDIX A: BORING LOGS 
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Fig. Al (Continued). Log of boring S-1001 (20 to 40 ft) 
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Medium brown-te.n silty clay, 4 
al. se.ney wet, soft Jar 1 Red brOlnl demp silty 

1 , 5 , c~, sandy 4 

5 

2 

1 

3 

w • 25.0 

Jar 4 

@5•5' w .. 24.o 
Jar 5 

CL 2 @6,0' W ,. 23,0 
-~S:!:M~~B-r_Ollll __ w_..,t&.u--a-i'"'l""ty--san-d,...,---+-....=.--< Jar 6 Wet tan to reddish 

al, clayey wet, canp. @6.5• saney clayey silt 
l w. 20.0 

Jar 7 
l f].O' w-..-21.·,0· 

Jar 6 

SM 1 '7· 5' W • 19.0 
-~::;:...-+------------------------+-----l 

Jar 9 
SM 2 13•0 ' w • 19.0 

Re4diah brani to tan wet 
silty sand 

&r 10 
SM 9.0• w. 17.2 

2 

2 5 

Fig. A2. Log of boring SD-1002 (0 to 10 ft) 
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sand, wet, canp. 

ame aa a ove eau gray 
in color. Loose, al caup. 

Grq w1 th reddish brCJll'll silty 
aand, wet, ca1p. 

Gray eilt:y sand., al. org, 
vet , canp. 

E. G. P. 
'COM IOl09 
ut:ov . ...,... 

HY MO. 
I 

2 
Ve17 1ott brown silty 

ar sand 
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l 
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12 

7 

10 

8 

4 

ll' w. 20.0 

Brown 1Ut:y 1and 

w • 13.6 

w. 18.l 
Brown lo0ee dlty 1and 

Grq loose dlty 1and 
w • 19.0 

w. 21.0 

w. 20.0 

Grq looH lilty aend 

w. 21.0 

w • 24.o 

.. 

Fig. A2 (Continued). Log of boring SD-1002 (10 to 20 ~) 
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Gray silty sand, vet, comp. 

Jar Gray medium silty sand 
SM 11 .5• W' • 22.0 

silty sand,vet, comp. 
SM s nal small rootle W' - 23.0 

SM 4 

SM Gray ail ty sand, vet, very comp 9 W' - 21.0 

12 

SM 
Gray silty light gray sand, 4 W' • 22.0 vet, canp. 

SM Gray silty 
of clay 

sand with trace 
8 W' • 22.0 

Jar2 
1 @24.o• W' .. 15.4 

Light gray silty clayey sand, 
Jar) Gray comp. silty sand wet, comp. 

SM-SC 18 @24.5' W' • 18.l 

Light gray silty sand, vet, 

SM sl. comp. 18 
Jar3 
1!25.0• w • 20.0 

Jar3 
SM 1 ~5-5 W' • 21.0 

Jar3 
SM 

@26.o W' - 25.0 

SM Jar3 
~·5 W' • 23.5 

Jar) 
SM 1 (f?7 .o w- 23.5 

SM 
Jar3 
27,5 w " 22.0 

SM 
Light gray-vhi te silty sand, 19 W' • 22.0 

vet, al. comp. 
SM Light gray vi th tan ail ty s W' .. 24.o 

Gray vi th· brown clayey silty 

SC 
sand, vet, soft 

W' - 25.0 

SC 
Gray with brown clayey silty Jar4 

@~9-5 w • 26.1 
Gray-black silty sand with 

Jar4 
Gray canp. silty sand 

SM light trace of clay and de- with b?;ick organic 
8 @30.0 w - 37. 

Fig. A2 (Continued). Log of boring SD-1002 (20 to 30 ft) 
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1. D9'1H ll:Wlt MO tOOl 

t. fOl'AI. •lfM OI MOU 

ILIVAhOfrit DDTM UODe 

SC 

451.if! 

d vood blsclt 

Gray black silty sand vith 
light trace o:r clay and vood 
fJ'11811111nt1, vet, sl. comp, 

Gray with some tan sandy ail 
-::lay 

rCJlitl sandy clay org , wet, 
aott 

Browmsh gray silty cl.a;yey 
sand, vet, _C:ClllP• 

rCJlitl 
al, canp. 

Light grq with some brCllitl 
lilt¥ aanl!, vet, _al. _camp, 

sand,vet, al, caup. 
Brownish gray silty sandy 
cla;y,vet, aott 

11 

4 

2 

P. 

w. .2 
ar ~3 Grq Bandy clay vi th 
30.5• black organic. 

w • 32.7 
ar44 
31.01 w • 37.0 

w. 26.6 

w. 29,9 
Gra;r aaney cla;y with . 

ar48 black org. 
34.0 w • 38.9 

ar49 
34.5 w • 28.2 

ar50 
35.0 w • 23,5 

w • 22.0 

ar52 
36.0' w • 25.0 

ar53 
36.? w - 22.0 

Gray silty aa.nd. caap. 
Jar54 
37.0 w • 22.0 

Jar55 
37,5 w • 22.0 

Jar56 Gra;r sandy clay, ao:rt 
38.0 w • 28.2 

w • 28.2 

w • 26.6 

w. 23.0. 

Jar 
o.o w • 24.o 

Fig. A2 (Continued). Log of boring SD-1002 (30 to 40 ft) 
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(DN,.,.,._) 

Gray sandy silty clay, wet, 
sort-medium 

Gray sancy silty clay vi th 

2 

2 

E. G. P. .. 
'"""""- ,; ..... '" •··. """" ., - ........ if.....,..,, 

ray sancy clay, soft · 

w • 24.o 

w .. 25.0 

some brown, wet, soft-medium t-~-f" • 

Gray sancy silty clay With 
lack org. wet soft-medium 

Gr&y' silty sand, wet, comp 

sort 

Gray brown clayey silty sand, 
wet, canp. 
Gray brCMn silty sand With 
light trace or clay, wet,comp 
Gray brown silty s • clayey 
sand, wet, canp. 

Gr&y' brown silty sand, wet, 
loose - sl. cc:mp. 

Gray brCMn silty sand With lt 
trace or clay 

Gray silty sl. sancy clay, 
vet, sott 
Gray With some brovn silty 
al. sandy cl& wet soft 

3 

4 

10 

14 

4 

13 

10 

3 

6 

w • 20.0 

ar67 
3,5• w .. 29.9 

w .. 22.0 

Jar7l 
@45.5 w .. 26.6 

Jar72 
@46.o w .. 23.5 

J&r 13 
916.5 w .. 19.0 

Jar74 
7.0 w .. 23;5 

Jar75 
~7.5 w- 19.0 

Jar76 
~8.o w. 22.0 

Jar77 Gray sandy clay, sort 
fM.5 w • 23.5 

Jar7 
@49.0 w- 30.4 

Jar79 
@49.5 w • 28.2 

.. 

Fig. A2 (Continued). Log of boring SD-1002 (40 to 50 ft) 
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Fig. A2 (Continued). Log of boring SD-1002 (50 to 60 ft) 
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62 

63 

64 

65 

ClAIPKAftON OI MAT.._I 
(Dn<~J 

Ref'usal 

.. con 
llCOV· ... 

SS-3 

Rec. 
1.9' 

Re<:k 
bit 

( DrilU., ,; ... .,,,.r 1#1,, -,,t ., 
.... ,.;,,., "'·· if ··~'-·" 

Gray sandy clay 

Tried Shelby from 62.5, 
would not push 

.. 

Fig. A2. (Concluded). Log of boring SD-1002 (60 ft to refusal) 
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1 fMICU4$1 OI OVlllUSOIN 

I Olrftl DCIUIO .,.,0 eoc. 

t fOfAL °'""Of"°'-' 

c 

C~AHtftC.aftO,.. OI ••fllMlll ,,,.,,. .. ,,..., 
Brown ailty cley with greaa 
and small roots, ao1't, 111ed.i11111 

·~---.-...----------~ 

E. G. P. 

. ,,,..,,,., ti-. - ..... """' " ............... ,.,,,..,,_,,, 

Brovn c~ 111t · 
w. 28.2 . 

1 Brown 11lt:f clay with grasa t--.._-1" 1.0' · W • 23~5 
and s11111ll roota, soft, 111ediwn 

2 

3 

4 

5 

6 

7 

8 

9 

10 

CL Brown silty clay with grass 
and smll roots, wet , sort 

CL Brown silty clay with light 
trace 01' sand 

SM Brawn silty clayey sand1tine 
SC gralned1 wet, comp. 

2 

SC Brown clayey silty sand, 
wet, comp. 

~ar 8 _____________ ..... __ ! 4,5• 

SM Tan very silty sand, tine 
gralned,wet, caup, 

L-ML Tan sanely 11. clayey silt, 
wet., sort 

SM Tan very silty aand,very 
ine ra wet CO!!\ 

SM Tan very •ilt:f aand,very 
fine grained,wet, comp, with 

CL Bro-.m with gray silty sanely 
clay vet, soft 

CL 

I 
IJ"ar 9 
·~ 5.0· 

0 

w • 26.6 

Brown clayey silt. vlt.b 
trace 1and. 
w • 31.6 

w • 26.6 

w • 28.2 

w • 25.0 

Bl'own to tan aamty lilt 
w • 25.0 

w • 26.6 

w. 26.6 

. BrOlft\ till• sand¥ 11lt 

Brown to gray 1andy 
11lty clay 
w • 25.0 

w • 29,9 

w. 26.6 

w. 26.6 

Fig. A3. Log of boring D-1003 (o to 10 ft) 
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ll 

12 

13 CL 

14 

15 

16 ML 

SP 
SM 

I7 SP 
iii 

18 
SP 
SM 

19 CL 

SP 
iii 

20 

Gre;y silty al. cla;yey sand, 
vet, comp 

Gre;y with brown silty sandy 
cie;y, vet, aott• 

E. G. P •. 

arl7 • 

Gray Bilty sand 

w. 37,0 

Qre;y silty sand, cie;y 

1-------------+--"-1""3,o• w • r.w. 

l 

Brownish uay sandy silt, 
et, so:rt arl.8 

I 
6.0' w • 33.9 

Gre;y sandy silt with 
organic 

re;y silty sand ,vet, comp. a.rl9 
I 

6 1~0· -W-------21-.l~ 

ar20 
I 

w. 26.6 7.5' 
ar2l 

• 8,0' v • 28.2 
re;y and tan silty a.r 22 Qre;y sandy silt with 
and with organic 111&terial, I orgaa1c 
t, comp. ,5• w • 35.1 

a.r 23 Gray lilty 1&Ddy cla;y 

• with organic 
9.0· w. 37.0 

silty sandy a.r 24 
wet, ao:rt • l 9.5' w. 37.0 

ownhh gre;y, silty •and, ar25 Gre;y 1andy silt. trace 
ganic,vet, comp. . ' cie;y 

.. 

Fig. A3 (Continued). Log of boring D-1003 (10 to 20 ft) 
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l 

5 

6 

7 

Browni1h gra:t 1 llty •and 
SP (organic), wet, camp. 
SM 

Brownilh ira:t eilt:r 11, 
cl.e¥e:r sand, organic, vet, 

SM comp, 
SC' 

SM 

SC 

SM 

SM 

SM 

SM 

Browni1h gray •ilt:r sand,· 
vet, camp, 

Gray brown cl.e¥e:r silty 
1and, wet, canp, 

Gray brown al, clayey with 
decayed wood particlea 

Gray brown 11, cl.e¥ey vi th 
dec~ed vood pe.rticlea 

2 

,. 

w • 35.1 

Brown to grq •and:r lilt 
with organic 

w • 33,9 

w - 38,9 

w • 37,0 
Silty 1u4 with orpnic. 
Very 1ott 
w • 36,4 

w • 35.1 

w • 35,1 
Brown to gray 1ilty. 1and 
with organic 
w. 38,9 

SM • 1--------------+"'"""'---t25.0' w • 31,6 

Tan and gray 1llt7 sand, 
SP vet, canp, 
SM 

SP 
iii Gray allt:r 1lllld., vet, camp, 

SC Gra:f cl.e¥ey 1llty 11111d, 
vet, CClllp, 

ar 35 
1 Gr~ lhlll41vet 

26.0' w • 29,3 

w • 31.6 

Gra:t land with orp.nic 

w • r.w. 
I Gra:t land with organic 

28.0' w • 29.9 . . 

&r39 
I Gray •and:r ell¥ 

o.o• w • 63;9 · · · 
¥.4o 

SM µll:Al....U.ilJ:....UllB.-Aolo.a.,.JoOWl.JJl\~__;j!........429-5' w • 17.6. 
dulp, camp, 

8 

Fig. A3 (continued). Log of boring D-1003 (20 to 30 ft) 
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•. OIPt9' OllU.ID NfO ICK:l 

t. '°'" Dlmt Of tO.I 

IUVAnoN DmH LIOIND 

31 

32 

33 

35 

36 

37 

38 

4 

SM 

SM 

SM 

SM 

SM 

SM 

SM 

SM 

SM 

SM 

SM 

SM 

SM 
SC 

SM 
Sc" 

AL 

Gray silty gravelly sand, 
wet, comp. 

Gray 11 il ty sand, wet, comp. 

E. G. P. 

ar 41 

3~.5' 
ar 42 

@ 

'°"""" .... - .... ~" 
-· '*·· lf---1 

w. 17.6 

1,..... ___ ....:.._ _______ -+_..;1--t 31.0· 
ar 43 

@ 
31.5' 
ar44 

Gray silty sand, wet, comp, 

G~ay sandy clay/gravels 
w. 20.5 

Gray silty aa!ld, al, wet, 
comp. 

Gray silty clayey sand, 
camp, 

Gray silty claye1 sand, 
comp, 

Gray sandy silt, wet, comp, 

6 

@ 
32,0' 
ar45 

@ 
32,5• 
ar46 

@ 
33.0• 
e.r 47 

@ 

33.5' 
ar48 

8 
34.0' 

ar 49 

w • 22.0 

Gray sand 
w .. 22.0 

w .. 20.5 

w .. 19.0 

Gray sand 
w • 19.0 

w .. 19.0 

@ Gray sandy silt wet 
35.0• w • 23.0 
e.r 50 

8 
35.5• w .. 22.0 
e.r 51 

@ 
36,0' No Jar 
e.r 52 

@ Gray sandy 1ilt 
36r5' W • 20,5 
e.r 53 ,__ 
37.0• w .. 20.5 
ar 54 

3/.5 w .. 19.0 
ar 55 

@ 
38.0' 
e.r 56 

@ 
38.5' 
ar 57 

@ 
39,0• 
e.r 58 

@ 
39.5' 
ar 59 
~. 

Gray •&Dd7 sllt1 clay 
w .. 17.5 

w .. 22.0 

Gray aandy lilt, clq 
w • 19.0 

Fig. A3 (Continued). Log of boring D-1003 (30 to 40 ft) 
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ILIVA"°"4 

SC 

CL 

CL 

CL 

CL 

SC 

CL 

SM 

SM 

SM 

aua.r1(ATtOH Of ••TlllM.I 
(D-"f-l#•i 

Gray clayey silty sand. sl. 
'Wet, comp. 

E. G. P. 

ar60 
@ Gray sandy silty clay 

40.5' w .. 19.0 
ar 61 

41.01 w .. 16.3 
ar 62 

@ 

1-------------_..,_--l 41.5' w • 17 .6 
ar63 Gray 'With brO'Wll, silty sandy 

clay, damp, stiff @ 
42.0' w • 20.5 
ar64 

@ Gray sandy silty clay 
42.5• w = 19.0 
ar65 

@ 

1-------------+---'---I 43.0• w • 19.0 
ar66 

Gray silty sand,clayey,'Wet, 
comp. 

Gray sandy silty clay, wet, 
soft 

@ 
43.5• w • 22.0 
ar67 

@ Gray silty sandy clay 
44.0' w .. 25.0 
ar68 

@ 

1-------------+--........ --l 44.5' w. 28.2 
ar69 

@ 
45,0' W a 29,9 
ar 70 

@ Gray clayey sand 
45 .5' w .. 29.9 
ar 71 

@ 

1-------------+---9~-1 46.o• w .. 29.9 
ar72 

@ Gray sandy clay 
Gray silty sand, wet-, comp. 

~---------4-......._-l 46p5' w .. 25.0 
ar 73 

@ 
47.0• w .. 29.9 
ar 74 

@ Gray sandy silty clay 
1------------+--'"--I 47.5• w. 29.9 

ar75 
@ 

48.0' w .. 29.9 
ar 76 

@ Gray clay trace sand 
48.5' w • 29.9 
ar77 

@ 

1------------+--+--149.o• w • 29.9 
ar78 

2 
@ 

49.5• w - 28.2 

J9)79 
0 O' 

.. 

Fig. A3 (Continued). Log of boring D-1003 (40 to 50 ft) 



Dttll.UNG LOG 
Nt.tt.UATION 

Louisville District 
..... ...,.. 

Ohio River 
I 0 SUI A.MO rtPt Of M 

Patoka Lak~e------------l'' DANM '°' tltVAhOH INO\lllW tT•M - MJLJ 
J UX.AllOH (l ~~ :_ · "fw,._ I 

1----;:S.;tt,;aa-=-C>+';:l-=-5'-'-'-~_:_0_'_D_._s_._.._Dam _____ -i" .......,.""""",....,_..,...,,_, 
J Dft!..0 AGIHCl 

~.---, -...,-,E!~o ... ~ok~ •• -L_LJ~~CJ-=~.:i.~1:!o20..,.... _______ ---j II ='::.::.. CMhUIDIN i ••NW• i YNDtlfUllRI 

,.J ~" --• D-1003 l----------'-------i------1 ~ • ....:.,.....:.::..:.~.,,-... -,-11--------!----=------t_•_•_•_o•_•_,......., __ •eo11 __ ao_ .. ____________ -i 
I S IUVAnQN GIOUC WAftl 

41. OtlK'fK>N OI NOLI :• ...... : COW'lJft9 

l 22 Mar 1972 BJ .... ICM. 0 l...Cl .... _____ ..,_ ..a. 'f'lft. 

~.-=,HIClt:_Nf_H_Of_~---N---------------jl-l-'-"-'-''-"-°"-'"'-"'-"""--4.;_89.;.::;_';.,;0;._ _________ -j 
i 31 Mar 1972 

i:...:::::::.::.::...::===--------------111 fOfAL Cc.I .C-OVtlY 'Ct toMN0 'JI. 

~·:...::~~"":::..:~=u='="=""=o=llOO<==-=--------------f•~•,;~,m .... :.:,.~""""'°""'""""';--=------------=-~ 
• fOUICfmt(Jl'HCXI E. G. P. 

LIGINO 
ClAHIJtU ftON OP MA111UtU 

(D""rYM•) 

• 

.. COii 
ucov. 

"' 
tol OI ........ 

HO. 

Gray s ty clay, some sand 
(very silty), wet, sett ar Bo Gray silty sandy clay 

1-----------+.....;4;::__-f50.5' w. 29.9 

Gray 0 silty clay,little san 
and occasional small roots. 

4 

Gray clayey silt, wet 
w .. 31.6 

clay,wet 

w .. 29.9 

w .. 29.9 

Gray clayey silt 
w s 29.9 

w .. 31.6 

w .. ·35.1 

Gray clayey silt 
w - 31.6 

w .; 29.9 

w .. 29.9 
Gray clayey silt with 
a trace ct' sand 
w .. 31.6 

Gray clayey silt with 
llrOllll silty al, sandy clay, ar 96 trace ct' sand 
wet, sett 1--"2--r-,9·0' W " 30.0 
Brawn silty sl. sandy clay, 
wet, sett, little sand 4 

3 

Gray. clayey silt 
w. 28.2 

Fig. A3 (Continued). Log of boring D-1003 (50 to 60 ft) 
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Fig. A4 (Continued). Log of boring S-1004 (20 to 40 ft) 
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Fig. A4 (Continued). Log of boring S-1004 (40 to 60 ft) 



Dll.UNG LOO 
OI 

I•. OA11 HOU aa "'Jm<.M D ... u ..... , _____ NO. MOM ....... 

~.-.......... ---... -.... - ........ -----------------1~·~'~·=·~~~·"°":.:::~·~0f~Ol::..:""".::::~itQ~L.------------1 
I Dlf'IH DftllO MO .xi. 

t IOfM DIPTM OJ MOU! 

..... UOIND 
CLAlllHCATION Of MAlllU&I ,o . ...,,..., 

Retua&l Shelby 

Rock bit 64.5'-65'gravel, 
compacted. Tried Shelby 
from 65' ; would not push. 

No 
Rec. 

No 
Rec. 

IOI 00 . ._. .... '"""""_·_,..,,.,,,..., ................ I{..,....,, 

Fig. A4 (Concluded). Log of boring S-1004 (60 ft to refusal) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 27 April 1972 
Drill Rig CE-3.112 Inspector K. Waites Operator P. Martin Surface elev 
Levee District Job No. 441-S382.12SR41 Boring No. S-1006 

STRATUM DRIVE SAMPLE Pres-
SAMPLE DATE TYPE OF sure CLASSIFICATION AND REMARKS 
NUMBER ltff! 'FROM TO fROM TO FROM TO SAMPLER "PSi 

5 ~7 Apr 8.o 8.5 B.o 9.6 3" \Uldist. +.~h,. 140 Sand, silty, clayey, wet, tan 

8.5 9.0 170 
9.0 9.5 180 

9.5 10.0 180 
10.0 ·10.4 160 

6 127 Apr 10.4 10.9 10.4 12.8 3" · undist. t~e 140 Sand, fine, silty, wet, tan 
10.9 11.4 180 
n.4 11.9 18o 

:u:9 12.4 18o 
i2.4 12.8 200 

7 '27 Apr :l2.8 13.3 12.8 13.8 311 \Uldist. t~~ ... 140 Sand. fine. silty. wet. tan 

13.3 13.8 180 
i3.8 14.3 18o 

. 14.3 14.8 18o 
i4.8 15.2 180 (Sheet 1 of 8) 

Fig. A5. Log of boring S-1006 (samples 5-7) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 27_ AQr 1272 
Drill Rig CE-3772 _ Inspector K. Waites Operator P. Martin Surface elev 
Levee District Job No. 441- s382 .12SR41 Boring No. S-loo6 

STRATUM DRIVE SAMPLE Pres· 
SAMPLE DATE TYPE OF 

~ure CLASSIFICATION AND REMARKS NUMBER ~~~ FROM TO ~ROM TO FROM TO SAMPLER 
T'l!:I; 

8 27 An.,. l'i.2 1'i.7 1 'i.2 17.6 ~" uniH st. tu~P. 180 Qann. fine- siltv. WP.t. wnnn. ,,..,.av 
15.7 16.2 200 
16.2 16.7 200 

16.7 17.2 220 

l'J.2 ·17.6 220 

9 28 Apr 17.6 18.1 17.6 19.5 311 · und.ist. r t be 120 Sand. fine. siltv. wet. wood. i;i:rav 
18.1 18.6 160 

18.6 19.1 160 . 
19.1 19.6 170 

19.6 20.0 170 

10 28 Anr 20.0 20.'i 20.0 22.~ ~" und.ist. lf1ube 180 Qa,...A . f'i ne. siltv. WP.t. a~v 

20.5 21.0 200 

21.0 21.5 220 

2L5 22.0 230 

22.0 22.4 - 230 (Sheet 2 of 8) 

Fig. A5 {Continued). Log of boring S-10o6 {samples 8-10) 



' 

BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 28 Apr 1972 
Drill Rig CE-3772 Inspector K. Waites Operator P. Martin Surface elev 
Levee District Job No. 441-s382.12SR41 Boring No. S-1006 

SAMPLE DATE 
STRATUM DRIVE SAMPLE Pres 

TYPE OF sti.re CLASSIFICATION AND REMARKS NUMBER I~W FROM TO FROM TO FROM TO SAMPLER psi 
ll 28 Apr 22.4 22.9 22.4 23.8 311 undist. rt~e 180 Sand, fine, silty, wet, gray 

.22.9 23.4 200 
2i.4 2i.9 210 
23.9 24.4 220 
24.4 24.8 220 
' . 

12 28 Apr F4.8 25.3 24.8 25.9 3 11 undist. 3" 
tlihP 180 Sand, fine, wet, white 

F5.3 25.8 26o 
F5.8 26.3 28o 
~6~3 26.8 300 
26.8 27.2 300 

13 28 Anr 27.2 21.1. 27.2 29.5 3" undist. fl-~~"' 240 Sand, fine. wet, white 

13A 28 Apr 27.7 28.2 29.5 29.6 jar 280 Sand, fine, wet, white 

?8.2 28.7 300 
' ?8.7 29.2 320 

29.2 29.6 340 (Sheet 3 of 8) 

Fig.,. A5 (Continued). Log of boring S•loo6 (samples 11-13) 



BORING LOG 
FIELD DATA 

Project Patoka Dam· Location Date 28 AEr 1972 
Drill Rig CE-3772 Inspector K. Waites Operator P • Martin Surface elev 
Levee District Job No. 441-S382.12SR41 Boring No. S-1006 

DATE 
STRATUM DRIVE SAMPLE Pres-

SAMPLE TYPE OF sure CLASSIFICATION AND REMARKS NUMBER 1~ FROM TO F~OM TO FROM TO 
SAMPLER nsi 

14 28 Anr 29.6 30.1 29.6 31.9 311 undist. 3" +_;;h .. 200 Sand. clayey. wood. wet. silty, gray 

14A 28 Anr 3b~1 30.6 31.9 32.0 .iar 28o Sand. clayey. wood. wet. silty. gray1 

1b.6 11.1 ~00 

11.1 11.6 ~00 

31.6 32.0 300 

15 2 May 32.o 32.5 32.0 34.3 3" undist~ 3" 
if-.nhP 140 Clay, sandy, silty, soft, gray 

15A 2 May 3)2.5 33.0 34.3 34.4 jar l8o Clav. sa.ndv. silty. soft. gray 
33.0 33.5 .200 

3S.5 34.o 200 

~+.o 34.4 200 

16 2 May 3l+.4 34.9 34.4 36.1 3" undist. ~~~p 16o Sand. fine. silty. wet, gray 
16A 2 May 3!+.9 35.4 36.1 36.8 jar 200 Sand, fine, silty, clayey, wet, gray 

3$.4 35.9 220 

35.9 36.4 240 

36.4 36.8 24o (Sheet 4 of 8) 

Fig. A5 (Continued). Log of boring S-loo6 (samples 14-16) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 2 ~ 72 

Drill Rig CE-3772 Inspector K. Waites Operator P • Martin Surface elev 

Levee District Job No. 441-S382.12SR41. Boring No. S-1oo6 

STRATUM DRIVE SAMPLE Pres-
SAMPLE DATE TYPE OF sure CLASSIFICATION AND REMARKS 
NUMBER l~~~N FROM TO FROM TO FROM TO SAMPLER n.,i 

. 17 2 Mav i6.8 '17. '1 i6.g ig.1 i" undist. 3" ti°1h<> 180 Clav- sanA~'- siltv- soft- gray 

17A 2 M•nr ~7.~ ~7 8 ~Q-1 '.:10_2 .iar :;>:;>() (!1 "'~' _ .,,.nA.r .,.; 1 +.v _ i::nf'+. Q'l"R.V 

~7 A 38.3 240 

.38.3 38.8 230 

38.8 39.2 220 

18 2 May 39.2 39.7 39.2 41.5 3"undist. t~~ .. 18o Clay, sandy, silty, soft, gray 

18A 2 May 39.7 40.2 41.5 41.6 jar 200 Cl.av. sandv. siltv. soft. arav 

40.2 40.7 200 

40;7 41.2 200 

41.2 41.6 200 

19 2 May 41.6 42.l 41.6 43.9 3" undist. lt.~~p 200 Clay, sandy, silty, soft, gray 

19A 2 May 42.1 42.6 43.9 44.o jar 220 Clay, sandy, silty, soft, gray 

42.6 43.1 240 

43.1 43.6 240 . 
'43.6 44.o 240 (Sheet 5 of 8) 

Fig. ~5 {Continued). Log of boring S-1006 (samples 1.7-1.9) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 2 May 72 
Drill Rig CE-3772 Inspector K. Waites Operator P • Martin Surface elev 
Levee District Job No. 441-S382.12SR41 Boring No. S-loo6 

STRATUM DRIVE SAMPLE Pres-
SAMPLE DATE TYPE OF 

~ure CLASSIFICATION AND REMARKS NUMBER l~~N FROM TD fROM TO FROM TO SAMPLER 
'OSi 

20 2 May J+it.o 44.5 44.o 46.3 3" undist. t~~e 160 Clay, sandy, silty, wet, soft, tr..rav 
20A 2 Mav J+4. 5 45.0 46.3 46.4 jar 180 Clay. sandv. silty. wet. soft. fl..l'8. v 

J.i.5.0 45.5 lQO 

1+s. ~ 46.o 100 

1+6.o 46.4 190 

21 2 May !~6.4 46.9 46.4 48.7 3" undist. 
3 II 

I tube 180 Clav. sandv. siltv. wet. soft. tr..rav 
21A 2 May !~6.9 47.4 48.7 48.8 .iar 200 Clav. sant'lv. siltv. wet. soft. izrav 

1~7 .4 47.9 200 

1+7 .'9 48.4 200 
1~8.4 48.8 lQO 

22 2 Mav 48.8 49.3 48.8 51.1 311 undist. i +.~he 190 Clav. siltv. soft. wet. fZ.rav 
22A 2 May 1~9.3 49.8 51.1 51.2 jar 200 Clay, silty, soft, wet, gray 

49.8 50.3 210 

50.3 50.8 210 

50.8 51.2 210 (Sheet 6 of 8) 

Fig. A5 (Continued). Log of boring S-1006 (samples 20-22) 



.. 
BORING LOG 
FIELD DATA 

Project Patoka, Dam Location Date 2 ~ 1912 
Drill Rig CE-3772 Inspector K. Waites Operator P. Martin Surface elev 
Levee District Job No. 

441- s382. l2S'.R4l 
Boring No. 

s-1006 

STRATUM DRIVE SAMPLE Pres· 
SAMPLE DATE TYPt: OF sure CLASSIFICATION ANO REMARKS NUMBER ~w~ FROM TO FROM TO FROM TO SAMPLER psi 

23 2 May 51.2 51.7 51.2 5~.5 3" undist. 
3n 

tube 200 Clav. siltv. firm. gray 
23A 2 May 5.1.7 52.2 53.5 53.6 jar 230 Clay. silty. firm. gray 

'52.2 '52. 7 2hn 
c;p. 7 5~.2 21.t.0 

s~.2 s~.6 240 

24 2 Mav '5~.6 54.1 53.6 55.9 3" · undist. 
3" 

tube 200 Clav. silty. firm. gray 
2L.A 2 Ms:iv c;L..1 c;L..6 55.Q r:.h.o .iar 220 ~1 R.v. sil tv. fi 'M!I fl.ray 

c;h 6 c;i:; _ l 2'.:l() 

i;s.1 ss.6 2hn 
' 

c;s 6 r:.h.o 2hn 

~"' ~ u., .. ~ () ~h c; ~ () c;R ~ ~" undist. t~be 11)() Clav. siltv. soft. gray - - - ' 

25A 3 Ma:y 56.5 57.0 58.3 58.4 .1ar 180 Clay. silty. soft. gray 
5~r.o 57.5 lQO 

' . 57.5 58.0 200 

,8.o ">R.4 200 (Sheet 7 of 8) 

Fig. A5 (Continued). Log of boring S-1006 (samples 23-25) 



. 
BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 3 Ma.:y 1 <:J72 
Drill Rig CE-37_7_2 _ Inspector K. Waites Operator P. Martin Surface elev · 
Levee District Job No. 441-8382 .12SR4J. Boring No. S-loo6 

SAMPLE DATE STRATUM DRIVE SAMPLE TYPE OF 
!Pres· 

NUMBER l'Q'Sf~ SAMPLER 
sure CLASSIFICATION AND REMARKS 

FROM TO f ROM TO FROM TO psi 

26 ~ Ma.:v 58.4 58.9 58.4 60.l 3" undist. 
s· 

tube 150 Clav. firm. silty. trs. i;i;ravel. fl.ray 

26A ., Ma.:v 58.9 59.4 60.l 60.2 . iar 180 ClaY • firm. siltY. trs.p;ravel. fl.ray 

5o_L. 5q_q 200 

~a_Q 60 ~ "\00 R,..f•noa1 

Bl'\~Tl'\ t"! r.OMPT, F.'l'R 

I 

' 

( ~ .... + A n-f' A) 

Fig. A5 (Concluded). Log of boring S-1006 (sample 26) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 3 ~ 1972 
Drill Rig CE-3772 Inspector K. Waites Operator :e. Martin Surface elev 
Levee District Job No. 441-s382 .12SR41 Boring No. S-1007 

SAMPLE DATE STRATUM DRIVE SAMPLE TYPE OF 
Pres-

NUMBER )_~~ SAMPLER ~ure CLASSIFICATION AND REMARKS 
FROM TO FROM TO FROM TO nsi 

3 May o.o o.o 2.4 Fish tail Clay. silty. soft. tan; no samples 

.. 
1 q Mav 2.4 2.9 2.4 4.5 q" Und.ist. t~be 18o Clav. siltv. soft. wet. tan 

lA 3 May 2.9 ~.4 4.5 4.6 .1ar 210 r.10,r. i::i 1 +.v _ i::nf't. _ w-P+. _ +on 

~.4 ~.9 220 
q_g 4.4 230 

4.4 4.8 230 

2 q Ma.v 4.8 '5. q 4.9 7.1 q" TTnni -'It. 1 f:l~hP 1170 Silt. S"'""~'r. c:nf't. _ W"Pt. _ +en 

' 
2A 3 May 5.q 5.8 7.1 7.2 Jar 200 Silt. san~v. soft- we+.. tan 

'5. 8 6.q l?m 

6.q 6.8 l?OO 

f. A 7.? l?on 

. 
(Sheet 1 of 10) 

Fig. A6. Log of boring S-1007 (samples 1 and 2) 



. 
BORING LOG 
FIELD DATA ' 

Project Patoka Dam Location Date !l: ~ l'i112 
Drill Rig CE-377? Inspector K. Waites Operator P1 Ma.r:t;in Surface elev 
Levee District Job No. 44l-S382. J 2SB!l:l Boring No. s-1007 

STRATUM DRIVE SAMPLE Pres 
SAMPLE DATE TYPE OF ure CLASSIFICATION ANO REMARKS 
NUMBER {M~N FROM TO F.ROM TO FROM TO SAMPLER 

nsi 

~ 4 Ma.v 17.2 7.7 7.2 9.~ ~" Undist. t3ube 140 Silt. sandv. soft. wet. fl.ray 

3A ~ Mav 17. 7 8.2 . 9.3 9.4 jar 18o Silt • ·sandv. soft. wet. fl.ray 

8.2 8.7 200 

8.7 9.2 220 
9.2 . 9.6 220 

4 4 May 9.6 10.1 9.6 11.7 3" Undist. +.~:~ .. 140 Sand, silty, soft, wet, llr&V 

4A 4 May 1().1 10.6 11.7 u.8 jar 18o Sand, silty. soft. wet. aray 
1().6 11.1 200 

1L1 11.6 200 

u.6 12.0 200 

c; 4 MA~ i9.o , ? • c; 1 ?.O ih.2 ~ 11 TTnrHst ~~be 160 Sand.siltv.clayey,so~,wet,&ray~ 

5A 4 May 12.5 13.0 14.2 14.3 .1ar lCJO Sand. sil+.v ~~9ft ,wet, gr~_:_ 

13.0 13.5 200 
13.5 14.o 210 
14.o 14.4 2io ( l=lhee+. ? nf' , ()) 

Fig. A6 (Continued). Log of boring S-1007 {samples 3-5) 



BORING LOG 
FIELD DATA 

Project Eatoka. Dam Location Date-~_ ~Y.- .197-2._ 
Drill Rig CE-3772 Inspector K. Ha.ites Operator E Ma:z:tjn Surface elev 
Levee District Job No. 441-S382 .12SR41 Boring No. S-100'.Z 

~TRATUM DRIVE SAMPLE Pres· SAMPLE DATE TYPE OF sure CLASSIFICATION ANO REMARKS NUMBER Y'o~~ FROM TO FROM TO FROM TO SAMPLER :psi 

6 4 Mav :14.4 14.9 14.4 16.6 3" Undist. 
j 

tube 160 Sand, fine, silty, wet, gray 
6A 4 May ~14.9 15.4 16.6 16.7 jar 200 Sand, fine, silty, wet, ;z.rav 

:15.4 15.9 200 

15.9 16.4 200 
16.4 16.8 200 

7 ~ May +6.8 17.3 16.8 19.l 3" Undist. ttlbe 150 Sand. siltv. soft. wet. ;z.rav 
7A 4 May 17.3 17.8 19.1 19.2 jar 18o Sand. siltv. soft. wet. llrav 

17.8 18.3 18o 
18.3 18.8 190 
18.8 19.2 190 

8 bJ. MAv lQ.? 19.7 19.2 21.l 3" Undist. trlbe 18o Sand. siltv. soft. wet - guv 
' 

8A 4 May 19.7 20.2 21.1 21.2 jar 200 Sand. siltv. soft. wet. gray 
20.2 20.7 200 . 20.7 21.2 200 
21.2 21.6 220 (Sheet q of 10) 

Fig. ~6 (Continued). Log of boring S-1007 (samples 6-8) 



BORING LOG 
FIELD DATA ., 

' 

Project Patoka Dam Location Date 4 Ma;y 1272 
Drill Rig CE-3772 Inspector K. Hait es Operator P1 MBi:c:tin Surface elev 
Levee District - Job No.J±..4:".-S38~, 12SB4l Boring No. S-1007 

STRATUM DRIVE SAMPLE I Pres 
SAMPLE DATE TYPE OF sure CLASSIFICATION AND REMARKS NUMBER l'Q~~ FROM TO :FROM TO FROM TO SAMPLER 

psi 

9 4 Mav 21.6 22.l 21.6 23.9 3" undist. t~be 180 Sand, fine, soft, wood, gray 

9A 4 May 22.1 22.6 23.9 24.o .iar 220 Sand • fine. soft. wood. rtray 
l~b.6 ?~., 2'~0 

·2~ l ~~ h 2~0 

23.6 24.o 2~0 

4 May 24.o 24.5 24.o 25.l ~" 
3" 180 Sand. fin ... siltv. worv1. wet 10 undist. tube rn-_g_ 

lOA 4 May 25.2 24.5 25.0 25.1 25.2 1jar 200 Sand, fine, silty, wood, wet.t:trav 

25.2 25.0 25.5. 600 (Refusal) 
' 

25.5 26.0 Fish tail l.Dg 

llA 4 Mav 12fl.O ?F._4 ?Ii.a ?F..4 ~II Unfl i ~t, ; .. .,. 640 IDt:t 

27.8 26.4 27.5 Fish tail IDg 

(Sheet 4 of 10) 

Fig. A6 (Continued). Log of boring S-1007 (samples 9-11) 



BORING LOG 
FIELD DATA 

Project Eatoka Dam Location Date -1l MB.J£ 1972 

Drill Rig CE-3772 Inspector K. Waites Operator P, Martin Surface elev 
Levee District Job No. 441-S382.12SE!il Boring No. S-1007 

SAMPLE .DATE 
STRATUM DRIVE SAMPLE TYPE OF 

IP res 
CLASSIFICATION AND REMARKS 

NUMBER TAKEN SAMPLER sure 
1_q72 FROM TO FROM TO FROM TO psi 

12 4 Mav 27.8 27.,, 28.0 27."i 1?8.5 ".)." una; ~t 3" 
!tube -:).00 IS<>nn_ f'in<> irnf't WPt. UT'fJ.Y 

12A 4 May 28.0 28.'l 28.5 28.6 Ii RT' ?L.n [Sann f';,....,. ~nf't wi:>t. UT'IJ.Y. 

28.'l 2q.o 220 

29.0 2q. ') ??O 

29.5 2g.g 220 

13 4 Mav 29.9 30.4 29.9 31.5 3" undist. 
3" 

tube 180 Sand. fine. soft. wet . ,,.,.n..,. 
30.4 30.9 200 

30.9 31.4 210 

31.4 31.9 210 

31.9 32.3 210 

14 4 Mav ~2.~ ~2.8 1~2. ~ ~~.g ~" undist. ttube 200 S<>nd f'j ,... .. - sntv irnf't wet CY..,,.B;:f. __ 

14A 4 May 32.8 33.3 33.9 33.3 1jar 220 Sand. fine. silty soft. wet. aT'R.v 

33.3 33.8 230 . 33.8 34.3 230 

34.~ ~4.7 2~0 (Sheet 'l of' 1 n) 

Fig. Ap (Continued). Log of boring S-1007 (samples 12-14) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 2 Ma;y 1972 
Drill Rig CE-3772 ·- Inspector K. Waites Operator P • Martin Surface elev 

Levee District Job No. 441-S382.l2SR41 Boring No. s-1007 
' 

SAMPLE DATE STRATUM DRIVE SAMPLE TYPE OF 
Pres· 

CLASSIFICATION AND REMARKS 
NUMBER I~~~N fROM 

SAMPLER sure 
FROM TO TO FROM TO l>Si 

15 5 May 34.7 35.2 34.7 36.0 3" undist. ti1be 200 Sand. fine. siltv. soft. wet. aray_ 
35.2 35.7 220 

3.5.7 36.2 220 

36.2 36.7 230 

36.7 37.1 230 

16 5 Mav 1~7.1 1~7.6 1~7.1 1~8.6 ~" undist. 
3" 

140 SAnn. f'in ... cd 1 +., _ sof'+. _ ,., .. + It Ube .......... -
3.7.6 38.1 16o 

136.1 38.6 l8o 

[38.b 39.1 190 

139.1 39.5 200 

17 "i Mav 1-::ta~i; 40.0 l~q. c; 4L'i ~" 11nn i_st. It-.~~ .. 1M c:! ..... A_ f'i"'"' .. ~, +" .,,...p+ ....... + ,,. ......... 
17A 5 May 14.o.o 40.5 41.5 41.6 .iar 200 Sand. fine - si l tv. sot'+. - w~+ . '"' .. v 

140.5 41.0 220 

14i.o 41.5 230 

141.5 41.9 2~0 (~h-t: h nf' 11')) 

Fig. A6 (Continued). Log of boring S-1007 (samples 15-17) 



BORING LOG 
FIELD DATA 

Project Eatoka Dam Location Date 5 May: 1972 
Drill Rig CE-3172 Inspector K. Hait es Operator E • Martin Surface elev 
Levee District Job No. 4!±l-S382. J2SB!il Boring No. S-1007 

STRATUM DRIVE SAMPLE TYPE OF 
Pres 

SAMPLE DATE CLASSIFICATION AND REMARKS 
NUMBER TAKEN SAMPLER sure 

iq72· FROM TO FROM TO FROM TO psi 

18 5 Mav 41.Q 42.4 41.q 44.2 ~11 ,,nn i !':t • 
311 

tu he 1QO r1 .. , sandy-+-silty, soft, :wet, gray 
18A 5 May 42.4 42.9 44.2 44.3 jar 200 Clay, sandy, silty, soft, wet. fl.ray 

42.g 4~.4 240 
4~.4 4~.Q l?Rn 

43.g 44.~ 2i:;o 

19 5 May 44.3 44.8 44.3 46.6 3" undist. 3 tube 200 Sand. siltv. clavev. wet. gl'..av 

19A 5 May 44.8 45.~ 46.6 46.7 jar 1220 

45.~ 4"i.8 1?40 

45.8 46.~ 240 
46.~ 46.7 1240 

20 9 May 46.7 47.2 46.7 49.0 ~II undist. dbe 140 I Cl sm. s i 1tv. f'i_rrn a'"'"' -

20A g Mav 47.2 47.7 4Q.O 4q_1 .iA'I" 11Rn I f'l DU .,;1+." f'i ...... ,,..,..,,. 
- -

47.7 48.2 200 
48.2 48.7 220 

. 48.7 49.1 230 (Sheet 7 of 10) 

Fig. A6 {Continued). Log of boring S-1007 {samples 18-20) 



BORING LOG 
FIELD DATA 

Project P~:toka Dam Location Date 9 May~-
Drill Rig CE-3772 _ Inspector K. Waites Operator P. Martin · Surface elev 
Levee District Job No. 441-s382 .12SR41 Boring No. s-1007 

SAMPLE DATE 
STRATUM DRIVE SAMPLE TYPE OF 

IP res 
NUMBER TAKEN 

fRoM 
SAMPLER sure CLASSIFICATION AND REMARKS 

107? FROM TO TO FROM TO Psi 

21 9 May 4'9.1 49.6 49.1 51.4 3" undist. 3" 
tube 160 Clav. siltv. finn. ~r11y 

21 A g MRv 4g.6 50.1 51.4 51. 5 iar 200 Clsw_ silt.v fi-rm_ gray 

50.l 50~6 220 

150.6 Sl.l 220 

'51.1 51.5 220 

22 9 May 51.5 52.0 51.5 53.8 3" undist. t~be 140 Clay, silty, firm, graY-

22A 9 May 5~.o 52.5 53.8 1)3.9 t.iar 190 Clay. silty. firm. gray 

c:;~. I) "i3.0 200 . 
1)3.0 53.5 220 
c:;3 _c:; c:;3.g 220 

23 9 Mav 1)3.g c;4.4 c;3.g . c;6 .2 3" undist. tUbe 120 Clav. siltv. firm. gray 

23A 9 May 5.4.4 54.9 56.2 56.3 · .iar 16o Cla.v. silty. firm. gra.v 

5.4.9 55.4 18o 

5.5.4 55.9 180 

55.9 56.3 lQO (Sheet 8 of 10) 

Fig. A6 (Continued). Log of boring S-1007 (samples 21-23) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 9 Ma;ii: l9:Z2 
Drill Rig CE-3772 Inspector K. Waites Operator E. Martin Surface elev 
Levee District Job No. 4!il-S382 .12SB!il Boring No. s-1001 

SAMPLE DATE 
STRATUM DRIVE SAMPLE :Pres 

TYPE OF sure CLASSIFICATION AND REMARKS 
NUMBER TAKEN SAMPLER 

1Q72 ·FROM TO fROM TO FROM TO nsi 

-::iii Q M .. v sf:...q ~6.8 s6.q s8.4 q" undist. 3" 
tube 140 Clav. siltv firm. '1.rfJ,y 

24A 9 Mav 56.8 57.3 58.4 58.5 jar 170 Clay, silty, firm, 12:rav 

57.3 57.8 190 

'57.8 s8.q 200 

ls.A. 3 58.7 200 

25 9 May 58.7 59.2 58.7 61.0 3" undist. 
3" 

!tube 140 Clay, silty, firm, gray 

2'>A 9 Ma.v <>P.2 59.7 61~0 61.l !.iar 180 Clay, silty. firm, 12:ray_ 

S\1.7 60.2 200 
' 

60.2 6o.7 200 

f:..0.7 61.1 210 

26 9 Ma.Y 61.l 61.6 61.l 63.4 3" widist. 3" 
+.ilhe l {:..() Clay, silty, firm, gray 

26A 9 May 6L6 62.l 63.4 63.5 jar 200 Clay, silty, firm, gray 

62.1 62.6 240 . 
62.6 63.1 240 

I 

63.1 63.5 240 (Sheet 9 of 10) 

Fig. A6 (Continued). Log of boring S-1007 (samples 24-26) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location Date 9 Mall 1972 
Drill Rig CE-3772 Inspector iL ·:w:aites Operator ~. Martin Surface elev 
Levee District Job No. !±!±l-S382 .12SB!±l Boring No. S-1007 

STRATUM DRIVE SAMPLE Pres 
SAMPLE DATE TYPE OF sure CLASSIFICATION AND REMARKS 
NUMBER 1'9~~ FROM TO FROM TO FROM TO SAMPLER psi 

27 9 Mav 63.5 64.o 6~.5 64.4 3" undist. 3" 
tt.iihP 1 Ro IC1 .,~, ,,.; 1 t.v f'1......,. uray 

:64.o 64.5 340 Rock on bottom 

64.5 64.7 500 

!BORilm COMPLETE 

' 

. 
( ~h•u•+ 1 () nt' lo\ 

Fig. A6 (Concluded). Log of boring S-1007 (sample 27) 



' BORING LOG 
FIELD DATA 

Project Patoka Dam Location 5 ft north of s-1007 Date 10 Ma;'i 1972 
Drill Rig CE-3772 ln~pector K. W~ite§ Operator P. Martj n Surface elev 

Levee District Job No. 441-8382 .12SR41 Boring No. S-l007A 

SAMPLE DATE 
STRATUM DRIVE SAMPLE TYPE OF IP res 

NUMBER ~~'Sf~ SAMPLER sure CLASSIFICATION AND REMARKS 
FROM TO FROM TO FROM TO TI"'j 

1 l:LO MRV o.o o.o 27.'i Fi"'h b~i 1 No S"nmle"' 

1 lO Mav 27.5 28.0 27.5 29.7 311 undist. ltdbe ,~ <:lonrl _ ,. l AVPV _ WP+. "'~ l +.v ~ray. 

28.0 28.5 220 

28.5 29.0 300 

29.0 29.5 260 

29.5 29.9 26o 

2 t:LO May 29.9 30.4 29.9 32.1 311 undist. Jb t e 180 SAni'I _ fine. wet. gray: 

~o.4 :10.9 210 

l~O.Q ~1.4 210 

1~1.4 ~LQ 220 
1~1.9 ~2.~ 220 

(Sheet 1 of 2) 

Fig. A7. Log of boring S-1007a (samples 1 and 2) 



BORING LOG 
FIELD DATA 

Project Patoka Dam Location 5 ft north af S-] 00'.l Date~ 
Drill Rig CE-3772 Inspector K. Waites Operator P • Martin Surface elev 
Levee District Job No. 441-S382.12SR41 Boring No. S-100'.ZA 

SAMPLE DATE STRATUM DRIVE SAMPLE TYPE OF Pres 
NUMBER v~~ SAMPLER sure CLASSIFICATION AND REMARKS 

FROM TO ,FROM TO FROM TO -psi 

'i 10 Mav 32.3 32.8 32.3 34.4 'i" \Uldist. 3" 
tube 16o S<>nd fine wet. gray 

32.8 33.3 180 
.. 

~~.~ ~~.8 100 

~~.8 'i4. 'i 200 
,'i4. 'i ~4.7 200 

4 11.o Mav 'i4.7 'i'J .2 'i4.7 'i6.Q 'i" undist. 
, 3" 
tUbe 160 Sand. siltv. cla.vev w~~ 

35.2 35.7 210 

35.7 36.2 220 
I 

36.2 36.7 220 

'i6.7 37.1 220 

I 

' 

(Sheet 2 of 2) 

Fig. A7 {Concluded). Log of boring S-1007a {samples 3 and 4) 



APPENDIX B: SIMPLIFIED PROCEDURE FOR EVALUATING 

SOIL LIQUEFACTION POTENTIAL 

1. Generally, the primary forces acting on a soil element during 

earthquakes are those resulting from the upward propagation of shear 

motions fron underlying rock formations. To represent these shearing 

motions as a uniform cyclic load in the laboratory requires a number of 

assumptions. The following procedure and assumptions were developed by 

Seed and his coworkers (references 3 and 7*). 

Selection of Shear Stress and Cycles of Loading 

2. The shape of a typical earthquake accelerogram is quite irreg­

ular in both frequency and amplitude. The problem is therefore to con­

vert the irregular accelerogram into an equivalent system of uniformly 

intense cyclic stresses such that the response of the soil sample will 

be identical with the actual field loading. Fig. Bl graphically illus­

trates the problem. 

3. The conversion developed by Seed and Idriss was based upon the 

assumption that there exists an equivalent number of stress cycles Neq , 

each of the same uniform average stress intensity 1 ., which would ave 
have the same effect on the soil as the actual earthquake-induced load-

ing. The conversion method consists of determining in the laboratory 

the number of cycles of loading that produced liquefaction at various 

uniform shear stresses and comparing these cycles with the number of 

peaks in the earthquake accelerogra.m at the s0.me shear stresses. By 

arbitrarily selecting an average shear stress Tave- and proportioning_ 

the other shear stresses in the accelerogram, an equivalent number of 

cycles at. T ave 
I . • for the accelerogram can be determined. For example, 

assume that four cycles of uniform shear stress T produced lique-
ave 

faction in the laboratory and that two cycles of uniform shear stress 

T1 (11 > T ) also produced liquefaction in the laboratory. Hence, ave 

* Reference numbers refer to Literature Cited at the end of main text. 

Bl 

.. 



·I 

Fig. Bl. ·Actual and equivalent earthquake response 



l cycle at Tl is equivalent to 2 cycles at T ave Continuing, by 

counting the number of peaks in the accelerogram that have a.n intensity 

equal to Tl , these peaks can be proportioned and expressed in terms of 

equivalent cycles of T For example, assuming that three peaks of ave 
magnitude Tl existed in the accelerogra.m, these peaks would be equiv-

alent to 4/2 x 3 = 6 cycles of T Likewise, other intensities ave 
can also be expressed in terms of Tave , and by summing the equivalent 

cycles for each stress intensity, an.overall equivalent number of cycles 

corresponding to T ave can be determined. Based upon the study of nu- · 

merous accelerograms and test results, Seed and Idriss recommended using 

a value of T = 0.65T and the following approximate number of ave max 
cycles of loading for various earthquake magnitudes: 

Earthquake 
Magnitude 

7 

7-l/2 
8 

Number of 
Cycles of Loading 

lO 

20 

30 

Selection of Cyclic Deviator Stress 

4. Having selected a 

a cyclic deviator stress adc 

T = 0.65T for the design earthquake, ave max 
for use in the laboratory tests must be 

selected such that the response of the triaxial specimen compares favor­

ably with.observed field behavior. Accordingly, the following assump­

tions and procedures have been developed,! 

5, Assuming that the soil column above a soil element at depth h 

behaves as a rigid body, then the maximum shear stress on the soil ele­

ment would be 

(Bl) 

where a is the maximum peak ground surface acceleration (fig. B2). max 

B3 



Maximum Shear Strna 0 

Depth 

(o) (b) (c) 

Fig. B2. Determination of maximum shear stress 

Since the soil column is a deformable body, the shear stress will be 

somewhat less or 

where is a correction factor with a value less than 1. 

Fig. B3 shows the range of typical rd values with depth. 

(B2) 

For the Patoka Dam study, the average value was used to a depth of 40 ~' 
0.85 was used from 40 to 57 ft, and the lower-boundary values were used 

for depths greater than 57 ~. 
Since the equivalent number of cycles is based upon 

then the average cyclic shear stress may be expressed as: 

Tave = 0.65 x ~ x am.ax x rd (B3) 

However, a comparison of cyclic triaxial test results and observed field 

B4 



'd = (rmm)d 
(T'mox)r 

0o,....~o~·~'~--,~~-r--~o_.~4 __ ._o~._5 ___ o~.6 __ _..;.o~.1--~o~·~a~~o~.9;____;,:,;'·o 0.2 0.3 

40 
Ranoe for different 
soil profiles 

Fig. B3. Range of values.of rd for different soil profiles 

behavior (fig. B4) suggests that the cyclic triaxial test overestimates 

the field strength and that the laboratory results under isotropically 

consolidated conditions should be reduced by a correction factor C .r 
This overestimation by the tria.xial test is due to the follow~ng factors: 

a, The K field condition is about 2 to 2.5, while K = 1 
for the isotropically consolidated triaxial test. 

b, Under field loading conditions, the directions of the 
major principal stresses vary from about 0 to 40 deg each 
side of vertical, while the stresses· rotate through 90 deg 
for the triaxial test. 

B5 
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a. Liquefaction in 10 cycles 
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• 

c 0.20 
2 
u 
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:J .0.15.-----.[ ±= Field value of ~ causin9 liquefaction -
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1.0 0.3 0.1 0.03 0.0t 

Mean Groin Size, 050 - mm 

b. Liquefaction in 30 cycles 

Fig. Bl~. Stress conditions causing liquefaction of sands 
in 10 and 30 cycles 



c, 

1.0 

0.8 

0.6 

0.4 

0.2 

0 
0 20 

~ 
/ 

t. 

-----.. 

40 60 80 100 
·Relative Density - percent 

Fig. B5. Relationship between Cr and relative density 

c. Necking of the sample, which creates unrealistic stress 
concentrations and deformations in dense samples, affects 
results. Accordingly, fig. B5 presents approximate values 
for C under K = 1 conditions, and 

r 

(:J field =(~~:)lab x Cr . (B4) 

8. In t.he case of anisotropicaJ.ly: consolidated- specimens_ (K-1- L).,_ 

by assuming that cyclic simple shear tests more closely represent field 

conditions, comparisons between cyclic simple shear and cyclic triaxial 

tests suggest that C ~ 1 for relative densities >50% , when r 
K > 1. 5 (Lee*). 

* Personal communication, Prof. K. L. Lee, University of California at 
Los Angeles, to Dr. W. F. Marcusen, WES, 14 August 1972. 
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9. Therefore, by utilizing equations Bl through B4, a cyclic 

deviator stress ode , which corresponds to a field earthquake accel­

eration, can be calculated for K = 1 conditions. 

a max 
c 

r 

a 
a 

T ave 
T max 

(•max)d 

(•max)r 

List of Symbols 

Maximum horizontal ground acceleration 

Correction factor relating laboratory cyclic triaxial test 
results to observed field behavior 

Number of equivalent cycles for a given shear stress 

Correction factor reducing pehavior of assumed rigid soil 
column to deformable soil column 

Ambient consolidation pressure, i.e. chamber pressure for 
K = 1 condition 

Cyclic deviator stress 

·Overburden pressure; field conditions 

Average shear stress, i.e. 

Maximum shear stress 

o.65-r .max 

Maximum shear stress, deformable soil column 

Maximum shear stress, rigid soil column 
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