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ABSTRACT 

The soil and rock mechanics community has become involved in the 

determination of dynamic material properties due to the concern over 

·ground motions as imposed by shock loadings through earth materials. 

One method of determining some of the dynamic material properties of 

Pierre clay shale is to use a dynamic triaxial compression device. 

This study involved the conduct and analysis of a series of static 

and dynamic unconsolidated-undrained triaxial compression tests on 

NX-size core specimens of Pierre clay shale. These tests were 

conducted with constant confining pressures ranging from 0 to 

4200 psi and had times to failure ranging from 6 msec to 4 min. 

Following an introductory chapter, a chapter on previous research is 

presented that includes a brief review of the history of laboratory 

soil and rock dynamic strength studies. The material tested is 

described in the next chapter which also presents the test results. 

Lateral deformation as well as vertical deformation measurements 

were made on the test specimens .. Therefore, the bulk modulus, 

shear modulus, and Young's modulus could be and were calculated. 

Initial and tangent bulk moduli are presented showing static and dy

namic trends. Three different Young's and shear moduli were defined 

and results were presented to show static and dynamic trends in these 

moduli with increasing confining stress. Using the values of these 

moduli, Poisson's ratio was calculated. Static and dynamic yield and 

failure strengths were defined and presented showing· the effects of 
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confining stress. The strains at each of these stresses were also 

presented and static and dynamic data trends with increasing confin

ing stress were examined. In addition, a limited analysis was con

ducted on failure mode, comparison of Pierre clay shale with 

Cucaracha clay shale dynamic triaxial data, residual strength, rock 

classification, and anisotropic properties. The results of the study 

were summarized by the use of rate factors or the dynamic to static 

ratio of comparable characteristics. This study of Pierre clay shale 

showed that loading rate can increase the value of failure strength 

as much as 3.5 times and can increase the value of initial moduli as 

much as 9.8 times. Further discussion is presented on some of the 

implications of the effect of loading rate on other stress-strain 

characteristics. Recommendations for f'urther study on testing clay 

shales as well as on the handling of clay shale specimens both in the 

field and in the laboratory prior to their use in physical property 

tests were made. 
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PREFACE 
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ments Laboratory of the U. S. Army Engineer Waterways Experiment 
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under Nuclear Weapons Effects Research Subtask SB 209, Work Unit 11, 

"Laboratory Studies of the Response of Soil and Rock to Blast-Type 
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dynamic unconsolidated-undrained triaxial. compression test data ob

tained by WES during 1972 in support of the Air Force Weapons Labo

ratory sponsored high-explosive Events IV and V of Project MIDDLE 

GUST located near Ordway, Colorado. 

This report is essentially a thesis submitted by Mr. R. A. 

Knott of the Soil Dyna.mies Division, WES, to Mississippi State 

University in partial fulfillment of the requirements for the degree 

of Master of Science in Civil Engineering. The cooperation and 

assistance of many WES associates who contributed in some way to the 

comple~ion of this study are acknowledged. The work was performed 
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Soil Dynamics Division. 
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Hilt, CE. Technical Director was Mr. F. R. Brown. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 

metric units as follows: 

Multiply 

inches 

feet 

pounds 

pounds (force) per square 
inch 

pounds per cubic foot 

kips (force) 

ksi 

By 

2.54 

0.3048 

o.45359237 

0.6894757 

16.0185 

4,448.222 

0.6894757 
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centimeters 

meters 

kilograms 

newtons per square 
centimeter 
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CHAPTER I: rnTRODUCTION 

Background 

During 1972, the U. S. Army Engineer Waterways Experiment Sta-

tion (WES) investigated the stress-strain and .strength characteris-

tics of a clay shale site in southeast Colorado to support a series 

of high-explosive field experiments. The top few hundred feet* at the 

site were situated in the lower Pierre Formation. The objective of 

the investigation was to determine the dynamic stress-strain and 

strength properties of the site materials .for use in predicting 

blast-induced ~round motions with two-dimensional finite difference 

wave propagation computer codes. 

As part of this investigation, a series of unconsolidated-

undrained triaxial compression tests were performed at rapid loading 

rates in a recently developed high-pressure dynamic** triaxial test 

device. For comparative purposes a companion series of static** 

unconsolidated-undrained tests were performed in a high-pressure 

static triaxial test device. The conduct and analyses of these two 

test series is the subject of this report. 

Because both lateral and vertical deformations were measured 

for both dynamic and static triaxial tests, the variation of the 

complete strain tensor as well as the complete stress tensor with 

time are available for each test. In most triaxial tests on soils 

* A table of factors for converting British units of measurement to 
metric units is presented on page 14. 

** See Appendix A for definitions and notations used throughout this 
report. 
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and soft ·rocks only the vertical deformation is monitored, and 

Young's modulus during the shear phase is the only modulus calcu

lated. In this study the bulk and the shear moduli as well as 

Yo'ung's modulus were determined, and an opportunity existed to de

termine the effect of loading rate on incremental elastic moduli as 

well as on strength parameters. 

Purpose of This Study 

The purpose of this study was to investigate the magnitude of 

the influence of loading rate on the stress-strain and strength prop

erties of a clay shale in unconsolidated-undrained triaxial compres

sion tests at constant confining pressures up to 4000 psi. 

Scope of This Study 

The scope of this study included the performance of two series 

of unconsolidated-undrained triaxial compression tests on Pierre clay 

shale specimens (approximately 2-1/8-in.-diam by 5-in.-high) under 

static (1 to 5 min to failure) and dynamic (less than 100 msec to 

failure) times to loading and the analysis of the resulting test 

data. The effect of variation in loading rates from static to dy

namic on the stress-strain characteristics, peak strength, and fail-

ure mode£ _w_er_e _analyzed-. For -each t~-st -speeimen, water content , 

specific gravity of solids, and wet unit weight were determined. 

Determinations of Atterberg limits and grain size tests were made 

for some of the samples to classify the material. 
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Preview of Report 

This report is divided into five chapters and four appendices. 

Chapter II is a review of previous research related to the current 

investigation. The third chapter presents and discusses the results 

of the test program with summary tables, stress-strain curves, and 

moduli values. Chapter IV summarizes the results of the study in the 

form of rate factors, presents conclusions, and discusses some of the 

implications of stress-rate effect. The fi~h chapter presents 

recommendations for further study and for handling clay shales in the 

laboratory and field. Append.ix A presents a list of definitions and 

notations used in the report. Appendix B presents and discusses the 

procedure used for sample preparation and test specimen handling. 

Appendix C presents the mechanics of static and dynamic triaxial 

tests including a discussion on strength criteria. Appendix D de

scribes the testing apparatus. At the end of the report is a list 

of references. 
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CHAPI'ER II: PREVIOUS RESEARCH 

Review of Previous Work 

It has long been recognized that the unconsolidated-undrained 

shear strength of some soils are time-dependent (i.e., strain rate or 

loading rate dependent),1 but it was not until the late 1940's that 

soil dynamic research was begun. At this time transient loading tri-

axial tests were conducted at Harvard University on some soils and 

the Cucaracha clay shale. 2 ' 3 The tests on the Cucaracha clay shale 

exhibited strength ratios SR (see Appendix A, p 92) as great as 2 .1. 

To investigate the causes and problems associated with these rate ef-

fects, research was begun at Massachusetts Institute of Technology 

(MIT) in 1951 and continued to 1968.4 The tria.xial tests investiga-

tions at MIT concerned themselves only with soils, and in most cases 

with laboratory prepared specimens that were tested at low confining 

pressures. The MIT research program was primarily concerned with impul-

sive type dynamic loadings, i.e.,explosion generated air blast loadings. 

A review of this research as well as a history of soil dynamics is pre-

sented in references 1 and 4. No additional information on dynamic 

triaxial response characteristics of clay shales has become available 

since the Harvard studies were published. 

-I>uring -this same time perloa, otner research was being conducted 

in the area of vibratory-type dynamic loadings, i.e., earthquake and 

machine foundation vibration applications. 1 ' 4 Since the late 1950's, 

several laboratories have investigated the dynamic or shock-loading 

characteristics of several hard rocks {sandstone, limestone, granite, 
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etc.) to very high confining press'?'es (several kilobar range).5-l2 

Only recently has it become necessary to investigate the dynamic 

characteristics of materials intermediate between soil and rock such 

as clay shales. Researchers concerned with the dynamic stress-strain 

and strength properties of soils have tended to avoid clay shales be-

cause of the difficulties inherent in obtaining and working with sam-

ples of these materials. 

History of WES Studies 

From the 1960' s to the present, many dynamic and static uniaxial 

strain (UX) tests13 have been performed on many materials including 

clay shales. These UX tests included studies in which axial stresses 

up to 10,000 psi were exerted on clay shale specimens and significant 

rate effects were found to exist on the stress-strain characteristics. 

Along with these UX ~ests, a strain rate-controlled dynamic tri

axial device (DRCTX)14 originally developed at MIT has been used to 

determine the dynamic shear properties. Due to the limited cap a-

bili ties of this triaxial device (3000-lb axial load capacity and 

300-psi confining pressure capacity), only very weak rocks and 

soils could be tested. A triaxial device of higher loading capabil~ 

ities was needed for the stronger soft rocks and hard rocks. A 

static stress-controlled triaxial test device (SSCTX)* capable of 

axial loads up to 10,000 lb and confining pressures up to 10,000 psi 

was developed. This device was used in addition to tests in the 

* The· SSCTX test device is very similar to that described in 
reference 15. 
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DRCTX device because of its capabiiity to apply higher confining 

pressures and axial loads. A dynamic stress-controlled triaxial 

test device (DSCTX) was developed in 1970-1971 and is capable of 

lOO ,000 lb of axial load, 15 ,000 psi of confining pressure, and load

ing times as fast as 3 msec. 16 

Because of the high strength of the clay shale, the larger load 

capacity of the DSCTX device was needed. The clay shale specimens 

tested in the DSCTX as a pa.;r-t of this study were the first specimens 

tested in that device which indicated significant rate effects. 

The DSCTX and the SSCTX devices are discussed in more detail in 

Appendix D. 
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CHAPTER III: TEST RESULTS 

Description of Material 

The material was sampled in late October of 1971 and tested in 

early March of 1972. The samples were obtained by a Failing 

Model 1500 truck-mounted drill rig operated by a 4-man crew that in-

eluded a geologist. The sample diameter required for both series of 

tests is 2-1/8 in. (NX-size); therefore, a standard NX-size core bar-

rel was used in sampling with water used to cool the drill bit and 

wash away cuttings. Test specimens were selected from two borings 

(NXl and NX2) that were .located approximately 225 :rt apart. 

The material tested is a sedimentary rock of the_ "clay shale" 

type. 17 It is an indurated, compacted, uncemented, soil-like shale. 

This clay shale belongs to a marine deposited lower member (probably 

the Rusty Zone) of the Cretaceous Pierre Formation located near 

Ordway, Colorado. It has been consolidated to its present state by 

the weight of an estimated 4000 :rt of previous overburden material, 

18 most of which has since been eroded away. The material tested was 

unweathered, medium to dark gra:y in color, slightly calcareous to 

noncalcareous with thin, horizontal bedding. Macroscopically, the 

clay shale matrix contained occasional carbonate concretions, fos-

sils, gypsum seams, and fractures. Microscopically, the material 

co.ntained small bioti te flak.es, crystals and nodules of pyri ti zed 

18 
organic matter, and various colored metallic materials. An X-ray 

diffraction test was run on an unweathered clay shale sample19 from 

a nearby area and revealed the following percentages of mineral 
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constituents: quartz, 24; feldspars, 4; carbonates, 4; clays, 66; 

and miscellaneous, 2. The 66 percent clay fraction revealed the fol-

lowing percentages of clay minerals: chlorite, 3; kaolinite, 11; 

illite, 26; mixed layer of illite and montmorillonite, 24; and 

19 unknown, 2. 

Conventional classification, index, and composition tests were 

performe~ on several samples to determine grain-size distribution, 

Atterberg limits, specific gravities, water contents, and unit 

weights. 20 All the grain-size curves were combined to show the 

grain-size distribution band indicated in fig. 1. Figure 2 is a 

plasticity chart showing Atterberg limit test results. To determine 

Atterberg limits of the clay shale samples, a method used by the 

Missouri River Division (MRD) of the Corps of Engineers was adopted. 

The MRD method is based on ASTM procedures; however, some changes 

have been made to improve the accuracy of the determinations. 21 The 

limits were averaged and these average values are also presented in 

fig. 1. The Atterberg limits and the grain-size distribution were 

used to classify the material as CH according to the Unified Soil 

Classification System.
22 

specific gravity of solids 

Results of composition tests to determine 

G , initial (before test) and final 
s 

(after test) water content w in percent by weight of solids, dry 

-unit -weight 'Yd -in po~Ylds -o-f solids per cubic foot, and wet unit 

weight y in pounds of water and solids per cubic foot for each test 

specimen are shown in table 1. Also shown in the table are the cal-

culated pretest percent saturation S , void ratio e , percent po-

rosity n , percent volume of air VA , percent volume of water VW , 
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TABLE 1 SUMMARY OF COMPOSITION DATA 

Test Depth i;;!a Specific Initial Final Dry Unit Wet Unit Saturation Void Porosity Volume Volume Volume 
Number of Gravity Water b Water b Weight Weight s Ratio n of Air of of 

Spec- of Content Content rd r e VA Water Solids 
imen Solids wi wf vw vs 

Gs 

feet percent percent pcf pcf percent percent percent percent percent 

NX2.28.0 28.4 s 2.78 9.6 9.3 136.4 149.3 96.8 0.272 21.4 0.7 20.7 78.6 
NX2.30.0 30.0 s 2.75 9.4 9.2 136:7 149.5 100.0 0.256 20.4 o.o 20.4 79.6 
NX2.34. 5 34.6 D 2.73 9.4 9.4 134.9 147.6 97.7 0.263 20.8 0.5 20.3 79.2 
NX2.'.-!5.0 35.2 D 2.76 9.4 9.1 136.5 149.2 97.7 0.261 20.7 0.5 20.2 79.3 
NX2.35.5 35.8 D 2.75 9.0 8.8 137.3 149.5 97.5 0.250 20.0 0.5 19.5 80.0 

NXl.36.0 36.1 D 2.76 9.8 9.7 133.l 146.1 91.6 0.294 22.7 1.9 20.8 77.3 
NXl.38.0 38.2 s 2.75 9.6 9.3 136.5 148.4 100.0 0.260 20.6 o.o 20.6 79.4 

I\) NX2 .41. 0 41.2 s 2.75 9.3 9.1 136.7 149.3 99.1 0.255 20.3 0.2 20.1 79.7 
\Jl NXl.45.0 45.0 D 2. 72 8.5 NA 135.3 146.8 90.9 0.254 20.3 1.9 18.4 79.7 

NXl.46.5 46.6 D 2.76 10.0 9.4 134.2 147.3 94.6 0.283 22.1 1.2 20.9 77.9 

NXl.48. 0 48.0 s 2. 7'7 9.7 9.8 135.0 148.1 96.2 0.281 21.9 0.8 21.1 78.l 
NXl.49.0 49.2 s a.76 8.5 9.2 136.2 148.2 92.3 0.265 20.9 1.6 19.3 79.1 
NXl. 52. 0 52.2 s 2. 77 8.3 9.4 134.6 147.2 91.6 0.284 22.2 1.9 20.3 77.8 
NXl. 52. 5 52.6 s 2.76 9.5 9.4 133.7 146.3 90.4 0.289 22.4 2.2 20.2 77.6 
NXl.56.0 56.2 s 2.75 9.3 NA 135.8 148.4 97.0 0.264 20.8 0.6 20.2 79.2 

NXl.56.5 56.5 s 2.76 9.4 9.4 135.7 148.4 96.3 0.270 21.2 0.8 20.4 78.8 
NXl.57.0 57.2 s 2. 72 9.3 9.4 136.9 149. 7 100.0 0.254 20.3 o.o 20.3 79.7 
NXl.57. 5 57.8 D 2. 77 9.2 NA 135.8 148.3 93.5 0.273 21.4 1.4 20.0 78.6 
NXl.58.0 58.2 D 2. 74 9.0 9.0 135.6 147.8 94.5 0.261 20.7 1.1 19.6 79.3 
NXl.58.5 58.8 D 2.75 NA 8.8 137.3 149.3 96.7 0.250 20.0 0.6 19.4 80.0 

NXl. 59. 5 60.0 D 2. 77 9.8 9.6 135.4 148.5 97.1 0.277 21. 7 0.6 21.1 78.3 
NXl.61.5 61.8 s 2.79 9.2 9.2 136.2 148. 7 92. 7 0.278 21.8 1.7 20.1 78.2 
NXl.64.0 64.0 D 2.75 9.1 9.1 137.5 150.0 100.0 0.250 20.0 o.o 20.0 80.0 
NXl.65.0 65.0 s 2.76 9.6 9.2 137.0 149. 9 100.0 0.259 20.6 o.o 20.6 79.4 
Average 46.3 2.75 9.3 9.3 135.8 148.4 96.9 0.264 20.9 0.7 20.2 79.1 

a 
b S = st.a tic; D = dynamic 

NA = not available 



and percent volume of solids v8 • The average values of the above 

listed properties are listed at the bottom of table 1. 

Test Program 

The results of the test program are presented in three major 

sections. The results of the hydrostatic phase of the· static and dy

namic tria.xial tests are presented in the first section. The second 

section contains the results of the shear phase of these tests. The 

last section contains the results of miscellaneous comparisons and 

observations that were not discussed in the first two sections. For 

a helpful background and reference to this chapt~r, the reader should 

become familiar with the content of Appendices A, B, C, and D at this 

time. 

Thirteen specimens were tested statically. The test procedure, 

equipment, and other independent variables in these tests are summa

rized in table 2. Eleven specimens were tested dynamically, and 

these tests are similarily summarized in table 3. Both tables pre

sent the test number, test device used, types of load and lateral 

deformation measuring systems, confining stress, increments of time 

spent on different loading portions of the test, stress rates, and 

the principal stress difference at failure for each test. Table 4 

summarizes the stress-strain characteristics (i.e., the dependent 

variables) for all the tests conducted such as the principal stress 

differences at yield and failure, mean normal stress at yield and 

failure, axial strain at yield and failure, and principal strain dif

ferences at yield and failure. In addition, geologic descriptions, 
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TABLE 2 SUMMARY OF STATIC TESTS 

Test Test Lqa~ No. of Con- Hydrostatic Delay Failure Shear Delay Hydrostatic 
Number Device a 

C~ll Midheight fining Rise Principal Decay Decay 
Lateral SA Stress Rise Stress Time Stress Rise Stress Decay Time Time 
Deformeters O'c Time Rate trd Difference Time Rate Time tdd tdh 
Usedc trh srh (a - a ) t s tds z r F rs rs 

kips psi min psi/msec min psi min psi/msec min min min 

NXl.49.0 SSC TX 10 4 0 0 0 0 760 3.4 0.004 o.8 0 0 
NXl..52.5 SSC TX 10 4 0 0 0 0 890 3.5 0.004 1.2 0 0 
NX2.28.o SSC TX 10 4 500 2.2 0.004 o.4 ll20 1.2 0.016 1.1 0.5 2.5 
NXl..38.0 SSC TX 10 4 500 2.0 0.004 0.2 1290 1.9 0.012 0.1 0.5 2.4 
NX2.41.0 SSC TX 10 4 500 · i.7 0.005 o.4 10\f'O 2.0 0.009 1.1 0.2 1.6 

NXl.48.o SSC TX 10 4 500 1.5 0.006 o.4 108o 2.1 0.008 1.1 0.3 1.2 
NXl.56.0 SSC TX 10 4 500 1.3 0.006 o.4 ll50 1.6 0.012 1.1 0.1 1.1 
NXl.65.0 SSC TX 10 4 500 1.5 0.006 0.2 1230 2.1 0.010 o.4 0.3 1.3 
NX2.30.o SSC TX 10 4 1000 3.4 0.005 0.3 1315 2.0 O.Oll 1.7 0.2 2.7 
NXl.56.5 SSC TX 10 4 1000 2.4 0.007 0.5 1220 1.3 0.016 1.3 0.3 2.0 

NXl.57.0 SSC TX 10 4 2000 3.5 0.009 0.2 ll20. 2.2 0.009 o.6 0.3 3.4 
NXl.61.5 DSC TX lC>0-20 3 3700 . 4.6 0.013 1.4 1635 o.4 0.074 o.6 8.2 3.0 
NXl.52.0 SSC TX 10 4 4100 3.2 0.022 0.2 1430 2.2 O.Oll 1.1 0.5 3.5 

~ SSCTX = static; stress-controlled triaxial test device; DSCTX = dynamic stress-controlled triaxial test device. 
10 = SSCTX lO'kips capacity piston load cell; 100 = DSCTX 100 kips capacity piston load cell; 20 = DSCTX 20 kips 
capacity base load cell. 

· c SA = strain-ga:ged spring arms. 
I 



TABLE 3 SUMMARY OF DYNAMIC TESTS 

Test Test Loa:1-b No. of Con- Hydrostatic Delay Failure Shear Delay Hydrostatic 
Number Device a Cell Mid.height fining Rise ·Principal Decay Decay 

Lateral Stress Rise Stress Time Stress Rise Stress Decay Time Time 
Deformeters O' Time Rate trd Difference Time Rate Time tdd tdh 
Use de c 

trh (cr - O' ) t tds srh s 
z r F rs rs 

kips psi msec psi/msec msec psi msec psi/msec msec msec msec 

1'00...36.0 DSC TX 100-20 3LV 0 0 0 0 2515 16 158 2 0 0 
1'00...58.5 DSC TX 100-20 3LV 0 0 0 0 3290 19. 172 2 0 0 
NX2.35.o DSC TX 100-20 3SA 600 4 150 22 3425 24 146 45 8 25 
1'00...45.0 DSC TX 100-20 3LV 600 4 150 23 3785 22 171 58 20 30 
1'00...57.5 DSC TX 100-20 3LV 600 4 150 22 3375 20 168 67 15 35 

NX2.34.5 DSC TX 100-20 3LV 1000 12 83 25 3465 27 128 37 15 35 
NXl.46.5 DSC TX 100-20 3LV 1000 10 100 27 3660 25 144 56 20 38 

I\) :NX.1..58.0 DSC TX 100-20 3LV llOO 17 59 16 359od 26 138 60 15 45 
co NXJ...64.o DSCTX 100 3LV llOO 15 73 22 3910 6 650 30 14 ~6 NX2.35.5 DSC TX 100-20 3LV 4200 38 105 6 23ood 34 67 35e 38 

1'00...59.5 DSC TX 100-20 3LV 4200 37 108 2 2855d 40 72 39e 38 60 

~ DSCTX = dynamic stress-controlled triaxial test device. 
100 = 100 kips capacity piston load; 20 = 20 kips capacity base load cell. 

~ SA = strain-gaged spring arms; LV = LVDT' s (linear variable differential transducer). 
No failure. 

e Also had 10-msec hold time at peak stress. 
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TABLE 4 SUMMARY OF STRESS~STRAill CHARACTERISTICS 

Test Depth Test Con .. Yield Failure Description: 
Number of Typea fin;i.ng Dark Gray, 

Spec- Stress Principal Mean Axial Principal Principal Mean Axial Principal Hard Clay 
imen ac Stress Normal Strain Strain Stress Normal strain Strain Shale with 

Difference Stress € Difference Difference Stress € Difference 
(a - a ) Py 

Zy (€ - € ) (O' - O' ) PF 
ZF (€ - € ) 

z r y z r y z r F z r F 

feet psi psi psi percent percent psi psi percent percent 

t.'Xl..49.0 49.2 s 0 570 190 0.55 0.80 760 255 1.4 2.2 
NXl..52.5 52.6 s 0 520 175 o.4o 0.50 890 295 1.5 2.3 
NXl.36.0 36.1 D 0 930 310 0.65 o.85 2515 840 4.7 8.o 
NXl.58.5 58.8 D 0 1040 350 0.35 0.60 3290 1090 3.9 6.5 
NX2.28.0 28.4 s 500 550 685 o.45 0.75 1120 870 3.5 5.5 

t.'Xl..38.0 38.2 s 500 530 675 0.30 0.70 1290 930 3.0 5.0 
NX2.41.0 41.2 s 560 560 685 0.30 0.70 1070 855 2.7 4.2 
t.'Xl..48.o 48.o s 500 565 690 0.30 0.70 108o 866 2.8 4.4 Fossil 
NXl.56.0 56.2 s 560 590 695 0.25 0.70 1150 885 2.6 4.1 Fossil 
NXJ..65.0 65.0 s 500 610 705 0.25 0.60 1230 910 2.6 4.4 

I\'){2.35.0 35.2 D 600 965 920 o.4o o.45 3500 1170 6.3 10.0 
t.'Xl..45.0 45.0 D 6C>o 1275 1025 o.68 o.88 3785 1860 5.3 8.6 
t.'Xl.. 57 .5 57.8 D 6()() 108o 960 o.4o 0.55 3365 1720 5.6 9.4 
NX2.30.o 30.0 s 10()() 635 1210 0.30 0.55 1315 1440 3.5 4.7 Gypsum seam 
NXl.56.5 56.6 s 10()() 595 1200 0.30 0.95 1220 1410 2.8 7.3 

t.'X2.34.5 34.6 D 1000 825 1275 0.30 0.35 ·3465 2160 7.3 11.8 Fossil 
ma..46.5 46.6 D 10<)() 1275 1425 0.70 1.10 3660 2220 6.6 10.4 
NXl.58.0 58.2 D 1100 980 1425 o.4o 0.50 3590 2300 6.8 11.1 
NXl.64.0 64.o D 11()() 1160 1485 0.25 0.35 3910 2405 6.5 10.6 
mci.57.0 57 .2 s 2000 660 2220 o.4o 0.55 1120 2375 2.9 5.2 Fossil 

t.'Xl.. 52 .o 52.2 s 4100 760 4355 0.35 0.65 1430 4580 4.1 6.7 
t.'Xl..61. 5 61.8 s 3700 645 3915 0.30 o.4o 1635 4245 5.9 8.0 
!;>::2.35. 5 35.8 D 4200 1010 4535 0.25 o.4o 2300 4970 4.7 7.3 
NXl.59.5 6o.o D 4200 1025 4540 0.22 o.4o 2855 5150 8.5 13.7 

~ S = static; D = dynamic. 
VF = vertical fracti.ire; S = shear; B = bulge; NA = not available (first symbol indicates the predominate mode). 

cT = top; M =middle; 1and B =bottom. 

Specimen Quality Failure Mode 

Number Maximum Typeb Location c 

of Pretest Variation 
Horizontal in 
Checks Specimen 

Diameter 

0 0.004 VF T-M-B 
1 0.034 VF T-M-B 
0 0.008 S-VF T-M 
0 0.010 S-VF M-B 
0 0.008 s T-M 

0 0.005 s M-B 
1 0.021 s M-B 
0 0.002 s T-M 
0 0.002 s M-B 
0 0.004 s M-B 

2 0.006 s M-B 
0 0.001 s T-M 
0 0.006 s M-B 
1 0.016 NA NA 
1 0.005 B-VF T-M 

0 0.008 S-B M-B 
0 0.047 S-B T-M 
0 0.011 No failure 
1 0.026 S-B M-B 
1 0.001 S-B T-M 

2 0.010 B-S M-B 
0 0.004 B-S T-M 
0 0.011 No failure 
2 0.004 No failure 



some notation of the number of pre-existing cracks in each specimen, 

and an indication of irregularities in specimen diameter are given. 

The most important of these factors is the number of pretest horizon

tal cracks in the specimen. However, the width of each crack and not 

the total number is probably a more significant para.meter. Unfortu

nately, a record of the width of each crack was not kept, but most 

were very thin. (Most specimens containing a crack or cracks that 

completely separate the specimen into two or more pieces can be 

placed back togethe~, but the crack is not readily discernible to,the 

naked eye. See Appendix B.) Later discussion will point out the in

fluences of these cracks on some of the test results. The second 

factor indicating specimen quality is diameter variation along the 

length of the specimen. The maximum variation in specimen diameter 

is the maximum difference between the largest and smallest diameter 

measured on the specimen as described in Appendix B. There was no 

significant effect on the test results due to diameter variation 

alone. The last two columns in table 4 summarize the failure mode 

by type and location. Table 5 is a summary of the moduli determined 

for each test. The data in the tables will be discussed in the fol

lowing two sections and presented in several figures that show the 

effect of loading rate on the stress-strain characteristics of the 

clay shale investigated. 

Hydrostatic Phase 

General 

Results of this portion of each test are presented in the form 
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TABLE 5 SUMMARY OF STRESS-STRA.lli MODULI 

Test Depth Test Con- Initial Tangent Initial Tangent Work Initial Tangent Work 

Number of T,ypea fining Bulk Bulk Modulus Young's Young's Hardening Shear Shear Modulus Hardening 
Spec- Stress Modulus at Maximum Modulus Modulus at Tangent Modulus at 50 Percent Tangent 
imen ac K. Confining E. 50 Percent Young's G. Yield Stress Shear 

l. Stress l. Yield Modulus l. 
GT50Y Modulus 

K.r Stress E'IWH G'IWH 
ET50Y 

feet psi ksi ksi ksi ksi ksi :K.si ksi ksi 

NXl.49.0 49.2 s 0 30 133 18 15 55 6 
NXl.52.5 52.6 s 0 30 138 35 10 43 11 

NXl.36.0 36.1 D 0 295 133 43 65 45 12 
NXl.58.5 58.8 D 0 295 242 66 150 72 20 
NX2.28.o 28.4 s 500 60 429 150 133 22 60 37 7 

NXJ..38.0 38.2 s 500 135 600 235 156 36 55 48 12 
NX2.41.0 41.2 s 500 105 316 240 141 33 85 48 ll 

w NXl.48.o 48.o s 500 llO 400 190 171 30 50 50 9 
1--' NXl.56.0 56.2 s 500 250 200 40 65 50 12 

NXJ..65.0 65.0 s 500 95 600 285 160 40 90 60 13 

NX2.35.o 35.2 D 600 285 422 535 186 51 145 lll 15 
NXl.45.0 45.0 D 6oo 240 210 174 64 180 54 20 
NXl.57.5 57.8 D 600 400 2ll 51 200 79 15 
NX2.30.0 30.0 s 1000 135 429 240 190 32 90 50 ll 
NXl.56.5 56.6 s 1000 200 185 35 40 35 7 

NX2.34.5 34.6 D 1000 190 789 310 200 47 145 63 14 
NXl.46.5 46.6 D 1000 120 ll28 470 154 55 220 53 17 
NXJ..58.0 58.2 D llOO 220 938 240 242 54 llO 95 17 
NXJ..64.o 64.o D llOO 240 1500 5·55 471 51 160 160 16 
NXl.57.0 57.2 s 2000 95 435 390 200 36 60 60 ll 

NXl.52.0 52.2 s 4100 135 500 250 200 34 60 54 10 
NXl.61.5 61.8 s 3700 70 625 305 214 44 75 75 14 
NX2.35.5 35.8 D 4200 325 1724 435 267 200 lll 
NXl.59.2 60.0 D 4200 155 1509 400 308 150 93 

a S = static; D = dypamic. 



of a plot of mean normal stress versus volumetric strain as shown in 

fig. 3. A significant rate-of-loading effect can be seen as indi

cated by the two major groupings of data. The general shape of the 

curves is concave toward the stress axis. The data scatter outside 

each of the groupings is probably the accumulation of errors from 

several sources, such as the number and width of pretest horizontal 

cracks, variation in loading rate, and end-cap tilt. or seating. 

Such errors are known to have occurred in static tests NXl.56.0 and 

NXl.56.5 (curves 19 and 20, respectively). Both of these tests ex

perienced end-cap tilt during the initial portion of the hydrostatic 

phase resulting in unreliable stress-strain curves that are non

general in .shape. The error in test NXl.56.5 was also influenced by 

a slightly open crack located near the top of the specimen. But even 

though these two tests had known errors, their total volumetric 

strain falls within the other static data. Dynamic tests NX2.35.0, 

NXl.57.5~ and NXl.45.0 (curves 6, 7, and 8, respectively) were also 

influenced by such errors. All three of these tests experienced the 

most rapid (4 msec) hydrostatic rise times resulting in a steeper 

initial slope on the stress-strain curve for test specimen NXl.57.5 

which contained no cracks. The stress-strain curve for test NX2.35.0 

falls within the other dynamic data and has the same general shape, 

but the test specimen contained two cracks that may have compensated 

for the steep initial slope expected from the sharp rise time. At 

about 200-psi mean normal stress on test NXl.57.5, there was rela

tively large differences between the two vertical LVDT measurements, 

which in_dicated end-cap tilting and error in the volumetric strain 
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·calculation. End-cap tilting also occurred in test NXl.45.0, but 

this test probably had an unnoted pretest crack, which would account 

for the large volumetric strain. In general, the errors tend to pro-

duce unreliable stress-strain curves that are non-general in shape. 

The data scatter within each of the groupings is probably the 

accumulation of errors from other sources such as the diameter non-

uniformity on a given specimen, composition property variation be-

tween the specimens, and geologic anomalies such as fossils and 

gypsum. 

Initial bulk modulus 

The initial bulk modulus K. for each test with noted pretest 
1 

cracks for each specimen was plotted versus the maximum confining 

stress for the same test as shown in fig. 4. The initial bulk modulus 

is not relevant or comparable to the maximum confining stress, but 

this plot was made so that the scatter of the data about an average 

line could be seen. The average lines were based on all tests except 

the ones that fell outside of the data groupings as previously dis-

cussed. Average values of initial bulk modulus are 105 ksi for stat-

ically loaded specimens and 220 ksi for dynamically loaded specimens. 

Tangent bulk modulus 

As the mean normal stress around a specimen is increased, the 

incremental bulk modulus which is the tangent to the mean normal 

stress-volumetric strain curve also increases. This.trend can be 

seen in fig. 5 as a plot of maximum confining stress versus tangent 

bulk modulus ~ • Notice the effects of the cracks as they tend 
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to lower the moduli. This trend was not quite as apparent with the 

initial bulk modulus shown in fig. 4. 

Shear Phase 

General 

The results of the shear phase of each test are presented in the 

form of principal stress· difference (cr - cr ) versus axial strain 
z r 

(e ) and principal strain difference (e · - E ). These stress-strain 
z z r 

curves were plotted in groups of similar confining stresses of O, 

500-600, 1000-1100, and those greater than or equal to 2000 psi as 

shown in figs. 6 through 13. 

On each figure the stress-strain curves grouped into two basic 

categories, static and dynamic, and indicate a very significant rate 

effect during the shear phase of the test~. The 4ata scatter within 

each group is mainly dependent on differences in composition proper-

ties, loading rate, and geologic anomalies. Except for the uncon-

fined tests (crc = 0), the effects of the cracks and seating errors 

are essentially negligible. Of course, the variation of diameter 

along the length of the specimen will supply some slight error to the 

calculated stresses. The stress-strain curve for the material tested 

is composed of four basic regions; namely, the initial, yielding, 

work-hardening, and failure regions. Similarly, the shear phase re-

sults will be discussed in a format beginning with the initial modu-

lus of the stress-strain curve and ending with the failure condition 

or mode. Each of the moduli presented will represent a specific 

region of the stress-strain curve as illustrated in Appendix A. 
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Initial modulus 

The initial Young's modulus E. 
l. 

for each test is plotted versus 

confining stress as shown in fig. 14. For each group of confining 

\ 

stresses, an average value of the modulus was calculated and plotted. 

These average values are shown as solid symbols. Using the average 

values as a guide, dashed lines were drawn to show the static and dy-

na.mic trends with increasing confining stress. The very low value of 

E. at zero confining stress for the static tests was due to a so~ 
l. 

initial foot (concave toward stress axis) in the static stress-strain 

curve. This so~ initial foot was not seen in the dynamic tests (see 

fig. 6). As the confining stress is increased, the initial Young's 

modulus tends to approach a constant value of 400 ksi for the dynamic 

tests and 300 ksi for the static tests. 

The initial shear modulus Gi for each test is similarly plot

ted in fig. 15. Average values were calculated and plotted as shown 

by solid symbols in the figure. Again the initial so~ foot in the 

static stress-strain curve produced low values of initial shear mod-

ulus, whereas the dynamic stress-strain curves did not show the ini-

tial so~ foot (see fig. 7). A similar trend with increasing confin-

ing stress was apparent with values approaching 65 ksi for the static 

tests and 170 ksi for the dynamic tests. 

T--ruigent modulus at 
50 percent yield stress 

As more stress is applied to a specimen, the initial soft-foot 

effect stiffens and then the material begins to yield slightly. The 

tangent modulus at 50 percent of the yield stress represents the 
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second region of the stress-strain curve. A plot of ET
5

0Y , the tan

gent Young's moduli at 50 percent of the yield stress, for each test as 

well as the average values is shown in fig. 16. As the confining stress 

is increased, the static values approach 200 ksi and the dynamic values 

approach 300 ksi. 

The tangent shear modulus at 50 percent of the yield stress GT
5

0Y 

for each test is shown in fig. 17. The variation in radial strain on 

the partially yielded material has produced more scatter in the test 

results than was evident in fig. 16. Nevertheless, a similar trend 

with the average data is apparent and the static values approach 65 ksi 

and the dynamic values approach 110 ksi with increasing confining 

stress. 

Work-hardening tangent modulus 

After the material has yielded, the slope of the stress-strain 

curve so~ens appreciably. This portion of the stress-strain curve be~ 

tween yield and failure represents the third or work-hardening region 

of the shear phase for this material. The values of these moduli as 

defined by the work-hardening slope are an order of magnitude below 

those previously presented for 50 percent of the yield stress due to the 

Yielded nature of the stress-strain curve. The work-hardening tangent 

Young's modulus ETWH data for each test and the average value of the 

modulus for each confining stress group are shown in fig. 18. With 

increasing confining stress, the static moduli approach 40 ksi and the 

dynamic moduli approach 55 ksi. The corresponding shear modulus data 

and their average values are shown in fig. 19. With increasing confin

ing stress the static values approach 12 ksi and the dynamic values 
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approach 17 ksi. At higher confining stresses the dynamic trend is 

questionable for both moduli due to the lack of failure in these tests. 

The failure point helps define the upper portion of the work-hardening 

slope; therefore, the dynamic moduli trends were estimated and denoted 

by question marks in the figures. It is also apparent in these fig

ures that the moduli do not increase appreciably with increasing con

fining stress as did the previously presented moduli. 

Poisson's ratio 

From the Young's and shear moduli presented in the previous para

graphs, a calculation of Poisson's ratio can be made. The calculation 

is based upon elastic theory using the equation v = E/2G-l • While 

the results of such calculations for the inelastic material tested 

could be misleading, fig. 20 does indicate that certain trends can be 

established. Nearly all of the v values calculated for the static 

cases, and the work-hardening v values for the dynamic cases were 

greater than 0.5. However, based on the linear theory of elasticity 

a v value greater than 0.5 is not permitted. This suggests that the 

material is highly inelastic, the material is dilating or expanding (a 

volume increase), and/or the radial strains during the shear phase, es

pecially at the higher principal stress differences, are in error. An 

error in the radial strains would result in an error in the shear mod

ulus and a subsequent error in Poisson's ratio. Another noticeable 

trend was the difference between the dynamic values and the static 

values that were based on .the same moduli regions. For confining 

stresses greater than zero, the dynamic v values were consistently 

lower than the static v values, implying a loading rate-dependent 

Poisson's ratio. 
54 



Region crc Static Dynamic 

E G \) E G \) 

psi ksi ksi E/2G - 1 ksi ksi E/2G - J 

Initial 0 30 12.5 0.20 295 108 0.37 
500 200 60 

}>0.50 
380 160 0.19 

1000 260 65 400 165 0.21 
2000 300 65 410 170 0.21 
4000 320 65 420 175 0.20 

Yield 0 135 40 

}>Q.50 
175 60 o.46 

500 165 47 215 78 0.38 
1000 185 53 245 94 0.30 
2000 200 60 280 100 o.4o 
4000 205 63 285 102 o.4o 

~ork- 0 26.5 8.5 

!>MO 
52 16.o 

1>0.50 
hardening 500 32.5 9.6 53 16.2 

1000 34.5 10.4 54 16.5 
2000 37.0 11.4 55 16.8 
4000 37.5 12.0 56 17.0 

Fig. 20. Results of Poisson's ratio calculations 
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Yield and failure stresses 

Based on the strength criteria discussed in Appendix C, yield 

and failure stresses are presented on a principal stress difference 

a - a versus mean normal stress (a + 2cr )/3 or p plot. For 
z r z r 

comparative purposes, values of cohesion c and friction ~ are 

also presented. 

The yield strength data for each test are presented in fig. 21. 

The 3-to-l slope on the plot, shown as the dashed line, represents 

the stress path for the unconfined compression test. The static data 

form an envelope which indicates principal stress differences at 

yield between 500 and 600 psi on the principal stress difference 

scale in the unconfined state to between 650 and 750 psi at the 

4000-psi confining stress state. The dynamic data ranges from 800 

to 1300 psi on the principal stress difference scale. Whether the 

principal stress difference increases with mean normal stress is not 

known, since the scatter in the dynamic test data obscures this pos-

sible trend. This scatter is mainly due to the personal interpreta-

tion of the definition of the yield stress from each stress-strain 

curve. But the overall trend is clear: there is a definite quanti-

tative difference between the static yield strength and the dynamic 

yield strength. 

-~he Taflure strength for each test is plotted on a similar 

principal stress difference cr - cr versus mean normal stress z r 

(cr + 2cr )/3 or p plot in fig. 22. Both the static and dynamic z r 

data indicate an increase in strength with mean normal stress until 

the material becomes nearly saturated a~er which the strength 
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increases only slightly with increasing confining stress. The static 

data form an envelope which indicates principal stress differences at 

failure between 750 and 850 psi on the principal stress difference 

scale in the unconfined state and increases to between 1200 and 

1500 psi at the 4000-psi confining stress state. The dynamic data 

lie well above the static data and form an envelope which indicate 

principal stress differences at failure between 2500 and 3300 psi on 

the principal stress difference scale in the unconfined state and in-

creases to between 3600 and 4100 psi at the 4000-psi confining stress 

state. The two dynamic tests that were conducted at the 4200 psi 

confining stress (NXl.59.5 and NX2·.35.5) did not fail under the 

stress-controlled conditions imposed upon them; therefore, their 

failure strengths were estimated. This estimate was based on the 

trend with increasing confining stress of the failure strains from 

the other dynamic tests and the initial work-hardening slope of the 

stress-strain curves of the two unfailed specimens. Dynamic test 

NXl.58.0 (cr = 1100 psi) did not completely fail (slight bulge); c 

therefore, it was designated as a no failure test. Its probable es-

timated failure strength would be only s~ightly higher than the value 

shown in fig. 22. 

For comparative purposes the Mohr-Coulomb strength parameters of 

cohesion c , shear stress L , and friction ¢ are shown in fig. 23 

for both yield and failure strengths under static and dynamic 

conditions. 

To summarize the static yield, work-hardening, and failure re-

gions with regard to stress conditions, fig. 24 is presented. A 
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Test CJ, - CJ Slope at Mohr-Coulomb CJ - CJ at Slope at Mohr-Coulomb 
Condi- z r 

p = CJz/3 Parameters at z r p = 5000 psi Parameters at at p = 5000 psi ti on 
p = CJ~/3 p = CJz/3 p = 5000 psi 

c ~ T rj 

psi psi degrees psi psi degrees 
0\ Static 
0 yield 550 0.037 275 1 730 0.037 365 1 

Dynamic 
yield to50 0.000 525 0 1050 0.000 525 0 
Static 
failure 775 1.20 300 30 1350 0.055 675 1.5 
Dynamic 
failure ~~900 1.20 1000 30 3800 0.055 1900 1.5 

Fig. 23. Summary of Mohr-Coulomb strength parameters 
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summary for the dynamic test results is shown in fig. 25. The bands 

on these figures were derived from the data shown in figs. 21 and 22. 

The most significant difference between these two figures is the 

large differences in failure strength, which is mostly attributed to 

the very large work-hardening region in the dynamic tests. 

Strains at yield and failure stresses 

At the yield stress condition, axial strain 
• 

e: z and principal 

strain difference e: - e: for the static and dynamic tests were z r 

plotted versus confining stress. The axial strain data at yield for 

the static and dynamic tests are shown in fig. 26. A similar plot of 

principal strain difference at yield is shown in fig. 27. Both fig-

ures show considerable intermixing of static and dynamic test data as 

well as scatter of the data, and average values at each confining 

stress group showed no definite trend. An average value of all the 

data in each figure was calculated and shown as a dashed line. The 

axial .strain averaged about o.4 percent, whereas the principal strain 

difference averaged about 0 .6 percent. The scatter and intermixing 

of the static and dynamic data suggests that there is no rate effect 

on the yield strains and no influence of the confining stress. But 

it is also possible and may be more reasonable to interpret the data 

as showing a slight decrease in yield strain with increasing confin-

ing stress. This would certainly imply a slight increase in stiff-

ness with increasing confining stress. Such increases are shown in 

figs. 14 through 17 where increasing values of moduli occur with in-

creasing confining stress. 

Similarily, the axial strain 
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difference e: - e: z r at failure for each test were plotted versus 

confining stress as shown in figs. 28 and 29, respectively. Definite 

distinguishable trends were noticed; therefore, average values of 

strain at each confining stress level for both static and dynamic 

tests were calculated and plotted as solid symbols in the figures. 

These average values were connected with dashed lines to show the 

static and dynamic trends with increasing confining stress. Due to 

the lack of dynamic failure data at high confining stresses, the dy-

namic trends are denoted by question marks at higher stress levels. 

All the data indicate that in the unconfined state, relatively low 

strains are needed for failure. As the confining stress increases, 

the strains needed for failure increase rapidly at first, then in-

crease only slightly with large.increases in confining stress. This 

trend is associated with the degree of saturation of the material. 

As the material becomes more nearly saturated with increasing confin-

ing stress, the moduli, the strength, as well as the strains approach 

limiting values due to the increasing effect of the pore water 

stresses and the limiting effect of the effective stresses. Another 

phenomenon that is possibly associated with this trend is discussed 

in the next paragraph. 

Failure mode 

Depending on the confining stress imposed on the test specimen, 

its failure condition or mode in shear can be classified as brittle, 

transitional, or ductile. Typical failure modes for each group of 

confining stresses are shown in fig. 30. (The dark shiny coating on 

some of the specimens is confining fluid that leaked through the 
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ruptured membrane onto the specimen a~er the failure had occurred.) 

In both the static (top row) and dynamic (bottom row) unconfined 

state (cr = 0 psi), the failure mode was definitely a brittle
c 

vertical fracturing condition with some shearing. In the 500 to 

600 psi confining stress range, the failure mode was one of brittle 

shear. The third confining stress range of 1000 to 1100 psi showed 

a predominately brittle shear, but there was also some slight bulg-

ing, which indicates the influence of some initial ductile behavior. 

In the fourth and final confining stress range (crc. ~2000 psi; no 

dynamic mode available), the failure mode is predominantly bulging 

or ductile with multiple shearing. These failure mode conditions are 

believed to be associated with the degree of saturation as previously 

discussed and also possibly the degree of consolidation of the speci-

men. At the higher confining stresses (crc > 2000 psi), the material 

is being confined by a stress approximately equal to stresses applied 

by its previous overburden load. The material under these confining 

stresses may react to additional stresses as a normally consolidated 

material rather than an overconsolidated material. This implies that 

the failure modes in tests with confining stresses approximately 

equal to or greater than the previous preconsolidation stress (stress 

history remembrance) should be more ductile or bulging (normally con-

solidated behavior) rather than an overconsolidated brittle behavior. 

Miscellaneous Results and Observations 

Time to failure 

A plot of time to failure (shear phase) versus principal stress 
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difference at failure is shown in fig. 31. This figure quantita

tively shows the dependency of the strength behavior of this material 

on loading rate. Also this figure implies, with the aid of the two 

parallel dashed lines and the exception of dynamic test NXl.36.o, 

that this time-dependent behavior may be predictable for other load

ing times. 

For example static test NXl.61.5, which was unintentionally 

loaded in approximately 20 sec, resulted in a higher strength than 

the other static tests. There was no other possible explanation for 

this higher strength other than the time of loading. Its higher 

strength is also noticeable in fig. 22 and was not included in the 

failure region in fig. 24. Dynamic unconfined test NXl.36.0 was 

loaded in approximately 16 msec. Its failure strength should have 

been at least 3300 psi instead of the 2500 psi obtained. The only 

explanation·available for the anomaly is that the specimen's dry unit 

weight was the lowest of the entire group of static and dynamic test 

specimens. Since some of the other test specimens had nearly as low 

a density, this property alone could not account for such a large 

discrepancy in strength; but there may have been some unnoted anomaly 

in the specimen that would have accounted for the unexpected low 

strength as well as the lowest density. A similar type of logarith-

mic plot was found to- fit static- and dynamic tri-axraI test data for 

an overconsolidated fat clay tested under controlled strain-rate 

conditions. 23 
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Comparison with 
Cucaracha clay shale data2,3 

The Cucaracha clay shale data are shown in fig. 32 as a plot of 

strength ratio SR versus time to failure tF • To normalize the 

Pierre clay shale data into strength ratios, the value of 1375 psi 

was used as the failure strength for a time to failure of 1 min. The 

bands in fig. 32 cover all confining stresses tested. For the Pierre 

clay shale, the confining stresses ranged from 0 to 4200 psi. For 

the Cucaracha clay shale, the confining stresses remained constant at 

85 psi. For the relatively small increases in strength with increas-

ing confining stress experienced by the Pierre shale, the comparisons 

are not altogether out of proportion. A significant difference be-

tween the two materials are their composition properties, i.e., dry 

density and water content, as shown in the fi~ure. Basically both 

materials are clays, one being just more consolidated than the other. 

Therefore, for comparison purposes, they might be considered as highly 

overconsolidated clays. Normally consolidated and lightly overconsol

idated clays that have been dynamically tested23 would fall below these 

two plots. Therefore, there may exist some strength ratio or rate 

factor as a function of large changes in the degree of overconsolidation 

of a clay. 

Residual strength 

Although residual strength from the triax:ial tests were not of 

primary concern in this study, there is evidence from the stress-

strain curves that suggest there could be a significant loading rate 

effect on the postfailure behavior of the material. Figures 8 

.through 11 show the complete stress-strain curves for two confining 
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stress groups that indicate a postfailure residual stress. These 

figures suggest that the residual strength is approximately 50 per-

cent of the failure strength, which also suggests that there exist a 

loading rate effect or rate factor on residual strength that is ap-

proximately the same magnitude as that of the failure strengths. 

Soft rock classification 

Shown in fig. 33 is an extension of the rock engineering classi

fication chart used by Deere and Miller24 to uniaxial compressive 

strengths (unconfined compression) as low as 100 psi and Young's mod-

uli as low as 10,000 psi. The solid lines are the extended classifi-

cation, whereas the dashed lines are a small section of the original 

chart. The original chart was restricted to static unconfined com-

pression test on rock cores. Plotted on the extended chart to show 

the effect of rate of loading on classification are the four uncon-

fined compression test failure strengths and Young's moduli results. 

The Young's modulus used for the static tests was the ET
5

0Y , 

whereas that used for the dynamic tests was E. • 
i 

These moduli rep-

resent the highest moduli from these tests and are assumed represen-

tative of the straight-line portion of the stress-strain curve before 

yielding. The static-tested material would be classified as a FL 

and the dynamic-tested material would be classified as an EL • 

Pynamic yield-static failure 

Another interesting, yet perhaps coincidental, relationship that 

was borne out of this study was the clos~ness between the dynamic 

yield stresses and the static failure stresses. Examination and com-

parison of figs. 24 and 25 will point out this phenomenon. 
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Anisotropic properties 

Although the material was initially classified visually as homo

geneous and massive, upon closer examination it was found to contain 

distinct planes of weakness in the horizontal direction. The pres

ence of these almost invisible bedding planes suggests that proper

ties along the bedding planes may be quite different than those 

perpendicular to the bedding planes. Another indication that differ

ent properties exist in this direction was the presence of calculated 

principal strain differences during the hydrostatic phase of the 

tests. For the material that is homogeneous and is tested without 

inducing friction on the end caps, the radial and axial strains 

should be equal during the hydrostatic phase. 
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CHAPTER IV: SUMMARY, CONCLUSIONS, AND IMPLICATIONS 

Introduction 

To help summarize the results, a dynamic-to-static ratio or rate 

factor was defined. (See Appendix A, p. 83.) The various stress-

strain characteristics were normalized into this rate factor and 

plotted versus confining stress. These rate factors show the magnitude 

of the influence of a 105 change in loading rate on the stress-strain 

and strength properties of a clay shale in triaxial compression. In-

eluded in this chapter are also the conclusions that may be drawn from 

the study. 

From the results of this study and from the summary of rate fac-

tors developed, certain implications concerning the work-hardening 

phenomena, unconfined compression tests, yield stress, yield strain, 

and overconsolidated ratio are developed. 

Summary and Conclusions 

Rate factors D/S were calculated by taking values from the 

static and dynamic trends shown in figs. 4, 14 through 19, and 24 

through 29 at O, 500, 1000, 2000, and 4000 psi confining stresses. 

Initial bulk modulus K. 
1 

D/S = 2.1 , but the data was probably influenced by small pre-

test horizontal cracks. 

Tangent bulk modulus Krr 

Rate factor was not computed due to the lack of data that was 
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unaffected by errors as discussed in Chapter III. Most of the data 

was influenced by small pretest horizontal cracks. 

Initial Young's modulus E. 
l. 

Shown in fig. 34a, 1.3 ~D/S ~9.8 • The rate factor at 0 psi 

confining stress was tremendously influ~nced by an initial so~ foot 

in the static loading stress-strain curve. 

Initial shear modulus G. 
l. 

Shown in fig. 34b, 2.6 ~D/S~ 8.6 • The rate factor at 0 psi 

confining stress was tremendously influenced by an initial so~ foot 

in the static loading stress-strain curve. 

Tangent Young's modulus at 
50 percent of yield stress ET

5
0Y 

Shown in fig. 35a, D/S= 1.3 (average). The rate factor was 

apparently unaffected by confining stress. 

Tangent shear modulus at 
50 percent of yield stress GT50Y 

Shown in fig. 35b, D/S= 1.6 (average}. The rate factor was 

apparently unaffected by confining stress. 

Work-hardening tangent 
Young's modulus ETWH 

Shown in fig. 36a, 1.5 ~D/S ~ 2.0 • The rate factor was only 

slightly affected by confining stress. 

Work-hardening tangent 
shear modulus GTWH 

Shown in fig. 36b, 1.4 ~D/S ~ 1.9 • The rate factor was only 

slightly affected by confining stress. 
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Poisson's ratio v 

The dynamic Poisson's ratio is less than the static Poisson's 

ratio. This results in a rate factor of less than one. 

Principal stress difference 
at yield (cr - cr ) z r y 

The rate factor was based on a median drawn between the bounds 

shown in figs. 24 and 25. Rate factors are shown in fig. 37, 

1.6 ~D/S ~1.9 . Rate factor was only slightly affected by confin-

ing stress. 

Principal stress difference 
at failure (cr - cr ) 

z r F 

The rate factor was based on a median drawn between the bounds 

shown in .figs. 24 and 25. Rate factors are shown in fig. 37, 

2.9 ~D/S ~ 3.6 . 

So~ rock classification 

Based on an extension of the Deere and Miller rock chart,24 the 

classification of this material went from a FL to an EL due to 

loading rate effect on uniaxial compressive strength. 

Residual strength 

Dynamic residual principal stress difference is greater than 

static residual principal stress difference. 

Axial strain at yield stress 

Shown in fig. 38, D/S = 1.0 • From the interpretation of the test 

data in fig. 26, the rate factor was apparently unaffected by confining 

stress, but the data could have been interpreted another way (seep 62). 
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Principal strain difference 
at yield stress (e: - e: ) z r y 

Shown in fig. 38, D/S = 1.0 • From the interpretation of the test 

data in fig. 27', the rate factor was apparently unaffected by confining 

stress, but the data could have been interpreted another way (seep 62). 

Axial strain at failure stress e: 
ZF 

Shown in fig. 39, 1.7 ~D/S~ 3.0 • The rate factor was con-

siderably affected by confining stress. 

Principal strain difference 
at failure stress (e: - e: ) 

z r F 

Shown in fig. 39, 1.8 ~D/S~ 3.3. The rate factor was con-

siderably affected by confining stress. 

The effect of small horizontal cracks on strength, Young's mod-

ulus, and shear modulus is apparently negligible on NX-size speci-

mens; but they do affect the values of the bulk modulus. 

The static unconfined compression test stress-strain curve had 

an initial soft loading foot, whereas the comparable dynamic test 

stress-strain curve did not. 

Implications 

1. From the rate factors calculated for initial Young's modulus 

and initial shear modulus, it is implied that initially shear is more 

rate sensitive than compression. This sensitivity of shear decreases 

as the material is stressed; so that by the time the material has 

yielded and is work-hardening, shear and compression both have about 

the same sensitivity to ~oading rate. 
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2. Statement 1 can only be implied for an axial loading normal 

to the bedding. The material tested is believed to be anisotropic. 

Whether the'-sensitivity to loading rate in tests conducted along the 

bedding can be assumed as the same magnitude as that normal to the 

bedding is not known. 

3. The very significant increase in failure strength of the 

dynamic tests over the static tests, which is mainly due to the large 

work-hardening region for the dynamic test, may imply some form of 

energy absorbing, loading-rate-dependent, work-hardening phenomenon. 

The cause of this loading-rate dependent, work-hardening phenomenon 

may be due to the iack of redistribution of internal moisture. A re-

distribution of internal moisture has been suggested as a cause of 

rate effects in a overconsolidated saturated fat clay. 23 The redis-

tribution of moisture raises the water content along the plane of 

failure, thereby permitting a lower strength for failure in tests 

with long rise times. Another similar cause of the loading-rate ef-

25 feet was suggested by Healy from tests on a saturated clayey silt. 

Healy concluded that increased strength was due to lower pore pres-

sures occurring in the central portion of the specimens at faster 

loading rates, and the decrease in the central pore pressure was due 

in part to a loading-rate effect on the dilatant tendencies of the 

soil. 

4. It could possibly be implied from the unconfined compression 

tests that microfracture closing is loading-rate dependent. If the 

so~ initial loading foot in the static stress-strain curve is due to 

microfracture closing (possibly opened by overburden relief), then 
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the lack of such a so~ foot in the dynamic stress-strain curve sug

gests that this phenomenon is loading rate dependent. 

5. As the material becomes more ductile in behavior under high 

confining stresse~, it may be implied from the results that the 

static yield strength approaches the dynamic yield strength. Since 

the dynamic yield strength is approximately equal to the static fail

ure strength, then the static yield strength is approaching the 

static failure strength as the confining stress is increased. 

6. Since the rate factor on the yield strains was unity, it is 

implied that the material is loading-rate independent with regard to 

yield deformation. This could suggest that some form of initial 

fracturing is occurring in both static and dynamic loadings at the 

same strain level; therefore, the ability for the material to gain 

strength with increased loading rate is dependent on the ability of 

the partially fractured specimen to absorb energy. This ability of 

the material to absorb energy is probably related to the causes of 

loading rate dependence discussed in statement 3 above. 

7. Another implication from the study is the effect of over

consolidation ratio on the magnitude of the influence of loading rate 

on failure strength. From the comparison with the Cucaracha clay 

shale3 and with other dynamic tests on clays,23 it could be suggested 

that for large changes in density and water content (large changes in 

overconsolidation ratio) for saturated or near saturated clays, the 

rate factor also changes synchronously. Therefore, as the overcon

solidation ratio increases significantly (change in OCR= 20 to 30), 

the rate factor also increases significantly (change in D/S = 0.5 

tol.O). 



CHAPTER V: RECOMMENDATIONS 

The following reconnnendations are suggested as a result of this 

study: 

1. Conduct a series of unconsolidated-undrained triaxial com

pression tests on the same material at various confining pressures 

with times to failure of approximately 1 sec to verify the time to 

failure--failure strength prediction presented in this study. 

2. When conducting volumetric strain studies on NX-size speci

mens to determine quantifiable values of bulk modulus , use only those 

specimens that contain no visible cracks whatsoever. 

3. Make a closer examination of the radial and axial strains 

during the hydrostatic loading to help quantify the anisotropic prop

erties of the material. The anisotropic properties of the material 

may also be examined and quantified by evaluating the performance of 

static and dynamic triaxial tests that are conducted on specimens 

taken from samples which were cored horizontally or along the bedding 

and by comparing this analysis with the one in the present study. 

4. Attempt to develop an extended material classification chart 

to include all soft rocks and stiff soils with static uniaxial com

pressive strengths as low as 100 psi and Young's moduli as low as 

_lQ,J1QO_psL 

5. Attempt to develop a similar (see 4 above) material classi

fication chart for materials that have been dynamically loaded. 

6. Make adequate static and dynamic tests on other saturated or 

nearly saturated overconsolidated clays with various degrees of 
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overconsolidation to determine if a correlation exists between large 

changes in overconsolidation ratio and rate factor. 

7. Perform a study to quantify the magnitude of the influence 

of loading rate on residual strength. 

8. Clay shale samples should be handled in the field with ex

treme care. This should include a heavy wax coat on the exposed core 

to help minimize moisture loss and breakage and include special pack

aging of the waxed core to prevent breakage in transport. 

9. The clay shale samples should be prepared and t~sted as soon 

as possible following sampling operations, and the sample cores be 

handled as little as possible fn the laboratory. Use of techniques 

such as X-radiography for aid in specimen selection would eliminate 

some handling operations. 
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APPENDIX A: DEFINITIONS AND NOTATIONS 

The following definitions and symbols have been adopted for use 

in this report:* 

Definitions 

Dynamic triaxial test: Time to failure load less than 100 msec. Un-

consolidated-undrained, constant confining stress. 

Static triaxial test: Time to failure load from one to ten minutes. 

Unconsolidated-undrained, constant confining stress. 

Uniaxial compressive strength: Synonymous to unconfined compressive 

* 

strength = (cr - a ) = a @ ac = 0 psi. 
z r F z 

Notations 

c Cohesion 

D/S Rate factor; 

e 

E 

E. 
l. 

I Value of Pynamic Stress-Strain Characteristic 
D S = Comparable Value of Static Stress-Strain Characteristic 

Void ratio . 

Young's modulus; ratio of the change in principal 

stress difference to a change in vertical strain or 
~(a - a ) 

E = z r 
-M; 

z 
Initial Young's modulus; shown in fig. 40. 

Tangent Young's modulus at 50 percent yield stress; 

shown in fig. 40. 

Symbols used in Appendix Care defined within its text. 
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ETWH Work-hardening tangent Young's modulus; shown in 

fig. 40. 

G Shear modulus = the ratio of the change in principal 

stress difference to twice the change in principal 
A(cr - a ) 

strain difference or G = 2~(Ez _Er) 
z r 

Gi Initial shear modulus; shown in fig. 40. 

GT50Y Tangent shear modulus at 50 percent yield stress; shown 

in fig. 4o. 

GTWH Work-hardening tangent shear modulus; shown in fig. 40. 

G Specific gravity of solids 
s 

K Bulk modulus; slope of the plot of mean normal stress 

p or confining stress a versus volumetric strain 
c 

K. Initial bulk modulus; shown in fig. 41. 
1 

~ Tangent bulk modulus at maximum confining stress; shown 

in fig. 41. 

n Porosity 

OCR 

p 

Overconsolidation ratio; OCR = 
where 

p 
c 

- p 
0 

p 
0 

P = previous pre-consolidation stress 
c 

P = present overburden stress 
0 JJ + 2.a 

Mean normal stress; z r 
p = 

3 

Failure mean normal stress 

Yield mean normal stress 

Saturation 
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SR 

s ', 
rh 

s rs 

( a - a ) of actual test 
z r F 

Strength ratio; SR - ~~~~~~~~-:-~~~~~~~
- Estimated (crz - crr)F with tF = 1 min. 

Hydrostatic phase stress rate; 

Shear phase stress rate; s = rs 

td Total decay time; td = tds + tdd + tdh 

tdd Deley decay time; tdd = td - (tds + tdh) 

tdh Hydrostatic phase decay time 

tds Shear phase decay time 

Time to failure ; t = tF rs 

Total rise time; t =th+td + t 
r r r rs 

trd Deley rise time; t = t - (trh + t ) 
rd r rs 

trh Hydrostatic phase rise time = trh 

t Shear phase rise time = t or time to failure, tF rs rs 

w. 
1 

y 

t = tF • rs 

Volume of air 

Volume of solids 

Volume of water 

Final water content 

Initial water content 

Wet unit weight 

Dry unit weight 

Volumetric strain. Volumetric strain was calculated by 

assuming that the cylindrical specimen deformed into a 



e: z 

(e:z -

e: 

e: 

e: 
r 

e: z 

ZF 

Zy 

- e: r 

e:r\ 

double cone (fig. 42); this is believed reasonable for 

the material tested during the hydrostatic compression 

phase. 

'IT D2H -
H 

D2 + Dlno) v -·v 31 (~) ( ni + llV 0 c 4 0 0 0 -= = v v 'IT D2H 0 0 4 0 0 

A comparison of this method of calcuiation based on the 

double cone shape with other methods of calculating 

volumetric strain is presented in reference 26. 

Radial strain; 

where 

llD 
e: = r D 

0 

D = original prehydrostatic phase diameter 
0 

llD = change in midheight diameter (outward move-

ment is negative) 

Axial strain or vertical strain; 

where 

llH 
e: = z H 

0 

H = original prehydrostatic phase height 
0 

llH = change in height 

Failure axial strain; axial strain at failure principal 

stress difference (cr - cr ) 
z r F 

Yield axial stress; axial strain at yield principal 

stress difference (crz - crr\r_ 

Principal strain difference; e: z - e: r (-~~) 
Failure principal strain difference; principal strain 

difference at failure principal stress difference 

( cr - a ) 
z r F 
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( £ - £ ) z r y 

\I 

Yield principal strain difference; principal strain 

difference at yield principal stress difference 

( CJ - CJ ) z r y 

Poisson's ratio; defined as 

this study by E v=--1 
2G 

A£ 
r 

\I = - A£ calculated in 
z 

CJ Confining stress or pressure 
c 

CJ z CJ 
r 

( CJ - CJ ) 
z r F 

( CJ -CJ) 
z r R 

( CJ - CJ ) z r y 

Total stress; 

where 

CJ =cr+u 
T 

a = effective stress 

u = pore water stress or pore pressure 

Principal stress difference; 

where 

P = load 

CJ z CJ = r 
4P 

D8 = current midplane diameter (measured) 

Failure principal stress difference or failure strength 

as shown in fig. 40. 

Residual principal stress difference or residual 

strength as shown in fig. 40. 

Yield principal stress difference or yield strength. 

Defined as the intersection of the initial modulus 

slope with the slo~e of the work-hardening.tangent_ 

modulus for all tests except for the static unconfined 

tests as shown in fig. 40. For the static· unconfined 

tests, the yield strength was the intersection of the 

work-hardening tangent modulus slope with the slope of 
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the initial straight-line portion of the stress-strain 

curve. 
C1 - C1 

Shear stress; z r 
T T = 2 

¢ Friction angle· 
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.APPENDIX B: SAMPLE AND SPECIMEN PREPARATION PROCEDURES 

Sample Handling in the Field 

A~er the NX-size cores were removed from the core barrel, they 

were placed in wooden boxes. These boxes contained approximately 

3/8 in. of wax as a bottom layer; the core was placed on top of this 

layer of wax. A~er photographs were taken, the cores were then com

pletely covered to the top of the box with molten wax. The boxes 

were then covered with 1/4-inch plywood and labeled. From the time 

of removal from the core barrel to the time the wax completely cov

ered the sample, the core was exposed to atmospheric conditions; this 

time was held to a minimum, usually less than two or three minutes. 

The extra thick coating of wax served several purposes. Mois

ture loss from clay shales can occur very quickly; .this can cause 

additional disturbance of the materiai in the form of small desicca

tion cracks. The thick coating of wax helped prevent moisture loss 

from taking place during transport from field to laboratory. The wax 

also made the entire sample more rigid and less susceptible to break.

age while being transported from field to laboratory. Due to the 

clay shale 1 s very low tensile strength normal to the bedding (could 

be snapped apart with one's hands), th~ material has a tendency to 

expand or break apart when unloaded by the removal of the overburden. 

Here· again the thick wax helped prevent any time-dependent distur

bance due to overburden relief. 
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Sample Handling and Specimen Preparation 
in the Laboratory 

A~er transporting the core boxes from the field to laboratory, 

each box was X-rayed* and then stored. A photograph of a core box 

and its accompanying X-radiograph are shown in fig. 43. The purpose 

of the X-radiography was primarily for test specimen selection and 

geologic description. The X-rays were also helpful for determining 

sample uniformity. By using the X-rays in conjunction with the field 

photos, one could select test specimen locations without handling the 

actual core anymore than necessary. Test specimen locations were 

selected so as to prevent as much as possible the following items 

from being present in the specimen: carbonate concretions, gypsum 

seams, joints, and cracks. 

Using the X-rays as a guide, the core was marked off in approxi-

mately 6-in. lengths at the test specimen locations. The lengths of 

waxed core were sawed with a band saw at the marked locations. Each 

rectangular block (future test specimen) was· labeled with a specimen 

number, and the freshly sawed ends were recoated with wax. From 

pieces that were sawed off the ends of each test specimen, water con-

tents were determined for the before-test condition. 

The next step required trimming off all of the wax from the core 

except for a 1/16- to 1/8-in.-thick coat over the entire specimen. 

* These cores were radiographed with a Philips Industrial X-ray unit 
(model MG 300) having a 300-kv X-ray tube. The records were made 
on Kodak Type M Industrial X-ray film. Exposure time was 3.5 min 
at 10 ma and 200 kv with a focal distance of 8 ~. 
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43. Typical preserv·ed core and its accompa.'1ying X-radiograph 



Each specimen was then placed in a plastic bag with a label until it 

was needed for further preparation. 

Furthe~ preparation included removing the wax from the ends of 

the specimen and planing them in a lapping device. This device is 

shown in fig. 44. A damp towel was laid over the exposed end to help 

prevent moisture loss. A:fter planing both ends of the specimen, it 

was wrapped in cellophane, which was held tightly closed with rubber 

bands. The specimen was then placed in two plastic bags, tagged with 

a label, and placed in a constant humidity room until ready for 

testing. 

The test specimen was removed from the constant humidity room 

and weighed in its entirety including wrappings to obtain a gross 

weight. The cellophane wrapping was then removed and the height mea

sured with a caliper micrometer. This was done quickly since the 

ends of the specimen were exposed to the air. The specimen was then 

placed .on the triaxial base cap and the thin coat of wax covering the 

specimen was peeled away. The next step involved placing the tri

axial top cap on the specimen and touching up any rough grooves on 

the specimen or rough edges at the interfaces between the specimen 

and en.d caps with modeling clay. The modeling clay helped smooth 

over sharp edges that could puncture the membrane. The preceding 

step was done quickly to prevent moisture loss since the entire 

specimen was exposed to air. A single 2.0-in.-diameter by 0.012-in.

thick membrane was then placed over the specimen and sealed at the 

end caps with rubber bands. The specimen was marked at its midheight 

and at 1 in. from each end cap. At each of these markings 
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Fig. 44. Lapping device used to plane the ends ot test specimens 
I 



(representing the top, middle, and bottom diameters), the specimen 

was measured twice with a caliper micrometer. The diameters were 

then corrected for the thickness of the membrane and recorded. ThP-se 

corrected diameters were later used to determine the maximum varia

tion in diameter along the length of the specimen. (This diameter 

variation is probably caused by the sampling process as the bit teeth 

and cuttings scour the sides of the slakable clay shale core.) Fi

nally, the entire set of wrappings including the thin wax covering 

was weighed so that a net weight of the specimen could be obtained. 

The specimen was now prepared for the triaxial compression test. 

Even though test specimens were selected so they _would not con

tain cracks, a few specimens did contain very thin horizontal cracks 

prior to testing. Most of these cracks were almost invisible to the 

unaided eye. These cracks, when observed, were described in a set of 

descriptive notes that were recorded throughout the preparation and 

testing stages of each specimen. Typical notes included: 

1. Material color, texture, and orientation and type of frac

tures and sea.ms. 

2. Specimen trimming problems, i.e., occurrence of hard or so~ 

lenses _and patching or touching up of any rough grooves or edges. 

3. Test procedure irregularities. 

4. Posttest remarks, e.g., failure mode, evidence of fluid 

leaks or other specimen contaminations that occurred during a test, 

and geologic anomalies that were located within the clay shale ma

trix, such as fossils and gypsum. 

After the triaxial compression test was completed and. the 
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apparatus dissembled, a photograph was taken of the deformed specimen 

to show the failure mode. Examples of these photographs are shown in 

fig. 30. .An uncontaminated piece of material from the center of the 

specimen was used for an a~er-test water content • .Any remaining 

pieces of the specimen were then used for Atterberg limits, grain 

size, or specific gravity tests if required • 
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APPENDIX C: MECHANICS OF TRIAXIAL TEST 

General 

The test 'specimens used in this study were cylindrical in 

shape (approximately 2.1 in. diameter by approximately 5.0 in. length) 

with a length-to-diameter ratio of approximately 2.4. The specimens 

were placed upright on smooth steel end caps with the longitudinal 

a.xis of the specimen in the vertical direction. All tests were 

unconsolidated-undrained, constant confining stress type. There was 

no attempt to make pore pressure measurements during these tests. 

The specimens had relatively smooth sides and the material was quite 

stiff; therefore, the effect of the singl.e 0.012-in.-thick membrane 

.was assumed to be negligible. 

In the standard tria.xial compression test, a constant all-round 

stress crc is first imposed on the specimen (hydrostatic phase). 

Then, while this stress is maintained as a boundary condition in the 

radial direction (i.e., cr = cr =constant), controlled axial stress r c 

rates Acr I At are applied until t-he specimen fails in shear* (shear z 

phase). Through both phases of the tests, the deformation response 

of the specimen was measured in both the vertical and radial direc-

tions. The primary product of the hydrostatic phase of the test is 

a plot o~ confining stress versus volumetric strain AV/V • 
0 

* In the unconsolidated-undrained triaxial compression test, the 
peak or maximum principal stress difference represents failure of 
the specimen. If the principal stress difference ·does not peak 
but increases continuously during the test, the stress difference 
at an axial strain of 15 percent20 is considered to be the failure 
stress. 
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Plots of principal stress difference crz - crr versus axial strain 

Ez and principal strain difference Ez - Er are the primary products 

of the shear phase of the tests. 

The strength criteria for the triaxial test in conventional soil 

mechanics total stress analysis is usually expressed by a Mohr-

Coulomb strength envelope. This envelope relates shear stress on a 

failure plane to normal stress on the same plane. Linear Mohr-

Coulomb envelopes can be expressed as 

l' = c + cr tan (i1 (Cl) 

where 

l' = shearing stress at failure 

c = cohesion intercept 

cr = normal stress at failure 

(i1 = friction angle 

and where compressive stress has a positive sign. Many computer 

codes that attempt to account for plastic behavior incorporate a 

failure condition based on the three-dimensional generalization by 

Prager-Drucker 

where 

... rrt=k+a.J vu2 1 

J2 = second invariant of stress deviation = 1/2 crljcrlj 

J 1 = first invariant of total stress = crkk 

crlj = components of the deviator stress tensor 

(C2) 

cr - cr + cr + cr = 3p , where kk - 11 22 33 p = (cr + 2cr )/3 or mean z r 

normal stress 
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When a straight-line fit to the shear data is not practical, 

J2 can be made a nonlinear function of J1 .* For the case of tri

axial compression, the Mohr-Coulomb parameters c and ¢ can be 

related to the Prager-Drucker material coefficients k and a as 

follows: 

c = !.~ or 
2 2 ' 

2 sin ¢ 
a = 

{3(3 - sin ¢) 

k 
6c cos 0 = 

\[3(3 - sin ¢) 

1 c = - (cr - cr ) at p 2 z r 

sin ¢ = 38 
6 + s 

(C3) 

(C4) 

CJ 
z ¢ = when = 0 
3 

(C6) 

where S is the tangent slope of the strength envelope expressed as 

versus p • For a comparative example, fig. 23 relates 

the Mohr-Coulomb criteria with the (crz - crr) versus p criteria 

for the strength envelopes resulting from this study. 

Dynamic Test 

In dynamic triaxial tests when times to loading become very 

fast, inertia forces become significant and the stress-strain charac-

teriatics -become -ver.r -complex. -Therefore, when conducting such test, 

* In this report, yield and failure strength data are expressed as a 
function of equation C2, i.e., as plots of crz - crr versus p 
where crz - crr = ~ ; p = J1/3 • In this stress space the in
tercept at p = 0 equals '13K , and the tangent slope S of a 
yield or failure envelope equals 3...[3o. • 
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it is most advantageous to avoid these forces. As a check against 

these problems, two load cells were used on most of the dynamic 

tests, one on the loading piston and the other on the specimen sup-

port base. In all cases they reacted simultaneously and tracked 

smoothly, indicating no presence of inertia forces. Also, general 

criteria for avoiding these forces were taken from references 27 

(p 19) and 28 (Appendix E). These references also give a more de-

tailed discussion of the problem. 

,If the maximum error in measured strain is to be less than 2 per-

cent of the maximum measured strain, then the following criteria from 

reference 27 should be used: 

where 

tf = time to failure 

L = length of specimen 

c = wave propagation velocity through specimen 

Applying the equation to a 5-in.-length specimen of clay shale and a 

wave velocity of 7500 in./sec, one obtains a time to failure that must 

be greater than 17 msec. The wave propagation velocity for this worse 

case can be computed by using the equation: 

where 

2 
G = pV (assumes an elastic medium) s 

G = shear modulus 

p = mass density = (y in pcf)/(32.2 ~/sec2 ) 

V = shear-wave velocity s 
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The lowest velocity (Vs = c) would produce the longest permissible 

time to failure; therefore, the lowest dynamic modulus was used as a 

basis for this calculation. Using GTWH (lowest shear modulus) of 

12 ksi and a p of (0.000222 lb~sec2 )/in. 4 , one obtains a shear-

wave velocity of 7500 in. per sec. This, of course, is for the worse 

case and for strain errors of less than 2 percent. Other sources of 

errors, such as calibration of load cells and deformation systems, 

data reduction, etc., impose errors as great as 5 percent; therefore, 

it would be reasonable to assume that rise times as fast as 5 msec 

would not impose any problems for permissible errors in stress and 

strain as great as 5 percent. 

To estimate a crude lower limit to the permissible time to fail

ure based on lateral inertia effects the following equation28 was 

used: 

where 

R = radius of specimen 

p =mass density = (y in pcf)/(32.2 ~/sec2 ) 

e: · = average radial strain at failure rf 

_:gr(O) = radial stress at t = O 

.The lower limit to the permissible time to failure increases with the 

radius and decreases with the confining pressure. Using 

p = 0.000222 lb-sec
2
/in. 4 and R = 1.0625 in., the equation reduces 

to 
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T = 5.015 
(O.OOOlll)e::rf 

P (o) 
r 

For low confining pressures, such as 20 psi, the radial strain at 

failure from the test ~ata is approximately 0.029. A value for 

p (0) can be estimated at 10 percent28 of the confining pressure, or 
r 

in this case, 2 psi. Substituting the above value into the equation 

gives a T = 6.3 msec. For higher confining pressures where e::rf 

and p {O) both increase, the net effect is to reduce the lower 
r 

limit for permissible time to failure as illustrated by the following 

example. Keeping p and R the same but using a value of 0.034 

{radial strain at 500 psi confining pressure) for and increas-

ing P {o) 
r 

to 50 psi {10 percent of 500 psi), a value of 4.3 msec is 

obtained for T • 

For the above paragraph, it can be concluded that the lower 

limit for permissible rise times for the shear phase of the triaxial 

tests presented can range from 4.3 to 6.3 msec within confining pres-

sures of 20 to 500 psi. To summarize, the following table is pre-

sented for estimating lower limits of permissible rise times. 

Rise Time z msec 
Confining Pressure Longitudinal Lateral 

CJ ~ 20 psi 5 6-c 

20 psi < CJ < 500 psi 5 4-6 c 

500 psi < CJ < 1000 psi 5 1-4 c 

CJ > 1000 psi 5 1 c = 

If rise times are less than the above values, then lateral or 

longitudinal inertia effects will possibly be introduced. 
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APPENDIX D: TEST APPARATUS, MEASUREMENT 
SYSTEMS, AND INSTRUMENTATION 

Triaxial Cells 

The triaxial cells used in this study were WES designed and fab-

ricated. They included a static chamber and a dynamic chamber. The 

static chamber has an overall height of 18 in., an outside diameter 

of 9 in. and an inside diameter of 5 in. (see fig. 45). This cell 

has a working confining pressure of 10,000 psi. The dynamic chamber 

has an overall height of 12 in., an outside diameter of 12 in., and 

an inside diameter of 5 in. (see fig. 46). This cell has a working 

confining pressure of 15,000 psi. Both chambers were fabricated from 

high strength steel. 

Loading Systems 

The loading system in the static stress-controlled triaxial de-

vice (SSCTX) was composed of an axially (vertical) loaded piston and 

a pressurized confining fluid. The controlled vertical stress was 

applied by a pneumatically driven Karol-Warner loading machine capa-

ble of 10,000 pounds axial load. The confining fluid (oil) was pres-

surized by an air actuated pump. 

-The loading -sy-st--em -in the dyna.mi-c stre-s-s-controlled triaxial de-

vice (DSCTX) was also composed of an axially (vertical) loaded piston 

and a pressurized confining fluid. The controlled vertical stress 

was applied by a 100,000-lb ram-type loader, operated with compressed 

nitrogen (see reference 16, Appendix A). The confining fluid (oil) 
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Fig. 45. Static stress-controlled triaxial compression test apparatus (SSCTX device) 



SECO DYNAMIC LOADER 

F'ig. 46. Dynamic stress-controlled triaxial compression 
test apparatus (DSCTX device) 
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was pressurized by compressed nitrogen acting on a differential-area 

amplifying piston. 

Force Measurement 

The force measurement system in the SSCTX device was composed of 

a piston load cell for monitoring axial load and pressure transducers 

and visually read gages for monitoring confining pressure. A 

10,000-lb, WES-fabricated piston load cell was located inside the 

tria.xial chamber and constructed of stainless steel with foil-type 

. SR-4 strain gages bonded to the piston surface. The load cell has 

pressure effects on the strain gages, but th~s error.was electrically 

zeroed out at the beginning of the shear phase of the constant con

fining pressure triaxial test. A 10,000-psi and a 2,000-psi commer

cially available pressure transducer was mounted along the pressure 

supply line to the tria.xial chamber.to monitor confining fluid pres

sure. The confining pressure was also monitored by visually reading 

one of the several commercially available gages (each gage covers a 

specific pressure range) mounted along the tria.xial chamber pressure

supply line. 

The force measurement system in the DSCTX device was composed of 

two load cells for monitoring axial load and a pressure transducer 

for monitoring confining pressure. One load cell was a 100,000-lb, 

WES-fabricated, piston-mounted cell located inside the triaxial 

chamber and constructed of high strength steel with foil-type SR-4 

strain gages bonded to the piston surface. The other load cell was 

a 20,000-lb, WES-fabricated, base-mounted cell located inside the 
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triaxial chamber and similarly constructed. Both load cells had 

pressure effects on the strain gages, but this error was compensated 

for by applying pressure correction factors in the data-reduction 

process. The pressure transducer was also WES fabricated. It was 

mounted inside the triaxial chamber and constructed of high strength 

steel with foil-type SR-4 strain gages bonded to its surface. 

Deformation Measurement 

Deformation on the triaxial specimens was monitored in the ver

tical (height change) and in the horizontal (diameter change) direc

tions by several methods. The vertical deformation in both devices 

was monitored externally on the loading piston by a 4-in. film poten

tiometer. Vertical deformation was also monitored internally on the 

specimen top cap by two commercially avai.lable linear variable dif

ferential transducers (LVDT's) mounted 180 deg apart in a holding 

ring around the specimen. The LVDT's had no pressure effects. Hori

zontal or lateral deformation in both devices was monitored inter

nally on the specimen itself. In the DSCTX device, the lateral de

formation at the midheight of the specimen could either be monitored 

with three horizontally mounted LVDT's or three strain-gaged cantile

vered spring arms. Figure 47 shows the instrumentation package with 

a specimen in place for the DSCTX device with LVDT lateral deform

eters. In the SSCTX device, the lateral deformation at 1 in. from 

the top cap, midheight, and 1 in. from the bottom cap was monitored 

with three sets of strain-gaged cantilevered spring arms. The top 

and bottom sets were identical and were composed of three spring 
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47. Dynamic stress-control.led tria.xial compression 
test specimen and data-measurement systems for the m;CTX 

dev:ice 



arms in each set. The midheight set was composed of four spring 

arms. All the strain-gaged cantilevered spring arms had pressure 

effects on their strain gages, but this error was compensated for by 
\ 

applying pressure correction factors in the data-reduction process. 

Although three lateral deformation measurements were made on each of 

the test specimens in the SSCTX device, only the midheight lateral 

deformation measurement was used in this study. Figure 48 shows 

the instrumentation package with a specimen in place for the SSCTX 

device. 

Recording System 

A Consolidated Electrodynamics Corporation (CEC) Data Graph 

5-133 oscillograph recorder was used to record the data versus time. 

This was accomplished by converting the output voltage signal from 

each of the measurement units into a proportional output current 

signal by.a carrier amplifier. The output current signals were 

then used to operate galvanometers that recorded the data on light-

sensitive paper. A precise kHz signal from an oscillator was used 

to produce timing marks on the recording paper. The dynamic tests 

were recorded at a chart speed of 160 in. per sec. The static tests 

were recorded at a chart speed of 0.1 in. per sec. 
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Fig. l+8. Static stress-controlled triaxial compression test specimen 
and deformation-measurement systems for the SSCTX device 
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