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ABSTRACT 

The common procedure for determining the strain rate so that 

no excess pore water pressure develops during drained tests is that 

suggested by Bishop and Henkel (1962). 

When this procedure is applied to the tailings used in this 

research a large amount of excess pore water was found. For the above 

reason, and due to high back pressure and stress resolution of the 

instrument, it was found difficult to simulate the K0 consolidation 

condition in the laboratory. 

Two series of tests were performed; one using the conservative 

strain-rate mentioned above and the other using one-tenth of this 

value. The significance of these results are discussed and recommen

dations given. 

x 



CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Laboratory tests are essential to understanding soil behavior 

under certain ideal conditions. The triaxial test is widely used in 

geotechnical laboratories to determine the shear strength parameters of 

soils. 

The major advantage of the triaxial device is its versatility. 

Some of the features of the triaxial apparatus, such as accurate pore 

pressure, volume change and load measurements, make it ideally suited 

for the determination of a soil's strength characteristics and volume 

change behavior under field conditions. These conditions include 

consolidation to the soil's in situ stress state and drained or 

undrained loading under any desired stress path 

The shear strength and deformation characteristics depend on 

the pore pressure conditions, which, in turn, depend upon the magnitude 

of the stresses acting in the soil and on the rate of strain 

application. Hence, the ability to control these conditions with 

accurate measurements is one reason for choosing this test, especially 

for research into soil behavior. 

1.2 Purpose of Study 

The primary objective of this research was to study 

experimentally the behavior of Duval tailing material during drained 

1 
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shear following isotropic or anisotropic consolidation. The emphasis of 

the applicability of Bishop and Henkel (1962) theory of strain rate 

determination with no excess pore water pressure development during 

drained tests for this material was examined. The influence of strain 

rate and density variation on the stress-strain behavior and volume 

change charactertistics of the tailing material was explored. Drained 

tests were conducted with different confining pressures on samples that 

had been consolidated under both isotropic and anistropic conditions. 

The anistropic consolidation corresponded to the K0 condition. 

A secondary objective of the research was to obtain stress-

strain and volume change characteristics for tailings materials under 

the K0 condition that could be compared with the soil's behavior under 

other states of stresses. However, this objective could not be 

achieved for reasons discussed in later chapters. This study will lead 

to a better understanding of the stress-strain relationships of tailing 

materials in general and Duval tailings in particular. 

1.3 Method of Approach and Scope of Work 

This investigation was conducted in the Soil Mechanics 

Laboratory at the University of Arizona's Department of Civil 

Engineering using the GDS triaxial apparatus, an advanced, accurate, and 

computerized triaxial cell system. The tests were carried out under 

consolidated drained conditions with volume change measurement under 

both isotropic and K0 consolidation conditions. 

Two series of tests were conducted in this research. The first 

series was performed to study the effect of strain rate during drained 

shear on the behavior of isotropically consolidated samples, with 
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particular interest on pore water pressure build-up. This was 

accomplished by performing eight tests. A strain rate close to the 

"theoretical" value proposed by Bishop and Henkel (1962) was used for 

half the tests, while a strain rate equal to one-tenth of the 

theoretical value was used for the other half. This series could not 

be accomplished because of difficulties in simulating K0 consolidation 

conditions. When this strain rate proposed by Bishop and Henkel was 

used, a large amount of excess pore water developed. For the above 

reason, and due to the high back pressure and stress resolution of the 

instrument, it was found difficult to simulate the K0 consolidation 

condition in the laboratory. 

In order to study the effect of strain rate on pore water 

pressure build-up during drained shear, the stress-strain, volume 

change and strength characteristics of selected tailings under various 

confining pressures and densities changes were measured in two groups 

of tests. One group was conducted under isotropically consolidated 

drained (CID) conditions and the other under K0 consolidation conditions. 

Difficulties simulating the K0 condition prevented completion of the CAD 

series of tests. 

The effect of strain rate on the behavior of isotropically 

consolidated samples was accomplished as follows: 

A. Two series of CID tests were performed on samples prepared 

at initial void ratios of approximately 0.721, 0.713, 0.516, 

and 0.491. One series of tests was performed at a "low" 

confinement pressure of 598 kPa and a second series was 

done at a "high" confinement pressure of 882 kPa. In all 



4  

cases a constant back pressure of 490 kPa was applied to 

the pore water. Therefore, the effective stresses for the 

"low" and "high" confinement pressures were 108 kPa and 392 

kPa, respectively. A strain rate of 8.16 mm/hr was used 

for both series of tests. This is the "theoretical" value 

obtained from the method of Bishop and Henkel (1962) to 

prevent the buildup of excess pore water pressure. 

B. The above four tests were repeated using a strain rate 

equal to one-tenth of the "theoretical" value. 

The effect of anisotropic consolidation on volume change was 

studied by preparing samples at the same initial void ratios as for the 

isotropic tests. A K0 value of 0.4 was calculated using the friction 

angle obtained in the isotropic tests and the Jaky equation (K0 = 1 -

sin<t>). 

In order to correlate these research findings with those of 

Chen (1984), the void ratios and confining pressures reached by him were 

used. This correlation will permit the evaluation of the testing 

machine and operation effects, since GDS is self-controlled while 

GE0N0R is operator-controlled. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Stress-Strain Characteristics of Cohesionless Soil 

The key to understanding the stress-strain behavior of a soil-

water system is to be able to predict the load-deformation-time 

response of the system and the ultimate load which the system can 

sustain within acceptable limits of performance. 

The first approach for solving soil mechanics problems of 

stress distribution and deformation is to assume the soil to be an 

ideal elastic medium (Terzaghi, 1936) where properties are defined by 

the deformation modulus and Poisson's ratio (Fig. la). For problems of 

stability, classical solutions are obtained by assuming the soil to be 

rigid-plastic or elastic-plastic where properties are defined by a 

single value of strength (Fig. lb). However, real soils depart from the 

elastic-plastic idealization, shown in Fig. lc, in one important aspect: 

real soil generally does not continue to yield at a constant stress 

after the point of failure is reached, as shown in Fig. Id. 

Furthermore, the stress-strain relationship of soil is non-linear (Fig. 

le). It depends on a number of factors including type of soil, density, 

water content, structure, drainage condition, stress history, number of 

5  
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loading-unloading cycles, confining pressure, loading rate and load 

duration. Therefore, the modulus of elasticity and Poisson's ratio are 

generally not constant for a given soil and may fluctuate with the 

preceding factors. 

The triaxial test may be performed in various ways so that each 

of the prementioned factors can be taken into account. Furthermore, to 

distinguish accurately between the different types of conditions and 

relate them to the more common practical problems, the strain rates at 

which the laboratory tests are performed should be representative of 

those occurring in the field. 

The primary literature regarding the conditions contributing to 

the strength characteristics of cohesionless materials are discussed in 

the following sections. 

2.2 Factors Affecting the Strength and Volume Change Characteristics 
of Cohesionless Soils Tested under Isotropic Consolidation 

2.2.1 Density and Void Ratio Expressed by Degree of Dilation 

The earliest demonstration of the influences of the void ratio 

or density of sand on the angle of internal friction was made by Taylor 

(1948), who introduced the concept of interlocking which occurs in dense 

sand. He proposed that the shearing resistance of sand is a result of 

two factors: friction, and a volume change component (interlocking). He 

suggested that part of the shear stress required to fail a dense sand 

is used to overcome interlocking and results in the energy required to 

permit the sand to expand against the confining pressure. 
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Taylor derived the following expression to determine the volume change 

component (interlocking) of shear strength in a direct shear test: 

dh /1 \ 
Te = an Hx (1) 

in which 

xe = shear stress required to provide energy for expansion, 

an = applied normal stress, 

dh = increment of shear deformation, 

dx « corresponding increment of sample thickness. 

Casagrande (1936) indicated the importance of volume change 

associated with the deformation of a cohesionless soil on its shearing 

strength. He demonstrated that, for dense sand in which individual soil 

grains are closely interlocked, shear deformation occurs only by the 

loosening of the structure. Hence, if a dense sand is so confined that 

it cannot expand when it is sheared, then its shearing strength is 

developed by resistance of the grains to crushing. Thus, the soil mass 

acts, essentially, like a rigid stone. Casagrande also showed that 

dense sands dilate (increase in volume at failure) during shear and 

exhibit a high angle of internal friction (at failure), whereas loose 

sands compress (volume decrease) during shear and develop a much lower 

angle of internal friction. Furthermore, he defined a critical void 

ratio to describe the particular density under a given confining 

pressure at which a sand can undergo any amount of deformation without 

volume change. 
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Bishop (1954) derived the following expression to describe the 

effect of dilation on the strength of cohesionless soils under drained 

triaxial conditions: 

in which 

oe = the stress associated with the volume change, 

a3 = confining pressure, 

dv = volumetric strain, 

dei = axial strain. 

This expression, called the Bishop Energy Correction, represents the 

portion of the applied deviator stress that resists expansion during 

where 

ae = portion of deviator stress associated with the volume 

_ _ _ dv 
°e - °3 3TI ( 2 )  

shear 

Equation 2 can be rewritten as 

(3) 

change 

dtf = rate of increase of volume 

v  volume of sample 

= rate of increase of axial strain 
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Poorooshasb and Roscoe (1961) support the application of 

Bishop's expression to account for dilation during shear in drained and 

undrained tests on cohesionless soil. 

Rowe (1962) introduced parameters to modify the expression of 

Bishop and to extend its use. Furthermore, Rowe derived the following 

alternative expression to determine the angle of internal friction (<t>f) 

of a granular material after the effects of dilatancy are removed: 

tan2 (45 + £) = 2i —I— (4) 
°3 l • « 

v£ 

Rowe divided the total work done during shearing into four 

principal components. Figure 2 illustrates each of these components 

and the so-called "energy separation" expression of Eq. (4). This 

information was obtained from a series of strength tests carried out on 

a soil at different void ratios. Shown are the relative values of 

internal friction angle at total, ij)^, corrected (dilatancy effects are 

deducted), 4>e, and sliding, <f>o, conditions. A brief description of the 

components follows: 

1. Strength mobilized by frictional resistance (sliding friction). 

This is due to internal energy and is not accompanied by volume 

change. Resistance is due to interparticle friction and 

additional energy due to sliding. It results in an internal 

friction angle <j>0. 
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2. Strength developed by the energy required to rearrange and 

reorient soil particles. This is due to internal energy absorbed 

in friction following the change in effective stress on the 

interparticle planes. This strength is dependent on volume 

change and when added to the sliding friction component results 

in internal friction angle 4>e. 

3. Strength developed by the energy required to cause dilation. 

This strength is also dependent on volume change and results in 

the internal friction angle ^ when added to the other strength 

components. 

4. Stored and recoverable "elastic" energy. 

From these considerations, Rowe concluded that the use of an 

energy separation expression is more desirable than use of energy 

corrections. 

2.2.2. Confining Pressure 

The shear strength and deformational characteristics of sand 

are affected by the level of the confining pressure. Lee and Seed 

(1967) studied the dilation behavior of sands under various confining 

pressure levels. They found that sand can be sheared without volume 

changes at failure by testing it at the appropriate "critical confining 

pressure". 

Ponce and Bell (1971) investigated the variations of strength 

parameters with decreasing confining pressure. Series of tests were 

conducted at various cell pressures from 0.2 to 35 psi under drained 

conditions, with the following results: 



1. The shear strength and deformation characteristics of the sand at 

low pressures [<50 kPa (5 psi)] are different from those at 

higher confining pressures [(>50 kPa (5 psi)]. 

2. The increase of dilation during shear at low pressures increases 

the principal stress ratio of failure as a result of the energy 

required for expansion. 

3. The behavior of loose sands at low pressures is similar to that 

of dense sands at moderate pressures with respect to volume 

change. 

4. The increase in shear strength at low pressures is due to the 

development of an apparent cohesion. Therefore, sands should not 

be called "cohesionless" materials in general. 

5. The influence of stresses due to membrane confinement, the 

weight of the top loading cap and porous stone, the self-weight 

of the specimen, and the hydraulic head in the burettes are 

significant for the test results. 

Bishop, Webb and Skinner (1965), on the other hand, investigated 

the shear strength of sands at high cell pressures. Their tests were 

carried out on sand under drained and undrained conditions at three 

cell pressures, 100, 500 and 990 psi. Difficulties due to crushing of 

the particles during shear were encountered in determining the shear 

strength parameters. The results of the drained tests of loose 

saturated sand showed the usual characteristics for uncompacted sand 

for tests having the lower pressure, while for those tests having 

medium pressure, the soil began to shear at constant stress with 
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decreasing volume, and for tests having the higher pressure, the 

equipment reached its limits before the soil failed. 

Hall and Gordon (1963) investigated the effect of high lateral 

pressure on the shear strength of soil. The tests were carried out 

under pressures of up to 650 psi on three kinds of soil. Large 

specimen sizes (up to 12 in. in diameter) were used. The results of 

their tests showed that the slope of the Mohr Coulomb failure envelope 

for the sandy and gravelly soils used in their investigation decreased 

with an increase of the lateral pressure due to particle breakdown 

during shearing. In contrast, no effect of high lateral pressure was 

noted for the clayey and silty materials used in their research. 

Hirschfeld and Poulos (1963) investigated the effect of high 

confining pressure on compacted sand and undisturbed silt. Their 

results showed the following: 

1. The volume of the sample increased during shearing at low 

confining pressure and decreased during shear only at high 

confining pressures. 

2. The strain at failure increased slightly with increased confining 

pressures. 

3. A continuous decrease of volume under larger deviator stress 

occurred only for specimens tested at the highest confining 

pressures [>3100 kPa (450 psi)]. 

4. An initial increase of volume and a net volume increase at the 

end of the test occurred for specimens tested at low confining 

pressure [<785 kPa (114 psi)]. 
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5. An intermediate volume change behavior occurred for specimens 

tested at intermediate confining pressures [=1480 kPa (215 psi)]. 

2.2.3 Rate of Strain under Drained Conditions 

Precise control of strain rate is essential for drained tests 

to ensure that excess pore pressures dissipate during loading. The 

effects of incomplete pore pressure dissipation may be illustrated by 

considering the two extremes of undrained and fully drained tests. 

Consolidation theory implies that a fully drained condition is virtually 

impossible to attain in the laboratory in a finite period of time. 

Therefore, a certain amount of excess pore water pressure still remains 

at the time of failure. Consequently, laboratory tests performed at 

the same conditions of drainage and applied stress as in the field will 

not be fully drained. Furthermore, the measured strength will differ 

from the fully drained strength by the amount of pore pressure 

remaining. 

The principal factors which control pore pressure dissipation 

(which in turn control the measured strength in a drained test) are the 

permeability and compressibility of the soil, the location of the 

drainage surfaces, and the rate of strain (which is, in turn, dependent 

on the other factors). 

Gibson and Henkel (1954) derived expressions to estimate the 

time required to ensure that the fully drained condition be approached 

during a consolidated-drained triaxial test. They also derived an 

expression to obtain the degree of consolidation at falure (Uf) in terms 

of the time to failure, tf, by the following equations 
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(5) 

in which, 

D = length of longest drainage path in the specimen, 

= H/2 for doubly drained samples 

H = height of specimen 

ct = coefficient of consolidation relevant to the test type, 

tf = duration of the test to failure, 

n = a numerical factor depending upon drainage conditions at 

the sample boundaries. 

The value of n is given for drainage conditions most likely to 

be encountered in triaxial testing for a length to diameter ratio of 

2:1. The values of n for various conditions of drainage are given in 

Table 1. Bishop and Henkel (1962) found that the maximum strength 

value corresponds to a theoretical degree of pore pressure dissipation 

of about 95%, after which a gradual reduction in strength occurs. If 

Uf = 0.95 is used to estimate the time to failure, tf, then the required 

duration of the test to failure for a drained test, according to Eq. 

(5), is 

H2 
= 20 H2 

( 6 )  

where cv = c-t = coefficient of consolidation. 

An adequate rate of testing may be determined for a certain 

material by measuring the drained strength of samples tested at 



Table 1. Values of n for Various Conditions of Drainage 

Drainage Conditions n 

Drainage from one end only 0.75 

Drainage from both ends 3.00 

Drainage from radial boundary only 32.00 

Drainage from one end and radial boundary 35.80 

Drainage from both ends and radial boundary 40.40 
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different loading rates. The purpose of the theory is to provide 

boundaries for these trials so that a satisfactory rate may be more 

readily determined. 

2.2.4 End Restraint 

In conventional triaxial testing there is usually friction 

between the specimen ends and the rigid end caps. The transmission of 

axial load is accompanied by a restriction of lateral deformation at 

these surfaces. This creates nonuniformity of stresses and strains in 

the test specimens and a shift in the principal stress directions. 

However, the stresses, strains and volume changes in triaxial testing 

are determined on the basis of the average values over the entire 

specimen. The results of various studies (for example, Bishop and 

Henkel (1962); Al-Hussaini (1970); Ball a (1960), Rowe (1964); Olson 

(1964); Lee and Seed (1964); Bishop and Green (1965), etc.) suggest that 

there are significant variations of stress in the specimen. However, 

there are different conclusions regarding the significance of end 

restraint  on the volume change character ist ics and strength of  t r iaxial  

test specimens. 

Bishop and Henkel (1962) carried out several tests using both 

special and regular end fittings on cylindrical specimens of sand having 

different ratios of length to diameter ranging from 1-1/2 to 2-1/2. 

They showed that lubricated ends increase the axial and volumetric 

strain at failure for dense sand but have little or no effect on loose 

sand. Moreover, they showed that the rate of change of volume at 

failure depends on the initial density and not on the end restraints. 



In contrast, Rowe and Barden (1964) indicated that lubricated 

ends slightly decreased the rate of volume change at failure, whereas 

the results of tests conducted by Lee and Seed (1964) showed that 

lubricated ends increased the rate of volumetric strain at failure. 

The above citations indicate that there is some disagreement 

concerning the influence of end restraints on the deformation 

characteristics of soil in triaxial testing. The variance in the 

results of these investigations may be due to the different materials 

and testing equipment used. In the writer's opinion, questions 

regarding the influence of end restraint on the deformation 

characteristics of soil should be evaluated separately under a wide 

range of confining pressure, relative density, and consolidation methods 

for each type of soil being tested. 

2.3 Anistropic Consolidation under Kn Conditions 

In problems involving settlement of large fills, lateral earth 

pressures on retaining structures, and the stability of open cut 

excavations, it is important to consider the ratio of horizontal to 

vertical effective stresses associated with the condition of no lateral 

yielding. This ratio is known as the coefficient of earth pressure at 

rest, K0. As indicated previously, observation of the deformation 

characteristics of soils in laboratory tests under conditions which 

simulate natural occurrences is essential. 

Since stresses under K0 conditions play a major role in soil 

behavior, the measurement of K0 in the laboratory as well as in the 

field has been of interest to many researchers for many years (e.g., 

Terzaghi, 1934; Holtz, 1972; Bjerrunm and Anderson, 1972; Fry, 1963; 
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Al-Hussaini, 1972). Many methods and testing devices have been 

developed for determining the effect of K0 variations on uniaxial 

stress-strain relationships. These can be categorized in one of the 

following four groups: 

1. A circumferential ly attached linear variable displacement 

transducer (LVDT), 

2. A lateral strain sensor(strain gages), 

3. An indirect method which uses a bruette to measure volume 

change, 

4. A swinging arm with an external LVDT. 

It is not the purpose of this review to discuss methods for measuring 

K0. It is, rather, to indicate that K0 may have a significant effect on 

soil behavior. 

For example, Hendron (1963) carried out a series of drained 

tests on four different types of sand at various relative densities to 

obtain a relationship between the angle of internal friction and the 

initial void ratio. This relationship was used to establish a 

correlation between the coefficient of earth pressure at rest, K0, and 

angle of internal friction, <|>, as given in Eq. (7). 

K0 = \ I" 1 + /6/8 - 3/6/8 sin* 1 (?) 

1 - •6/8 + 3/6/8 sin4) •" 

Furthermore, Hendron's investigation showed a straight-line relationship 

between lateral stress and vertical stress for vertical stresses below 

1000 psi. 



Investigations conducted by Jaky (1944), Kjellman and Jakobson 

(1955), as well as those conducted by Hendron, showed that, for a given 

sand, K0 decreases as the angle of internal friction increases. 

2.4 Rubber Membrane Effects on Cohesion!ess Soils 

The cylindrical specimens in a triaxial device are sealed in a 

water-tight rubber membrane before they are subjected to fluid 

pressure in the test cell. Although there are many difficulties with 

installing the rubber membrane and although its presence may influence 

the test results, there are no practical alternatives. One idea is 

using a cell fluid which is not dissolvable, but density and chemical 

effects on the soil eliminate this solution. Consequently, 

investigations of the problems associated with using rubber membranes 

have been made. Perhaps the most comprehensive of these is the study 

performed by Henkel and Gilbert (1952). 

Besides the effect of the rubber membrane on the soil strength 

and volume change characteristics of the soil, there may be some 

problems encountered during testing due to the presence of the 

membrane. Among these are leakage and the effect of dissolved gases 

and minerals in the water on the elastic properties of the membrane. 

Testing membranes before their use and using distilled and fully de-

aired water usually overcomes these problems. 

2.4.1 Membrane Thickness 

The influence of the membrane on the strength of the soil is 

the same as that of a reinforcing shell. Henkel and Gilbert (1952) 

showed that the strength contributed by the rubber membrane is 
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independent of the specimen strength, proportional to the stiffness of 

the membrane, and independent of the cell pressure. Consequently, 

membranes may increase the minor and intermediate principal stresses 

during specimen deformation if they wrinkle or buckle under load. This 

is especially true in the case of loose cohesionless soil and drained 

tests. 

A method for membrane correction was derived by Henkel and 

Gilbert (1952) based on the following assumptions: the rubber membrane 

and test specimen deform as a unit, and the rubber membrane acts as a 

compression shell. Hence, the total pressure on the sample can be 

divided into two parts: the axial pressure (deviator pressure), and the 

compression shell pressure (lateral pressure due to the rubber 

membrane). 

The correction, orm, applied to the measured compressive 

strength due to the effect of the rubber membrane, is given by the 

following expression: 

irDMe _  irDMe(l-e)  t o x  
«rm - r0 

(8) 

where 

D = initial diameter of the sample, 

e = axial strain, 

ao = initial cross-sectional area of the specimen = a(l-e), 

a = the corrected area of the sample at axial strain e, 

M = compression modulus of the membrane. 
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M values for compression can be assumed to be approximately 

the same as that of extension, which can be easily measured. As has 

been shown by Henkel and Gilbert (1952), the correction is 

approximately proportional to the sample strain for each membrane. 

Although Eq. (8) was calculated from tests carried out on clay soil, it 

can be used for sand as well. 

2.4.2 Membrane Penetration in Coarse Grained Specimens 

A problem arises from the nature of the contact between sand 

and the surrounding membrane. As the difference betweeen the applied 

confining pressure and the pore pressure increases, the membrane is 

pushed farther and farther into the crevices between the particles. 

This influences the volume change measurement of specimen. 

In drained triaxial tests, the volume changes are determined by 

the quantity of water drained from a fully saturated specimen. The 

difference between the cell pressure and pore water pressure causes 

the membrane to penetrate into the specimen. Furthermore, the 

measurement of volume changes will be incorrect for the reason just 

stated. 

A series of investigations that took place over two decades 

showed that membrane penetration is mainly influenced by particle size. 

Grain shape sample density and grain size distribution have only a minor 

influence. 

A study made by Kiekbuch and Schuppener (1977) confirms the 

relation derived by Steinbach (1967) between mean particle size (DSQ) 

and membrane penetration. Also, it recommends the use of liquid rubber 
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to eliminate the influence of membrane penetration under drained 

conditions. 

Vaid and Negussey (1984) recommend two methods for minimizing 

the effect of rubber membrane penetration that are based on reliable 

assumptions. The first method requires at least two tests (and 

preferrably three or more) on specimens of different diameters. The 

total volume change for each specimen can be written as follows: 

Avj = Avm + Avc (9) 

where 

Avj = total volume change, 

Avm = volume change due to membrane penetration, 

Avc = volume change due to soil deformation. 

The above equation may be rewritten as: 

AVT Vn 
~ 5m + ev T~ (10) 

S "S 

where 

As = sample surface area covered by membrane, 

6m = unit membrane penetration, 

ev = soil volumetric strain, 

V0 = initial volume of soil sample. 

For a triaxial sample with a length to diameter ratio of two, 

the ratio V0/As equals 
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Consequently, Eq. (10) becomes 

(11) 

A linear relationship between D and can be plotted using 

two or more different diameter samples with constant effective 

confining stress and density. The unit penetration, 6m is obtained as 

the interceptor and the volumetric strain is four times the slope of 

the straight line. This method, based on the soil volumetric strain, 

ev, will be identical for triaxial samples of different diameter but 

the same density under given effective confining pressures. 

The second method requires only one test for membrane 

correction. If the behavior of the sand is assumed to be linearly 

elastic both in loading and unloading as simple shear tests indicate 

(Newland and Allely, 1957), then the volume change due to membrane 

penetration would be the same for both loading and unloading also. 

Hence, the soil volumetric strain under unloading, evu, can be obtained 

as three times the axial strain (eau), i.e., 

When Eq. (12) is substituted into Eq. (11), the following is 

obtained for the case of unloading, 

evu = 3eau (12)  

= Smu + ( j eau ) n 
Avju 3 (13) 

where the subscript "u" refers to unloading. 
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This method is the same as that proposed by Newland and Allely 

(1957) with the exception that soil isotropy is assumed for unloading 

only and not for loading. 

Experimental evidence of the validity of these two methods, as 

well as criticism of the other available methods performed by other 

investigators, are well documented in the literature (e.g., Roscoe, 

Schofield and Thurairajah, 1963; Rajuard and Sadsivan, 1974; Frydman, 

Zeitlen and Alpan, 1973). 



CHAPTER 3 

DESCRIPTION OF RESEARCH 

In this chapter the laboratory testing program for this 

research is described. It includes a description of the equipment and 

material used, specimen preparation, instrumentation, testing 

procedures, and associated computations. 

3.1 Introduction 

The engineering behavior of Duval tailing material under various 

types of confining pressure, duration of loading, and density changes 

was studied in the laboratory. Two groups of triaxial compression 

tests were performed, isotropic consolidated drained (CID) and 

anistropic consolidated drained (CAD). For each group, two confining 

pressures were used; one "low" (598 kPa), and the other "high" (882 

kPa). Tests under these conditions were performed on samples prepared 

at two densities; one loose (e = 0.713 & 0.721) and the other dense (e 

= 0.516 & 0.491). The CID tests were performed using two strain rates; 

one close to the "theoretical" value (8.16 mm/hr) computed for the 

tailings material by the method proposed by Bishop and Henkel (1962) 

and the other one-tenth of that value (0.816 mm/hr). These values void 

ratios, confining pressures, and strain rate were chosen to be identical 

with the conditions used by Chen (1984). This was done partially to 

evaluate the effect of equipment type on the test results as well as 

27 
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to obtain a correlation of both results for future use. As indicated 

previously, Chen used a modified Geonor triaxial testing device in his 

research. The research program conducted here is summarized by the 

tree diagram shown in Figure 3. 

3.2 Equipment Used in This Research 

3.2.1 Introduction - The GDS Triaxial Testing System 

The equipment used for this research was a GDS Triaxial Testing 

System developed by GDS Instruments Ltd. of Surrey, England. The 

system, shown schematically in Figure 4 consists of: 

(1) One Bishop/Wesley Triaxial Cell. 

(2) Two DGS digital pressure controllers with a capacity of 2000 

kPa (1000 cc) each. 

(3) One GDS digital pressure controller with a capacity of 1000 

kPa (200 cc). 

(4) A GDS Standard software package. 

(5) A Hewlett Packard HP85B computer. 

(6) A Hewlett Packard 7470A graphic plotter. 

Detailed descriptions of the system's elements can be obtained 

from the manufacturer's brochure. Each of the system's components 

will be described briefly in the following sections. 

3.2.2 Bishop/Wesley Triaxial Cell 

The Bishop/Wesley Triaxial Cell or Hydraulic Triaxial Apparatus 

is shown diagrammatically in Figure 5 and photographed in Figure 6. 
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Figure 3. Tree diagram of the research program. 
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Figure 4. Diagrammatic layout of the GDS triaxial testing system. 
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F i g u r e  5 .  Bishop/Wesley stress path apparatus. 



32 

Figure 6. Photograph of Bishop/Wesley stress path apparatus. 
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The upper part of the cell is similar to a conventional 

triaxial cell except that it is stationary during the testing operation. 

The load cell is brought to contact with the top loading disk by the 

adjusting nut on top of the cell before the test is begun. 

The lower section of the cell, the bottom pressure chamber, is 

the moveable section. It consists of an aluminum cylindrical chamber 

containing a moveable aluminum piston which can be controlled by the 

fluid pressure of the chamber. 

The axial load is applied by increasing the pressure in the 

bottom pressure chamber which pushes the load ram upwards. The sample 

is placed on a pedestal at the top of the loading ram. The piston and 

pressure chamber are located beneath the load diagram. Pore pressure 

leads from both ends of the sample pedestal are taken down the center 

of the equipment and out through the slots for connection to a 

controller and pore pressure and/or volume change measuring devices. 

Two identical Bellofram rolling seals are used in the apparatus 

to retain the cell fluid and the bottom pressure chamber fluid while 

allowing the loading ram to move up and down. The use of the two 

seals has the following advantages: 

(1) Strain measuurement can be made externally either by means 

of the dial gages placed on the cross arm attached to the 

loading ram (as shown in Figure 5) or by means of the volume 

of fluid entering the load chamber. 

(2) Extension tests (tests in which radial stress is greater than 

axial stress) are possible as the pressure in the bottom 

pressure chamber can be made less than the cell pressure. 
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(3) The linear bearing in the bearing housing (Figure 5) is not 

submerged in either the cell or loading chamber fluids so 

that the use of oil to protect the bearing is not needed. 

The worst thing that can happen to a bellofram seal is that it 

be turned inside out. Although this apparatus is designed to minimize 

the probability of this happening, care should be taken not to push the 

loading ram up or down manually or not to depressurize the bottom 

pressure chamber excessively. 

The changing of fluid energy into mechanical energy is the 

principle by which the apparatus works. 

3.2.3 Pressure Controllers 

The GDS Digital Pressure Controller is shown diagrammatically 

in Figure 7 and photographed in Figure 8. It provides the essential 

link between the computer and the test cell. This microprocessor 

controlled hydraulic servo-mechanism generates, measures and displays 

water pressure and volume change. It has the following features: 

(1) A constant or varying water pressure source that can be 

controlled to an accuracy of 1 kPa. The magnitude of 

pressure is digitally displayed. 

(2) A constant-volume pore pressure measuring system. 

(3) A digital volume change gage that displays volume change to 1 

mm3. 

Details of the components are contained in the manufacturer's 

brochure. 
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Figure 7. Diagrammatic layout of the digital pressure controller. 
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3.2.4 Hewlett Packard Computer and Graphic Plotter 

The computer system used in this research was the Hewlet 

Packard HP85B computer with a 7470A graphic plotter. Figure 9 shows a 

photograph is this computer and plotter. 

The following are a few features of the HP-85 computer: 

(1) Loads and stores programs and data on a magnetic tape 

cartridge with the built-in tape drive. 

(2) Has high-speed storage capacity of the built-in electric disc. 

(3) Lists programs and data with the built-in thermal printer. 

(4) Has graphics capabilities. 

The HP7470 Graphics Plotter is a vector plotter which produces 

high quality, multi-color graphics. Plotting occurs with approximately 

2g acceleration and a maximum velocity of 38.1 cm/s. 

3.2.5 GDS Standard Software Package 

The software program was developed to control and monitor the 

triaxial testing of 50 mm, 75 mm and 100 mm diameter specimens which 

cover under any of the following conditions: 

(1) Unconsolidated-drained 

(2) Consolidated-undrained with pore pressure measurement 

(3) Drained with volume change measurement 

(4) K0 consolidation and swelling 

(5) Drained and undrained stress path 

(6) Cyclic loading with triangular, square or sinusoidal wave 

forms with periods down to sea wave periods. 
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GDS software records up to 350 data points and any of twenty 

test parameters can be automatically plotted against another. Scales 

can be enlarged so that portions of the plot can be examined in greater 

detail. 

For more details of this package, see Appendix A. 

3.3 Properties of Soil Used in this Research 

The material used in this research was collected from the 

tailings impoundment of Duval Copper Mine, located about 40 miles 

southwest of Tucson, Arizona. A general description of mine tailings, 

properties in general and the Duval mine tailings in particular, 

follows. 

3.3.1 Properties of Mine Tailings in General 

Tailing materials are waste products of mining operations. In 

most milling processes, ore is crushed and ground to a particular size 

small enough for the mineral values that it contains to be freed (to 

into solution) during predetermined chemical processing operations. 

Hence, the nature of tailings varies according to the ore being milled 

and the particular processing operation. Consequently, in addition to 

conventional characteristics used in soil classification, e.g., 

gradation, specific gravity, and plasticity, a tailings material can be 

classified according to the type of ore that it contains. The following 

is a list of various types of tailings which are commonly produced 

according to the minerals they contain: coal, tar sands, lead-zinc, 

gold-silver, copper, molybdenum, nickel, taconite, phosphate, bauxite, 

uranium and potash. 
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The physical and geotechnical properties of tailings are 

discussed extensively in the literature. The following references are 

given as examples for specific types of tailings: 

(1) Gold: Blight and Steffan (1979) 

(2) Phosphate: Anderson (1969); Bromwell and Raden (1979) 

(3) Taconite: Earle J. Klohn (1979); Guerra (1973) 

(4) Copper: Sultan (1978); Volpe (1979) 

(5) Coal: Baker, Busch and Atkins (1977) 

(6) Uranium: Johnson (1980) 

(7) Lead-Zinc: Mabes, Hardcastle and Williams (1977) 

(8) Tar Sands: Nygren, Haakonson and Mittal (1979) 

(9) Molybdenum: Soderberg and Busch (1977); Vick (1973) 

(10) Nickel: Taggart (1945) 

(11) Bauxite: Somogyi and Gray (1977) 

3.3.2 Duval Mine Tailings 

Chen's (1984) study showed that the Duval tailings material can 

be described as a well-graded, non-plastic silty sand with about 37% 

by weight passing No. 200 sieve. Figure 10 shows the grain size 

distribution curve, obtained by Chen for the Duval tailings. The 

particles for both sand and silt are angular. The material has a 

coefficient of uniformity of 12 with a D10 of 0.011 mm. The specific 

gravity of soil solids is 2.74. 



42 

U.S. Standard Sieve Sizes 

40 60 100 200 

x 60 

3 

£ 
Id 
9 
e 

e 
» u 
u 
V cu 

111III I 
1.0 0.1 0.01 

Grain Size in Millinetera 

0.001 

Figure 10. Duval copper tailings grain size distribution curve 
(after Chen, 1984). 



The results of the Standard Proctor Compaction Test (ASTM D-

698) and Modified Proctor Compaction Test (ASTM D-1557) are shown in 

Figure 11. The Standard Proctor curve shows a maximum dry density of 

118 lb/ft3 at an optimum moisture content of 11.4% while the Modified 

curve shows 125.1 lb/ft3 as the maximum dry density at an optimum 

moisture content of 9.9%. 

The variation of the coefficient of permeability with void ratio 

as determined by two methods, the Oedometer Test and the Hydrostatic 

Consolidation Test, is shown in Figure 12. The coefficient of 

permeability ranges from 1.5 x lO"4 cm/sec under zero load down to 4 x 

10"6 cm/sec under 1540 kPa (16 ton/ft2). The calculated coefficient of 

consolidation (Cv) over the same pressure increment ranges from 4.5 

ciii2/sec to 1.4 cm2/sec. 

3.4 Laboratory Procedures 

In this Section, details of the testing procedures used in this 

research are presented. These include specimen preparation, sample 

saturation in the triaxial cell, strain rate determination, and 

different loading methods. 

3.4.1 Specimen Preparation 

To prepare specimens for testing, a small drop hammer and a 

specially built cylindrical aluminum mold consisting of three split 

sections were used. These are shown in Figure 13. In order to produce 

groups of test specimens with different initial dry densities, the 

number of blows of the hammer was systematically varied. The split 
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Figure 11. Dry density-moisture content curves (after Chen, 1984). 
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Figure 13. Mold and hammer for sample preparation. 
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mold was always covered with a piece of wet linen to reduce moisture 

evaporation during the compaction procedure. 

All specimens were prepared by placing ten layers of soil of 

equal weight into the mold. For each of the first nine layers, an 

amount of oven-dried tailings material equal to 1/10 of the desired 

specimen dry weight and an amount of distilled water equal to 1/10 of 

the weight of water required for the desired molding water content 

were thoroughly mixed and tempered before being placed in the mold. 

For the last layer, the amount of soil and water prepared was slightly 

increased by a known weight, to cover any shortage of the compacted 

material. Left-over material from specimen preparation was collected, 

oven-dried, weighed and subtracted from the initial weight of the 10th 

layer to determine the actual dry density of the last lift of the 

specimen. The density of specimens prepared in this way varied within 

2 gm, as compared to a total weight of approximately 350 gm. This 

suggests that the method used in sample preparation was reliable in 

duplicating samples. 

3.4.2 Specimen Saturation 

Following specimen preparation, the lower chamber and the pore 

water ducts were filled with de-aired water. The test specimen was 

then positioned on the pedestal and the triaxial cell was mounted with 

the top cap ball seating approximately 2 mm from the conical register 

fixed to the load cell. Then, the triaxial cell was sealed shut and 

filled with distilled water. 
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De-aired distilled water was supplied to the bottom drainage 

line of the specimen under a head of about 50 cm of water to percolate 

through the specimen. The percolating water exited from the top 

drainage line. A confining pressure of 10 kPa was necessary to prevent 

the specimen from collapsing during the percolation test. 

After 24 hours of percolation, a back pressure of 490 kPa was 

applied to both ends of the specimen to dissolve the remaining air 

bubbles in the system and saturate the specimen. Details of the back 

pressure process follow. Recall that the system contains three 

pressure controllers; one for the cell pressure, one for the pore water 

pressure and one for the axial load (lower chamber). The pore pressure 

and cell pressure controllers were both manually operated to increase 

pressure in the cell and pore water in 20 kPa intervals with the cell 

pressure always kept at 10 kPa greater than the back pressure. Enough 

time was allowed to elapse for each interval so the water could enter 

the specimen, equalize the pressure and prevent over-consolidation of 

part of the specimen. After back pressure to 490 kPa had been reached, 

the specimen was kept at this pressure for 24 hours. It was found that 

for most of the specimens tested for this research, 24 hours under a 

back pressure of 490 kPa, was sufficient to attain a value for the 

Skempton B parameter of 0.98 or higher, i.e., saturation was virtually 

total. 

3.4.3 Procedures for CID Tests 

Once the specimen had been set up in the triaxial cell, the 

conditions of the test (consolidation pressure, strain rate, etc.) were 
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read into the HP computer. From that point on the test was completely 

monitored and virtually run by the computer. It directed the pressure 

controllers to set the required pressures and make the required volume 

changes. Current readings of pressure and volume change were taken 

under computer commands. An extensive description of the equipment and 

program user manual for these tests is presented in Appendix A. 

3.4.3.1 Initiation. After completion of the saturation 

process, which was manually performed, the initiation process was 

introduced. 

The initiation process consisted of switching the controllers 

from manual operation to computer operation as well as checking the 

value of the Skempton pore pressure parameter B. This process is 

explained in Appendix A. 

3.4.3.2 Consolidation. After a Skempton B parameter of 0.98 

or higher had been reached, the specimen was considered to be fully 

saturated. Consequently, volume change under the applied effective 

consolidation stress would be exactly equal to the volume of pore 

water expelled from the sample. In this group of tests, all specimens 

were isotropically consolidated by increasing the effective confining 

stresses (cell pressure) to the desired value and by keeping the back 

pressure constant, i.e., the difference between the pore water pressure 

and cell pressure = 10 kPa. The control over this consolidation 

process was carried out by computer. See Appendix A for further 

explanation. 



3.4.3.3 Loading for Strain Control. Following the 

consolidation process, the specimen was loaded under drained conditions. 

This test consisted of applying axial load at a constant rate of strain 

with a constant radial stress (cell pressure) and constant pore water 

pressure (back pressure) in such a way that no excess pore water 

pressures developed while the specimen was loaded axially to failure. 

To accomplish this by computer control, the strain rate was required. 

Two rates were used. The faster or "theoretical" rate, which was 

calculated by means of Eq. (6) was 8.16 mm/hr, while the slower rate 

was 1/10 of the faster rate, or 0.816 mm/hr. 

The program description of the drained test is provided in 

Appendix A. 

3.4.4 Procedures for CAD - K0 Consolidation 

The anistropically consolidated drained tests were to be 

performed in the same manner as the tests run on isotropically 

consolidated specimens. The consolidation condition and the procedure 

involved with obtaining it were the only differences between the two 

test series. Also, the CAD tests were to be run at only one strain 

rate, 8.16 mm/hr. For reasons to be discussed in Chapter 4, only the 

K0 consolidation portion of the CAD tests was done. A brief description 

of the test procedures for this portion follows. 

3.4.4.1 Initiation. The test initiation was identical to that 

of the Consolidated Isotropically Drained tests given in Section 3.4.3.1. 

3.4.4.2 Consolidation. The K0 consolidation was carried out at 

0% radial strain by keeping the computed mean diameter of the test 

specimen constant to +_ 1 micrometer (micron). The algorithm used by 
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the computer to control the K0 consolidated test was executed in two 

steps. 

(1) The required axial displacement for the desired strain 

increment was set. The computer calculated the lower 

chamber volume change required to obtain that displacement 

and monitored actual volume changes until the required value 

was reached. 

(2) The cell pressure was adjusted in such a way so as to cause 

the volume change in the specimen, which could be read from 

the pore pressure (back pressure) controller, to occur with 

the test specimen average diameter constant. 

The algorithm described above was adjusted automatically by the 

computer to the consolidation rate of the actual specimen, i.e., the 

program used for this procedure was set up in such a way so as not to 

proceed to the next displacement until the volume change applied to the 

lower chamber controller, i.e., the volume corresponding to the volume 

displacement equaled that of the volume recorded in the pore water 

pressure controller, i.e., the volume of water expelled from the 

specimen. 

3.4.4.3 Loading for Strain Rate Control. The procedures for 

strain control of anistropically drained test conditions were to be 

identical to those of isotropically consolidated drained tests given in 

Section 3.4.3.3, however, this phase of the test was not performed for 

reasons to be discussed in Chapter 4. 
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3,5 Computations Related to Triaxial Tests 

The following two sections contain a presentation of the 

equations involved in evaluating the change in conditions that took 

place during operation of hydraulic triaxial apparatus. 

3.5.1 Standard Calculations 

The following expressions were used extensively in the computer 

program for controlling, operating and calculating the results of the 

tests. 

The expressions for referring to the controllers in this 

equation are as follows: 

(1) Cell Controller: 

ar = radial stress 

Pc = cell pressure, designated by cell controller = ar 

Avr = radial volume change 

Avc = cell volume change, designated by cell controller = 

AVp 

(2) Pore Pressure or Back Pressure Controller: 

u = pore water pressure 

Ppr = pore water pressure of the specimen, designated by 

the controller = u 

Avu = volume change in the specimen 

Avpr= volume change of the specimen, designated by the 

controller = Avu 
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Lower Chamber Pressure Controller: 

P = pressure in the lower chamber 

P£ = Pressure of the lower chamber, designated by the 

controller = P 

Avp = volume change in the lower chamber 

Av£ = volume change in the lower chamber, designated by 

the controller = Avp 

By using the expressions described above, the following values 

be calculated: 

Original area of test specimen A0 

A0 = *(D0)2/4 (14) 

where D0 = the mean original diameter of the specimen, due 

allowance being made for the thickness of the rubber 

membrane. 

Original volume of the test specimen, V0 

V0 = A0 L0 (15) 

where L0 = the original height of the test specimen. 
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Axial strain ea 

aL (Av£/a) Av£ 
ea = 1 , TT— (16) 

Lo Lo aLo 

where a = the effective area of the Bellofram seal 

AV£ = volume change in the lower chamber. 

Current average area A, of test specimen, assuming right 

circular cylindrical deformation as per Bishop and Henkel, 

1962 

V0 - v 

V0 
= AqLQ = AL = A(Lg - AL) 

V = V0 - Avpr 

where V0 = initial volume of sample 

Avpr = volume change of the specimen in drained 

condition 

v0 
- ^Vpp = A(LQ - AL) 

A _ V0 - AVpp _ V0/L0 - AVpp/L0 

L0 - AL = i - AL 

A (l-o/l-o ~ Avpr/v0) ^o^-o 
= o r̂ Ta 

A = ^o " Avpr/vo)/(l " ea) (17) 
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(5) Axial stress 

°a = °1 = °d + °r 

P^a ora w 
- j-  + °r -  -~r ~ J 

^ * or(l - |> - £ (18) 

where W = weight of the loading ram 

P£«a = vertical load 

(6) Effective axial stress, a'a 

aa = °a " u 

(7) Effective radial stress, of. 

Op = Op *" u 

(19) 

(8) Pressure in lower chamber, 

To calculate the desired pressure in the lower chamber 

given a target value of aa as follows: (from Eq. (18)) 

Pi = [°a " °r(1 " j )  ~ l] 4 

D A A „ a A W 
= "a i * °r j " °r I 7 " I 

P£ = (oa - ar) 4 " °r " 7[ (20) 



(9) Deviator stress 

°a " °r 
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(21) 

(10) Principal effective stress ratio 

°a/°r 

(11) Current average diameter 

0 = (4A/tt)1/2 (22) 

(12) Maximum shear stress 

q = (°a ~ ar)/2 (23) 

(13) Mean stress 

p = (aa + ar)/2 (24) 

(14) Mean effective stress 

p' = K + a'r)/2 (25) 

(15) Axial deformation 

Av|_/a 

3.5.2 Calculations for Evaluating Loading Ram Friction 

A certain amount of frictional force is developed in moving the 

Rotolin bearing and unrolling and rolling up the two Bell ofram seals in 

the Triaxial Cell. Bishop and Wesley (1975) found this to be equivalent 

to an axial stress difference of about 4 kPa. 
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The first step in all tests was to calculate the value of the 

frictional pressure. The calculated value was then used to modify the 

pressure in the lower chamber to account for its effect. 

This frictional resistance was calculated by measuring the 

lower chamber pressure after having moved the ram up and after having 

moved the ram down. The frictional pressure was then taken to be half 

the difference between the two readings. 

In this research, the entire procedure was carried out 

automatically by computer. For more detail, see Appendix A. 



CHAPTER 4 

PRESENTATION AND DISCUSSION OF RESULTS 

In this chapter, the results of isotropically (CID) and 

anisotropically (CAD) consolidated drained triaxial compression tests 

performed on copper mine tailings are presented. Stress-strain and 

volume change curves obtained from CID tests run at the theoretical 

strain rate suggested by Bishop and Henkel (1962) (Equation 6, Chapter 

2) are presented as are the results of tests run at one-tenth of this 

value. The significance of selected test variables such as confining 

pressure and other parameters on the acceptability of these strain 

rates for truly drained tests is discussed. The effect of anisotropic 

stress conditions during the consolidation portion of the test were 

evaluated with respect to pore pressure build up. The results of this 

phase of the test program are also presented. Because of the 

difficulty in obtaining zero excess pore water pressure within a 

reasonable length of time, no CAD triaxial tests were performed. 

However, the implications of K0 consolidation on the theoretical strain 

rate are discussed. 

4.1 Consolidation Test with Triaxial Test Chamber (Dissipation Test) 

In order to decide the "theoretical" strain rate for strain-

controlled triaxial tests, the coefficient of consolidation is needed. 

58 
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A consolidation test using a triaxial cell, as described by Bishop and 

Henkel (1962) was performed for this purpose. 

A triaxial test specimen, 10 cm high and 2 cm in diameter 

(19.635 sq. cm in cross-sectional area), was prepared by mixing tailings 

material with 10% water and compacting in ten layers of approximately 

equal thickness. The dry density as prepared was 1.60 gm/cm3 (99.831 

lb/ft3). The specimen was then set up in the triaxial cell and 

saturated with a back pressure of 490 kPa (71 psi) (see Section 3.4.2). 

After a Skempton's pore water pressure parameter B of 

approximately 1 was reached, the consolidation phase of the test was 

begun. The control over the consolidation process was carried out by 

computer with the following algorithm: 

1. The pore water pressure controller was disengaged and the cell 

pressure was increased until the difference between cell pressure 

and back pressure (490 kPa) reached the pre-determined effective 

consolidation stress 

2. The back pressure controller was then engaged to allow dissipation 

of excess pore water pressure by drainage until the initial back 

pressure (490 kPa) was reached. The effective consolidation 

pressure, a3, was equal to the cell pressure (ac) minus the back 

pressure, i.e., 

°3 = °c ~ ^0 ^Pa 

A plot of the square root of time versus volume change for the 

above specimen under an effective consolidation pressure of 108 kPa is 



60 

shown in Figure 14. The time for 90% pore pressure dissipation or 

consolidation, tgo, was then determined. The time factor for 90% 

consolidation, Tgo, was obtained from Terzaghi's 1-D consolidation 

theory (refer to isochrones plot in Taylor, 1948). The value of cv, the 

coefficient of consolidation, was then calculated from the following 

equation: 

cv  = I2 2  D2  (26) 
t90 

where D = length of longest drainage path. 

Since double drainage was provided, D = H/2 and 

Cv .  ̂  H' (27) 

where 

I 

Tgo = 0.848 

H = Hav = the average height of specimen = 10 cm 

From Figure 14, t9o is seen to be equal to 4.7040 min. By 

substitution in Equation (27), 

CV - - 4"507 

Since cv is affected by confining pressure and initial density, 

the above procedure was repeated for all tests to determine the cv for 

each. The range of cv determined in this was 4.5 cm2/min (loosest soil) 

to 1.4 cm2/min (densest soil). 
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Figure 14. Volume change versus square root of time for hydrostatic consolidation 
test. 
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4.2 Theoretical Strain Rate 

For drained tests, the strain rate should be determined so that 

at time of failure, at least 95% of the excess pore pressure is 

dissipated. 

4.2.1 Strain Rate Determination 

According to Bishop and Henkel (1962), the equation to calculate 

the elapsed time in seconds to failure in a CID triaxial test without 

having the excess pore water pressure greater than 5% of the 

consolidation pressure is: 

where 

h = 1/2 the height of the sample (since double drained) 

cv = the coefficient of consolidation 

n = a factor depending on drainage conditions (see Table 1). 

For the test described in Section 4.1, 

h = 5 cm 

cv = 4.5 cm2/min 

n = 1.5. 

Referring to Table 1 in Chapter 2, it can be seen that the chosen value 

(n = 1.5) is approximately midway between that for the single drainage 

condition (n = 0.75) and the theoretical value for double drainage (n = 

3). 
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With the value of cv = 4.5 cm2/min, the failure time according 

to Eq. (6) is 

= 1.5(4.(5) cm/min. = 74*07 minutes-

The failure time, tf, will be approximately seventy four minutes. For 

tests on loose specimens, the estimated failure strain of 20%. 

Therefore, the calculated rate of strain for loose specimens is of 

0.27% per minute (16.2 mm/hr). 

However, Table 3 illustrates the conservative values for strain 

rates calculated by using Equation (6), with the same procedure stated 

above. From this table it is seen that the strain rate of 8.16 mm/hr 

(0.135% per minute), which was adopted in this research, is 

conservative with respect to the Bishop and Henkel theoretical strain 

rate for loose specimens. Therefore, testing at such a rate should 

ensure that there is no built up of significant excess pore pressure 

during loading under drained conditions. In a similar manner, a strain 

rate of one-tenth of the adopted value (0.816 mm/hr) would be 

conservative for dense specimens under high confining pressure. Such a 

rate would correspond to a cv value of 1.4 cm2/min. 

4.2.2 Computation 

1. Area Correction; Computations of the deviator stress 

during axial loading for drained tests were based on an area correction 

according to the following equation, 
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Table 2. The Corrections measured on Compression Strength Due to 
the Effect of the Rubber Membrane (after Henkel and 
Gilbert, 1952) 

Test 

Correction (psi) on Compression Strength 
(at 15% axial strain) 

Type Thick rubber Standard rubber Thin rubber 

Triaxial 1.4 0.6 0.3 

Rubber 
Only 0.7 0.25 0.1 



Table 3. Calculated Strain Rate using Bishop and Henkel (1962) Procedure 

Theoretical Strain Rate, n = 3 
Conservative Theoretical Strain Rate 

n = 1.5 

Specimen 

Density 

Coefficient of Consolidation, cv Coefficient of Consolidation, cy Specimen 

Density Cy = 1.4 cm2/min cv = 4.5 cm2/min cv = 1.4 cmz/min cv = 4.5 cm2/min 

Specimen 

Density 

e%/minute mm/hr e%/minute mm/hr e%/minute mm/hr e%/minute mm/hr 

Dense 
[Esti
mated 
failure 
strain 
of 2%] 

0.0168 1.008 0.054 3.24 0.0084 0.5040 0.0270 1.62 

Loose 
[Esti
mated 
fai1ure 
strain 
of 20%] 

0.168 10.08 0.54 32.4 0.084 5.04 0.27 16.2 
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(28)  

where 

A = corrected cross-sectional area 

Ao = area at the start of axial loading 

vo = volume at the start of axial loading 

Av = volume change, negative for contraction 

e = axial strain expressed as a decimal, positive for compression 

2. Rubber Membrane Correction: A correction to the deviator 

stress to account for the rubber membrane confinement was proposed by 

Bishop and Henkel (1962) as 

arm = correction applied to the deviator stress to account for 

rubber membrane confinement 

D = initial diameter of the specimen 

AQ = initial cross-sectional area of the specimen 

e = axial strain 

M = the compression modulus of the rubber membrane per unit 

width 

Then the corrected deviator stress will be as follows, 

IT D M E(l-E) 
Tq 

(29) 

where 

°dc = °d " °r (30) 
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where 

0(jc = corrected deviator stress 

aj = deviator stress before membrane correction. 

By assuming the modulus of elasticity of the membrane to be 

1.373 kPa (199 psi) as used by Poulos (1964), the compression modulus M 

becomes 13.7 kN/m (0.78 lb/in). The calculated ar value is 1.4 kPa (0.2 

psi) for 5 mm (1.9685 in) diameter specimen at 15% axial strain and 

0.1 mm (0.004 in) membrane thickness. When this value is compared to 

that of Henkel and Gilbert (1950), (refer to Table 2), it can be seen 

that the same results were obtained at the same strain level. 

The computation of Eqs. (28) through (30) are carried out 

entirely by the computer throughout each experiment. 

4.2.3 Theoretical Strain Rate Test Results 

In this section, typical stress-strain and volume change curves 

for CID strain controlled triaxial compression tests are compared in 

Figures 15 and 16 respectively. The strain rate for these tests was 

the "theoretical" rate of 8.16 mm/hr. The complete results for the 

entire test program are contained in Appendix B. 

The test samples were loaded up to 25% axial strain except for 

the test series having an initial void ratio of e-j = 0.7135 which was 

conducted using 5 stages of 5% each. 

The stage test was performed to study the effectiveness of the 

theoretical rate (Bishop and Henkel, 1962) on excess pore pressure 

dissipation. Theoretically, if the specimen is loaded at that rate, no 
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Figure 15. Typical stress-strain curves for CID tests using "theoretical" strain 
rate. 
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significant excess pore water pressure (i.e., u <_ 5% of consolidation 

pressure) should develop and a "truly" drained condition is obtained. 

In the case of the staged test, the consolidation pressure was 108 kPa. 

Therefore, pore water pressure should be less than 5.4 kPa. 

Table 4 summarizes test results for isotropically consolidated, 

drained, controlled "theoretical" strain rate compression tests. 

In Table 4, three different tests are illustrated. The first 

test (GH0001) was conducted on a "loose" specimen (ei = 0.7269) under 

low effective confining pressure (108 kPa). The second test (GH0005) 

was performed on a "dense" specimen (e-j = 0.5089) under the same 

pressure. The third test (GH0007) was also performed on a "dense" 

specimen (e-j = 0.4906) but under high effective confining pressure (392 

kPa). Stress-strain characteristics, shown in Figure 15, are plotted in 

terms of stress ratio, for ease of comparison. From this figure, 

typical loose sand behavior for test GH0001 is shown. Dilation takes 

place in sample GH0005 since its density is high. In the third test 

(GH0007), even though the soil is "dense", it behaves like loose because 

of the high confining pressure (392 kPa) 

Table 5 summarizes the excess pore water pressure immediately 

after each stage and 9 minutes later. In each case, the measurement 

taken 9 minutes later is greater than that taken immediately after each 

stage. This is due to pore pressure equalization in the sample. After 

9 minutes, complete pore pressure equilibrium occurred and there is no 

further change in the measured excess pore water pressure. 



Table 4- Summary of Test Results for Isotropically Consolidated, 
Drained, "Theoretical" Strain Controlled Rate of Compres
sion Tests 

Test 

# 

Void Ratio Effecti ve 
Consoli
dation 
Stress, a' 

kPa 

(5) 
max 

Test 

# 

As prepared 

e. I 

After 
Consoli-
dation 

ec 

Effecti ve 
Consoli
dation 
Stress, a' 

kPa 

(5) 
max 

GH1011 
to 0.7135 0.6880 108 4.75 

GHI015 

GH0001 0.7269 0.7018 108 3.95 

GH0005 0.5089 0.4851 108 4.20 

GH0007 0.4906 0.3995 392 3.43 
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Table 5. Excess Pore Water Pressure at Various Levels of Strain for 
"Theoretical" Strain Rate 

Axial Strain 
0/ 
/0 

Excess Pore Water Pressure 
kPa Axial Strain 

0/ 
/0 As Stopped After Equilibrium 

5 6 14 

10 13 22 

15 18 23 

20 24 31 

25 15 22 



Table 5 shows that for the "theoretical" test rate given by the 

Bishop and Henkel equation, although made even more conservative by the 

selection of the numerical factor n = 1.5 in this test program, the 

excess pore pressure reaches a maximum at approximately the failure 

strain (e = 20%). This shows that, in fact, the sample is loose at (e-j 

= .7135) since there is an increase in the pore water pressure at 

failure. More unfortunately, it shows that the Bishop and Henkel 

equation does not predict the correct strain rate for a truly drained 

test on this material. 

Table 5 indicates that the maximum excess pore water pressure 

occurs at approximately 20% strain which is the strain at which failure 

occurs for "loose" specimen. 

Although the pore water pressure curves shown in Figure 17 

indicate a constant value of 490 kPa for these tests, the actual 

pressure in the middle of the specimen is much higher. This is due to 

both non-uniformity of pore water pressure throughout the specimen and 

the considerable difference in porosity between the specimen and end 

caps (porous stones). The pore water pressure distribution in sample 

GH0007 (dense under high confining pressure) shows more stability 

compared to the other two tests (GH0001 and GH0005) during failure. 

In Figure 15, the GH0005 test, with a dense specimen under low 

effective confining pressure (108 kPa), behaves differently from the 

typical behavior of dense material. This difference is due to the fact 

that the void ratio used is approximately equal to the critical void 

ratio for the test confining pressure. 
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The GH0007 test, which is a dense specimen under high effective 

confining pressure (392 kPa), behaves as a loose sample because the 

confining pressure overcomes dilation. Breakage of individual grains 

under high confining stress may occur as well. 

4.2.4 Results of Tests Performed at a Rate of One-Tenth of the 
Theoretical Strain Rate 

The same series of tests as described in Section 4.2.3 were 

carried out at a strain rate of one-tenth of the theoretical value in 

order to explore the effect of strain rate on pore pressure 

development in drained triaxial tests. 

Table 6 summarizes the results for CID strained-controlled 

triaxial compression tests performed at one-tenth of this theoretical 

strain rate. 

Table 7 summarizes the excess pore water pressures measured at 

various levels of strain for one-tenth theoretical strain rate. Unlike 

excess pore pressures measured for the faster "theoretical" strain 

rate, the values of excess water pressure are the same immediately and 

as well as 9 minutes after interruption of drainage. This means that 

the pore water pressure is uniform throughout the specimen during the 

slower test rate, although it is still in excess of the allowable for 

truly drained tests (5.4 kPa) except at a strain rate of 5%. 

Typical stress strain, volume change and pore water 

distribution curves for tests in Table 6 are compared in Figures 18, 19 

and 20, respectively. The comparison of these curves is similar to 

that of the previous section with a noticeable influence of the slower 



Table 6. Summary of Test Results for Isotropically Consolidated, 
Drained, One-Tenth of "Theoretical" Strain Controlled Rate 
of Compression Tests 

Void Ratio Effective 
Consoli-
dation 
Stress, a1 

c 
kPa 

Test 

# 

As prepared 

ei 

After 
Consoli-
dation 

ec 

Effective 
Consoli-
dation 
Stress, a1 

c 
kPa 

© 
max 

GHI021 
to 

GHI025 
0.7141 0.6860 108 5.50 

GH0002 0.72121 0.7039 108 5.47 

GH0006 0.5069 0.4853 108 4.94 

GH0008 0.4926 0.4151 392 4.58 
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Table 7. Excess Pore Water Pressure at Various Levels of Strain for 
One-Tenth of "Theoretical" Strain Rate 

Axial Strain 

% 

Excess Pore Water Pressure 
kPa Axial Strain 

% As Stopped After Equilibrium 

5 3 3 

10 8 8 

15 9 9 

20 20 20 

25 7 7 
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rate in loose specimens than dense. This is because loose sands fail 

at a relatively high strain. 

The effective confining pressure is the same as for those in 

the previous section and is illustrated in Figure 21. Figure 21 shows 

that the dense specimens (GH0007 and GH0008) under high effective 

confining pressure (392 kPa) behave as a loose sample for both 

"theoretical" and one-tenth "theoretical" strain rate tests. 

4.3 Anistropic Consolidation 

4.3.1 Kg Condition 

Bishop (1958) presented a precise definition for the coefficient 

of earth pressure at rest in which the effective stresses were 

considered. It stated that "the coefficient of earth pressure at rest 

is the ratio of the lateral to vertical effective stresses in a soil 

consolidated under the condition of zero lateral deformation, the 

stresses being principal stresses with no shear stress applied to the 

planes on which these stresses act." Hence, 

where 

of, = horizontal effective principal stress 

Oy = vertical effective principal stress 

Furthermore, Andrawes (1964) provided a more precise and 

generally based definition for anistropic soil specimens to specify the 

direction of the movement being suppressed. It stated that "the 
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Figure 21. Effect of confining pressure on stress-strain behavior. 
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coefficient of earth pressure at rest is the ratio of the increment in 

the minor principal effective stress to the corresponding increment in 

the major principal effective stress when no strain occurs in the 

direction of the minor principal stress." 

Many devices and testing techniques have been used for 

measuring the values of K0 (e.g., Al-Houssaini, 1975; Andrawes and El-

Sohby, 1973; Bishop, 1958; Dudley, 1971; Kjellman, 1936; Murdoc, 1948; 

etc.). In most of these studies, the soil sample was considered 

representative of an element subject to the condition of no lateral 

strain. Due to the experimental difficulties in performing such tests, 

most of the attention was directed toward the accuracy of imposing K0 

condition on the sample. Consequently, Bishop (1958), stated that "K0 

is widely accepted as a unique elastic constant for the soil." Thus, 

the accuracy of preventing lateral yield was of particular importance 

and any lateral deformation was expected to give erroneous results. 

Bishop and El-Din (1953) introduced a simple procedure for 

simulating K0 consolidation in the conventional triaxial apparatus. The 

test procedure is based on the assumption that the volume of water 

expelled from a saturated specmen with no radial deformation is equal 

to the initial area of the specimen multiplied by the change in its 

height. Therefore, the K0 condition could be maintained by increasing 

the radial and axial stresses such that the volume change expelled 

from the specimen corresponds to the vertical volume deformation of 

the sample. The advantage of this method is its simplicity. 

This method, however, has been criticized by Andrawes and El-

Sohby (1973) as it takes a long time to conduct the test on soils with 
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low permeability in which no appreciable hydraulic gradient is allowed. 

They suggest that, for tests carried out on saturated granular soil, 

careful correction should be made to the volume change due to membrane 

penetration. 

4.3.2 Effect of Lateral Yielding on K0 Condition 

Terzaghi (1934) pointed out the importance of no lateral 

yielding on the measurement of earth pressure behind a retaining wall. 

Since that time it has been assumed that a small lateral strain has a 

negligible effect on the value of K0. Until 1961, when Fulton and 

Henderson (1961) indicated that the lateral strain had a significant 

effect on the value of K0, the difficulties encountered in performing 

these tests were numerous. 

Although many researchers differed in their opinions of whether 

or not to allow small lateral strain, they all seemed to support their 

ideas experimental ly. However, each researcher used different 

materials in his experiments and, as a result, the findings were 

confined to these materials. As an example, some researchers found 

that small lateral strain does not influence K0 for a uniform material 

such as glass ballotine, while it does influence K0 for graded 

materials such as sand. 

4.3.3 Anistropic Consolidation Test Results 

The primary objective of this phase of the research was to 

describe how the anisotropically consolidated tests (CAD) were carried 

out and then to make a correlation between the isotropic and 

anisotropic consolidated tests. The aim of this correlation was to use 
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the results of tests performed under isotropic consolidation, which is 

easier to obtain in the lab, to estimate the results of tests performed 

under anisotropic consolidation in much less time. 

Although a "truly" drained test for CID cannot be assured 

unless the rate of loading is extremely slow, in which case the time 

for testing may be excessive, performing the CAD test is extremely 

difficult. 

Although several tests were conducted to simulate K0 

conditions, the condition could not be obtained in any of these tests. 

Figures 22 and 23 shows the results of one of the tests. The results 

from the remaining tests are presented in Appendix B. 

The algorithm for conducting the K0 test described previously 

is the only logical method applied in conventional triaxial tests 

(Bishop and Henkel, 1962). This method has no control for pore water 

pressure distribution throughout the specimen especially under high 

back pressure. Thus, in tests carried out under the back pressure 

conditions of this research were not amenable to obtaining K0 

conditions. 

4.4 Summary 

The stress-strain and volume change characteristics of Duval 

Copper Mine tailings were studied in the laboratory by conducting 

triaxial compression tests. The tailings material is a silty sand with 

highly angular grain shapes, rough grain surface texture and 

approximately 37% by weight passing a No. 200 sieve. 
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Selected test parameters (confining pressure, density, and 

consolidation condition) were varied under two strain rates for drained 

triaxial tests. The faster strain rate, which is close to the 

theoretical value suggested by Bishop and Henkel, was applied in order 

to evaluate the validity of the method to determine the theoretical 

strain rate under which negligible excess pore water pressure is built 

up. The so-called slower strain rate was one-tenth of this value. 

From the results of the CID tests, carried out under both conditions, 

unacceptably high excess pore water pressure was measured during all 

stages of the test. Figure 24 illustrates this excess for both 

conditions. 

These curves illustrate results of tests carried out on a loose 

sample with low confining pressure. The dashed line represents the 

allowable pore water pressure for the consolidation pressure of 108 

kPa (5% of 108 kPa effective confining pressure). For both rates the 

allowable excess pressure is exceeded except for the first strain 

increment of the slower rate test. 

Anisotropic consolidation was attempted under K0 conditions. 

None of the attempts succeeded. This was due to many factors including 

stress resolution (the ratio of area of chamber to that of specimen), 

high back pressure and large gradient. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The constant rate of strain applied in this research was 

determined by Bishop and Henkel's (1962) equation. This equation yields 

the theoretical strain rate at which there is negligible excess pore 

water pressure during the shearing. Using this equation, although 

conservative values were taken into account (such as Cv, n), a large 

non-uniform build up of excess pore water pressures was observed. 

Even using one-tenth of this conservative rate produced excess pore 

water pressures, although in this case they appeared to be uniformly 

distributed throughout the sample. 

Several trials were conducted to simulate K0 conditions and all 

failed because of porosity mismatch between porous stones and sample, 

high back pressure and stress resolution of the instrument. 

It is concluded that for strain controlled triaxial tests, the 

rate of strain should initially be determined by the method of Bishop 

and Henkel (1962). However, this rate should be checked by the 

procedure described herein before production testing is undertaken on a 

given material. This procedure consists of series of tests conducted 

on stages. For each test at least 5 steps are recommended. After 

each step the test is stopped and pore water pressure measured. If 

there is excess pore water pressure observed, it is due to a high 

strain rate. Consequently, other trials should be performed under a 

90 
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slower rate until the required condition regarding excess pore water 

concentration pressure is reached. 
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APPENDIX A 

A.l Introduction 

This section provides an outline description of each of the 

components comprising the system. A more detailed description of the 

GDS Digital Pressure Controller and the Bishop-Wesley Triaxial Cell can 

be found in the manufacturer's brochure. 

A. 1.1 The Controlling Computer 

The controlling computer provides the means by which the 

operator initiates and controls test execution. 

- To support an interface to each of the three GDS Digital 

Pressure Controllers conforming to the IEEE-488 

communication standard. 

- Sufficient speed to control the range of tests at the 

testing rates required by the operator. 

- Operator interface to control test execution. 

- A method of archiving test results for later analysis. 

- A means of providing hard copy of test results. 

A.1.2 The GDS Digital Pressure Controller 

The GDS Digital Pressure controller is the means by which the 

required pressures and volume changes are generated for the Triaxial 

Cell. The controller is capable of setting a required pressure and of 
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making a required volume change; in addition it can provide reading for 

the current status of pressure and volume change. 

The Triaxial Cell needs to have three pressures independently 

variable, and hence three controllers are required. 

The GDS Digital Pressure Controller can perform the following 

actions: 

- Achieve and maintain a required pressure. 

- Achieve a required volume change. 

- Make a single step volume change of +_ 0.5 mm3. 

- Reset volume reading to zero. 

- Provide readings on the current pressure, volume change, 

and status of the device. 

A.1.3 The Bishop-Wesley Triaxial Cell 

The Triaxial Cell is the means of applying the generated test 

conditions to a test specimen. Reference to Bishop and Wesley (1975) 

shows that the cell has the following capabilities 

- A method of applying all-round pressure to the test 

specimen—this is called the cell pressure or radial 

stress. 

- A method of controlling the pore water pressure within the 

test specimen. By not allowing any volume change by the 

pore water pressure controller, undrained conditions can be 

simulated. 

- Drained conditions can be simulated by setting a constant 

pore water pressure or back-pressure. 
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- A method of applying axial stress to the test specimen by 

controlling the pressure in the lower chamber and hence 

compressing or extending the specimen. For triaxial 

extension, a special top cap connector is available. 
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A.2 Test Initiation 

A.2.1 Setting Up 

On setting up a test, the following procedure should be 

observed: 

A.2.1.1 Triaxial Cell 

Prepare the triaxial cell with de-aired water in the lower 

chamber, the pore water ducts, and in the cell. Position the test 

specimen with the top cap ball seating 2 mm from the conical register 

fixed to the load cell. 

A.2.1.2 Pressure Datum 

For each pressure controller, set the pressure by adjusting the 

zero offset with the open end of the pressure outlet tube held at the 

mid-height of the test specimen. The hold volume control will be 

engaged at this time. Then correct the tube to the triaxial cell. 

A.2.1.3 Set Pressure 

Engage "HOLD VOLUME" on the lower chamber pressure controller 

and dial in the required cell pressure and back pressure on the 

appropriate controllers. 

A.2.1.4 Controller Connections 

Link the controllers together in a "daisy chain" configuration 

using the two HP-IB cables. 
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A.2.1.5 Computer Connections 

Insert the HP-IB interface module into the HP-85 and connect 

the attached HP-IB cable into the nearest controller. 

A.2.1.6 Load Program 

Power on the HP-85 and load the GDSTTS tape cartridge into the 

computer. Press the "LOAD" key and type in: 

"GDSTTS" endline 

The tape drive will engage and the program will load. At the end of 

loading the cursor will reappear on the screen. Then press the "RUN" 

key. Approximately two minutes will elapse while the computer checks 

the code for any errors. 

A.2.1.7 Enter Date and Time 

When GDSTTS has been loaded, the following will appear on the 

screen: 

LOAD'GDSTTS" 

ENTER DATE & TIME 

FORMAT DD,MM,YY,HH,MM 

? 

The operator then follows these instructions and presses the "ENDLINE" 

key. 

A.2.1.8 Ready Triaxial Cell 

The operator is then reminded to ready the triaxial cell as 

follows: 
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PLEASE ENSURE CELL VALUES OPEN THEN PRESS 

ENDLINE 

A.2.1.9 Change of IEEE Addresses 

The operator is then given the opportunity to check the IEEE 

addresses and to change them (as recognized by the computer) as 

follows: 

IEEE CONTROLLER ADDRESSES 

CELL PRESSURE = 2 

PORE PRESSURE = 7 

LOWER CHAMBER = 7 

DO YOU WISH TO CHANGE THEM 

(Y OR N) 

? 

A.2.1.10 Enter Diameter and Height of Test Specimen 

The computer will then ask the operator about the physical 

characteristics of the test specimen and the test equipment as follows: 

ENTER AVERAGE DIAMETER 

OF TEST SPECIMEN? 

ENTER HEIGHT 

OF TEST SPECIMEN 

? 
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Each answer is followed by pressing the "ENDLINE" key in the 

usual way. 

At this point, the values A0 and V0 are calculated and the 

following information is shown to the operator: 

ENTERED VALUES ARE 

DIAMETER = 50 MM 

HEIGHT = 100 MM 

The operator will then be asked if the values are corrected as 

follows: 

OK TO CONTINUE (Y OR N)? 

If the answer is N(No), then the program resumes with questions 

about the physical characteristics of the test specimen. If the answer 

is Y(Yes), then the program prints the following information and 

continues: 

GDS TRIAXIAL TESTING SYSTEM 

INVOKED AT 21:50 ON 30/09/85 

APPARATUS CONSTANTS ARE 

SPECIMEN DIAMETER = 50.0 MM 

SPECIMEN DEIGHT = 100.0 MM 

SPECIMEN AREA = 1963.5 SQ.MM 

SPECIMEN VOLUME = 196349.5 CU.MM 

SEAL AREA = 20587.0 SQ.MM 
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A.2.1.11 Enter Initial Pressures 

The program then asks the operator for the initial test 

conditions as follows: 

ENTER INITIAL CELL PRESSURE? 

ENTER INITIAL BACK PRESSURE 

IF ANY? 

The following information will then be shown to the operator: 

INITIAL TEST CONDITIONS 

CELL PRESSURE 500 KPA 

BACK PRESSURE 490 KPA 

If the answer to the above is N, then the program will resume 

at the query on initial test conditions. If the answer is Y, then the 

program will print the initial test conditions as shown above and 

continue. 

The friction check is carried out as described in Section A.3. 

The operator is given the option to check the pore pressure 

parameter "B" as described in Section A.4.2. 

The operator is given the option to carry out isotropic 

consolidation of the test specimen, as described in Section A.4.3. 

The operator is then asked to bring the loading ram into 

contact with the specimen top cap, as described in the docking 

procedure in Section A.3.3. 
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A.2.1.12 Display of Test Menu 

The program will then make the following display: 

AVAILABLE TESTS 

1 = UNCONSOLIDATED UNDRAINED 

2 = CONSOLIDATED UNDRAINED WITH 

PORE PRESSURE MEASUREMENT 

3 = DRAINED 

4 = KO CONSLIDATION & SWELLING 

TO SPECD OVERCONSOLION RATIO 

5 = CONTINUOUS LINEAR STRESS PATHS 

6 = CYCLIC LOADING 

9 = TERMINATE PROGRAM 

LOAD GDSTTS CARTRIDGE 

ENTER REQUIRED TEST NUMBER? 

If the value 9 is entered, the program is terminated. 

A.2.2 Loop-Round Facility 

At the end of each test, the operator is given the opportunity 

to carry out any oter test as a loop-round facility. For example, at 

the end of Test 4 (K0 consolidation and swelling), the operator may 

wish to carry out undrained axial loadng (Test 1 or 2) to achieve 

SHANSEP capability. For stacking tests end-on in this way, the height 

and diameter of the test specimen are automatically amended for 

changes in the previous test. 
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A.3 Calculation of Friction 

A.3.1 Method 

This frictional pressure is calculated y measuring the lower 

chamber pressure after having moved the ram up and after having moved 

the ram down. The frictional pressure is then half the difference 

between the two readings. 

The first stage is to set the test initial conditions by setting 

Pc = aru 

and 

Ppr =  uo 

The initial setup involved placing the test specimen 2 mm from 

the loading ram and so the test specimen has no axial loading from the 

lower pressure controller at this time. 

The operator responds to the following screen instructions: 

OK TO CONTINUE (Y OR N) 

? 

ENSURE THAT HOLD-VOLUME IS NOT 

ENGAGED THEN PRESS ENDLINE 

? 

The next stage is step Avj_ + 500 mm3 and measure pmax» then 

step Av[_ by -500 mm3 and measure pmin» 

The friction correction f can then be calculated as: 

f  ~ (pLmax " PLmin)/^ 
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The printer then prints out the value of the correction as 

shown in the following example from a test: 

PRESSURE CORRECTION 

FOR LOWER CHAMBER FRICTION 

= 0.0 KPA 

The following then appears on the screen as a reminder to the 

operator: 

CALCULATING FRICTION 

PLEASE USE ZERO OFFSET TO SET 

LOWER CHAMBER PRESSURE EQUAL TO 

CELL PRESSURE - FRICTION CORRN 

THEN PRESS ENDLINE 

? 

A.3.2 Effect of Friction on Calculation 

The value of pressure in the lower chamber corrected for 

friction is calculated as follows: 

pLc = Pl + f c(n) 

where 

c(n) = -1 if Av|_(n) > Av|_(n-1) 

c(n) = +1 if Av|_(n) < Av|_(n-1) 

c(n) = c(n-l) if AvL(n) = AvjJn-l) 
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A.3.3 Docking 

Prior to axial loading, the operator should bring the loading 

ram into contact with the top cap. This is done by slowly screwing the 

loading ram down until the pressure in the lower chamber is observed 

to increase. At the start of test execution, the operator is reminded 

to dock by means of the message: 

PLEASE 'DOCK' THEN PRESS ENDLINE 

? 

When the operator presses the "ENDLINE" key, the system assumes 

that the specimen top cap is in contact with the loading ram. The 

volume change in the lower chamber is then set to zero as the basis 

for strain measure in the test specimen. 

The ball seating between the specimen top cap and the loading 

ram can exhibit slip/stick. It is, therefore, recommended practice to 

apply a thin layer of silicone grease to the loading ram cup prior to 

setting up the test specimen. 

Sensitive docking may be achieved by slowing operating the 

loading ram, adjusting the screw and observing the lower chamber 

pressure. When this increases above the undocked pressure by, say 1 

kPa, docking is completed. 
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A.4 Consolidation and Pore Pressure Parameter "B" 

A.4.1 Introduction 

The consolidation process can be used as an optional prelude to 

all tests. 

In addition, the user has the option to evaluate the pore 

pressure parameter "B". 

A.4.2 Pore Pressure Parameter "B" 

To evaluate B, a step in cell pressure is made with Vpr held 

equal to zero and the change in pore pressure is monitored and used to 

calculate B. 

The operator is asked: 

DO YOU WISH TO CHECK THE DEGREE 

OF SATURATION OF THE TEST 

SPECIMEN AND COMPRESSIBILITY OF 

THE PORE WATER DUCTS BY 

EVALUATING THE PORE PRESSURE 

PARAMETER 'B';(Y OR N) 

? 

If the answer is "Y", then the operator is requested: 

ENTER REQUIRED CELL PRESSURE 

INCREMENT 

? 

A.4.2.1 Initial Conditions 

The initial conditions are as set at test initiation, i.e., 
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and 

The test requires that AVpr = 0 for the duration. The 

controller for AVp is, therefore, locked at this point to ensure no 

volume change. In addition, AV|_ = 0 to ensure the test specimen does 

not move against the loading ram. 

A.4.2.2 Test Execution 

To start the test, the following value is set: 

The test proceeds by taking readings from the pore pressure 

controller and calculating the value B = (P^r - u0)/Ao r. Readings are 

taken at 5 second intervals until test termination. 

A.4.2.3 Presentation of Results 

As each value of B is calculated, it is shown on the screen as 

follows: 

P c  "  °ro +  A o r  

Y 

PORE PRESSURE PARAMETER 

B = 84 

PORE PRESSURE PARAMETER 

B = 88 

PORE PRESSURE PARAMETER 

B = 9 

PORE PRESSURE PARAMETER 

B = 96 
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PORE PRESSURE PARAMETER 

B = 1 

A.4.2.4 Test Termination 

The test terminates when the operator presses function key K1 

on the keyboard. On test termination, the operator is asked: 

DO YOU REQUIRE A PRINT OF THE 

PORE PRESSURE PARAMETER 'B' 

(Y OR N)? 

If the answer is "Y", then the following is output to the 

printer: 

PORE PRESSURE PARAMETER 

B = +1.0000 

ACHIEVED USING CELL PRESSURE 

INCREMENT 50 KPA 

A.4.3 Consolidation 

Consolidation is allowed to occur by setting a cell pressure 

and allowing pore water to flow out of the test specimen by keeping u 

= u0. The flow of water in the consolidation phase is plotted against 

the square root of time. 

The operator is asked: 

DO YOU REQUIRE THE TEST SPECIMEN 

TO BE CONSOLIDATED PRIOR TO THE 

TEST (Y OR N) 
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If the reply is "N", they the operator is asked: 

ENTER REVISED CELL PRESSURE 

? 

The entered value(or) is validated to be a positive integer in 

the range 1 - 1023. 

The test proceeds as follows: 

A.4.3.1 Initial Conditions 

The required value of pc = ar is set, and AVpr is set to zero. 

AV|_ is also held at zero to ensure no axial loading occurs. 

A.4.3.2 Test Execution 

To start the test, the pore water pressure controller is 

unlocked by setting Ppr = u0. The test proceeds by taking readings 

from the pore pressure controller at one-minute intervals and plotting 

AVpr against (TIME)1/2. 

A.4.3.3 Presentation of Results 

The graph is of -AVpr in mm3 on the Y axis, and (TIME)1/3 on the 

X axis. The graph is scaled on the X axis from 0 to 20. The operator 

is asked for the volume change scale. 

A.4.3.4 Test Termination 

The test is terminated by the operator pressing function key 

Kl. On test termination, the operator is asked: 

DO YOU REQUIRE A PRINT 

(Y OR N)? 
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If the reply is "Y", then the following is output to the 

printer. 

RESULTS OF CONSOLIDATION AT 

CELL PRESSURE 598 KPA 

PORE PRESSURE 490 KPA 

The operator is then asked: 

DO YOU WISH TO SAVE THE 

THE TEST RESULTS (Y OR N)? 

If the answer is "Y", the procedure given in A.5.7 is followed. 

If the reply is "N", then the program proceeds with the next 

stage of testing. 

The operator is then given the option to recheck the pore 

pressure parameter B as follows: 

DO YOU WISH TO CHECK THE 'B' 

VALUE AGAIN (Y OR N) 

? 

If the reply is "Y", then execute the B test again. 

If the reply is "N", then the program proceeds with the next 

stage of the testing. 

Further checks of the pore pressure parameter B and further 

consolidation stages are available on "loop-round" by giving the 

appropriate replies "Y" or "N". 
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A.5 Test: Drained 

A.5.1 Introduction 

this test can be carried out either with or without the 

consolidation phase. The test consists of applying axial loading with a 

constant radial stress and constant pore water pressure to give the 

drained condition. 

The operator is asked the following sequence of questions: 

A.5.1.1 Consolidation 

DO YOU REQUIRE THE TEST SPECIMEN 

TO BE CONSOLIDATED PRIOR TO THE 

TEST (Y OR N) 

? 

If the reply is "Y", then the procedure 

described in Section A.4.3 is carried out. 

A.5.1.2 Testing Rate 

WHAT TESTING RATE DO YOU REQUIRE 

1 = AXIAL TOTAL STRESS KPA/HR 

5 = AXIAL DEFORMATION 

ENTER TYPE,RATE 

? 

The rate type is validated to be 1 or 5. For 

type 5, the ratio is validated to be in the 

range 1-100. For type 1, the rate is 

validated to be in the range 0-2000. 
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A.5.1.3 Terminal Axial Strain 

AT WHAT VALUE OF PERCENTAGE 

AXIAL STRAIN DO YOU WISH 

THE TEST TO BE STOPPED 

? 

The value of terminal axial strain is 

validated to be in the range 0 to 30%. 

A.5.1.4 Plot Selection 

DO YOU REQUIRE A PLOT OF 

1 = DEVIATOR STRESS ft PORE PRESS 

2 = STRESS RATIO 

3 = VOLUME CHANGE 

ENTER CHOICE; E.G., 1? 

If the reply is not in the range 1-3, then 

the question is prompted again. 

A.5.1.5 Maximum Deviator Stress 

WHAT IS THE EXPECTED 

MAXIMUM VALE OF 

DEVATOR STRESS? 

The value of the deviator stress is validated 

to be in the range 1-6000. 



112 

A.5.1.6 Maximum Volume Change 

If plot 3 is requested, then the maximum anticipated volume 

change is asked for: 

WHAT IS THE EXPECTED 

CHANGE (CU.MM)? 

MAXIMUM VOLUME 

The value of volume change is validated to 

be in the range 0 to +_ 0.2Vo. 

A.5.1.7 Start Request 

OK TO START (Y OR N) 

? 

If the answer is "N", then the operator input 

is started again at A.5.1.2. 

A.5.2 Initial Output 

The following information is output on the printer: 

TEST - DRAINED 

CELL PRESSURE 598 KPA 

BACK PRESSURE 490 KPA 

AXIAL DEFORMATION CONTROL 

AT RATE OF 8.16 

TERMINATION % AXIAL STRAIN 
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NAXINUH DEVIATOR STRESS 

= KPA 

Only if plot of deviator stress is required. 

MAXIMUM VOLUME CHANGE 

= CU.MM 

Only if plot of volume change is required. 

A.5.3 Initial Conditions 

Pc = value entered at program start if no consolidation 

or = value existing at end of consolidation if consolidation 

requested 

Ppr= value entered at program start (U0) 

P[_ = Pc + AP (as result of docking procedure). 

A.5.4 Test Execution 

a. To start the test, the timer is started. 

b. A set of readings is taken from the controllers. 

c. The rate type is 5, then AV|_ is calculated according to the 

following: 

Axial Deformation Control 

Axial deformation is computed from the volume change 

measured by the lower chamber pressure controller. This volume 

change measurement will include expansion in the coiled metal 

tube connection between the controller and the cell, and 

expansion caused by stretching of the Bell ofram rolling 

diaphragm. In common with conventional dial gauge measurement, 

this method of assessing axial deformation makes no allowance 
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for compression of the internal load cell if present. By 

inserting a solid brass "test specimen", the axial deformation 

(displacement of the base pedestal) based on volume change into 

the lower chamber was compared with the displacement indicated 

by a sensitive dial gauge mounted in the usual way. For a 

pressure variation of 2000 kPa in the lower chamber, the volume 

change owing to expansion of the metal tubeing (in this case, 

copper) and stretching of the Bellofram seal amounted to 

approximately 0.5% of apparent axial strain. 

The required value of axial deformation (AL) at any time can 

be calculated as: 

where 

AL = R(t - t0) t0 = time of test initiation 

but t = current time 

AV* = aAL R = required rate at which test 

is to proceed 

therefore the volume change in the lower chamber required to 

cause an axial deformation of AL is: 

AVi = a R(t - t0) 

The maximum rate is 100 mm/hour. 

*The rate is as described in Chapter 3, Section 4.3.3 and the new 

value of AVa applied. 

d. Continue at (b) above. 
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A.5.5 Presentation of Results 

A.5.5.1 Deviator Stress 

The graph is of deviator stress (aa - or) in kPa on the Y axis, 

and percentage axial strain on the X axis. The graph is scaled on the 

X axis from 0 to the value of terminal percentage axial strain entered; 

and on the Y axis from 0 to expected maximum of deviator stress 

entered. 

For rate type 5, the axial strain is 

ea% = Ea x 100 

The deviator stress is calculated as follows: 

Calculate oa by using 

°a = | + °r f1 " j) 

An example of the graph plotted from test data is shown in 

Figure A1 below: 

T F, E £ S F. ft T I 0 v . fl X 1 li L S T R ft I N 

© 

I 

Figure A1. Computer plot of stress-ratio versus axial strain. 
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A.5.5.2 Stress Ratio 

The stress ratio o^/af. is plotted on the Y axis against % axial 

strain on the X axis. The graph is scaled from 0 to terminal 

percentage axial strain on the X axis, and from 0 to 5 on Y axis. 

A.5.5.3 Volume Change 

The value of AVpr is plotted against percentage axial strain. 

The graph is scaled from 0 to the value of terminal percentage axial 

strain entered, on the X axis; and from 0 to the maximum volume change 

netered, on the Y axis. 

Percentage axial strain is calculated using 

ea = AV*/a Lo 

The volume change is the measured value, AVpr. 

A.5.6 Test Termination 

The test is terminated when the calculated value of axial 

percentage strain is greater than or equal to the terminal value of 

percentage axial strain entered. 

A.5.7 Saving Results 

After test termination, the graph is transferred to the printer 

and the operator is given the option to archive the readings as 

follows: 

DO YOU WISH TO SAVE THE 

TEST RESULTS (Y OR N)? 

If the reply is "Y", then the operator is asked to 
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INSERT RESULTS CARTRIDGE 

ENTER FILENAME (6 CHARS) 

? 

If a file of the same name already exists on 

the mounted tape cartridge, then the message 

"Duplicate Name" is issued and the name is 

requested again. 

If a cartridge is not loaded, then the 

message "TAPE NOT LOADED - ENTER Y WHEN 

READY" is issued and the system continues 

when the reply is made. 

The results are archived to the tape cartridge using the 

filename entered. (NB a separate program will be used to tabulate 

results and to print any required graphs.) 

A.5.8 Tabulating and Further Plotting of Results 

As described in Section A.7. 

A.5.9 Test Abort 

The test may be aborted at any stage by pressing the "PAUSE" 

key on the computer keyboard. 

If the operator wishes to obtain a print of the screen and to 

save the results the following should be keyed in: 

CONT 3408/endline". 
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A.6. Test k0 Consolidation 

A.6.1 Introduction 

This section carries out consolidation of the test specimen at 

"zero" radial strain by keeping the computed mean diameter of the test 

specimen constant to +_ micrometer (micron). 

The algorithm needed to control the k0 test is in two steps: 

i. Set the required lower chamber volume change. 

ii. Adjust the cell pressure in such a way as to cause the volume 

change in the specimen (AVpr) to keep the test specimen average 

diameter constant. 

The operator is asked the following series of questions. 

A.6.1.1 Testing Rate 

ENTER TARGET RATE IN MM/HR 

The entered rate is validated to be in the 

rante 0 to 100 mm/hr. 

Note: The test rate in Chapter 3, Section 

4.3.3, can be applied only for starting the 

test. However, the actual consolidated rate 

of the specimen will be automatically 

adjusted by the program. This is very 

important for k0 tests because the program 

used a testing rate that is not too fast for 

the permeability of the test specimen. 
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A.6.1.2 Terminal Consolidation Stress 

WHAT IS THE VALUE OF AXIAL 

EFFECTIVE STRESS REQUIRED AT THE 

END OF CONSOLIDATION? 

The value entered is validated to be in the 

range 1-2000. 

A.6.1.3 Plot Selection 

DO YOU REQUIRE A PLOT OF 

1 = VOLUME CHANGE 

2 = EFF. AXIAL V EFF. RADIAL 

ENTER CHOICE; E.G. 1 

? 

If the reply is not 1 or 2, then the question 

is prompted again. 

A.6.1.4 Volume Change 

If the answer to question A.6.1.3 is "1", then: 

MHAT IS THE ANTICIPATED 

VOLUME CHANGE? 

The value input is validated to be in the 

range 0 to -(0.2Vo). 

A.6.1.5 Start Request 

OK TO START (Y OR N) 

? 

If the answer is "N", then continue A.6.1.2. 
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A.6.2 Initial Output 

The following information is output on the printer. 

TEST - KO CONSOLIDATION/SHELLING 

CELL PRESSURE 500 KPA 

BACK PRESSURE 490 KPA 

AXIAL DEFORMATION CONTROL 

AT RATE OF .82 MM/HR 

TERMINAL EFFECTIVE AXIAL STRESS 

FOR CONSOLIDATION = 125 KPA 

A.6.3 Initial Conditions 

Pc = °ro 

Ppr=  uo 

Pjj, = pc + Ap (as result of docking procedure) 

A.6.4 Test Execution (Consolidation) 

A.6.4.1 Start 

The timer is started. 

A.6.4.2 Controller Poll 

A set of readings is taken from the controllers. 

A.6.4.3 Diameter Control 

The current average diameter of the test specimen is calculated 

as 

D = (4A/tt)1/2 
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The difference between the original diameter D0 and the current 

mean diameter D is computed and held within a tolerance by operating 

the cell pressure controller. 

A.6.4.4 Repeat 

Continue at A.6.4.2. 

A.6.5 Test Termination (Consolidation) 

The consolidation phase is terminated when the value of axial 

effective stress entered at A.6.1.2 is reached. 

A.6.6 Presentation of Results 

A.6.6.1 Volume Change 

The volume change from back pressure controller (AVpr) is 

plotted on the Y axis, against log^a on the X axis. The graph is 

scaled from 0 to log10ca max on the X axis; and 0 to -(0.2Vo) on the Y 

axi s. 

The axial effective stress is calculated using Equations (18 and 

19). The volume change AVpr is the reading from the back-pressure 

controller. 

A.6.6.2 Axial versus Radial Effective Stress 

The effective radial stress Op is plotted on the Y axis, against 

effective axial stress og on the X axis. The graph is scaled from 0 to 

°a max on axes (NB °a max entered at A.6.1.2 above). 

Axial effective stress is calculated using Equation (19). 

Radial effective stress is calculated using of. = ar - u. 
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An example of the graph plotted from test data is shown in 

Figure A2 below: 
E  F F  R f t D  S T R E S S  v  E  F  F  H K  S  T  R  E S 

Figure A2. 

Computer plot of ef
fective radial stress 
versus effective axial 
stress for K consoli
dation. 
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A.6.7 Saving Results 

As described in A.5.7. 

A.6.8 Tabulating and Further Plotting of Results 

See Section A.7. An example of the graph of average diameter 

change with axial effective stress plotted from test data is shown in 

Figure A3 below. 
f l V  D  I  f t  C H A N G E  v .  E F F  f t H  S  T  F :  E  

Figure A3. 

Computer plot of aver
age diameter change 
versus axial effective 
stress. 

1 0 0  0  

o 
CL 

-30 6 0 
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A.6.9 Test Abort 

The test may be aborted at any stage by pressing the "PAUSE" 

key on the computer keyboard. 

If the operator wishes to obtain a print of the screen and to 

save the results, the following should be keyed in 

C0HT4392,"endline" 
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A.7. Tabulating and Plotting Resulrs 

A.7.1 Introduction 

Up to 350 readings per test may be logged from each 

controller. The computer finds the interval between readings by 

dividing 350 into the operator's estimate of the test duration. 

The general purpose plotting and tabulation program allows 

results saved on tape cartridge by the GDSTTS package to be analyzed 

later. 

The information saved on the tape consists of information about 

the dimensions of the test specimen followed by sets of readings from 

the three pressure controllers. By using the recorded values in 

conjunction with the calculations related to the triaxial cell all of 

the test variables can be recalculated. 

FOR EACH TEST UP TO 20 VARIABLES ARE AVAILABLE FOR SUBSEQUENT 

TABULATION AND PLOTTING. 

Two functions are supported by the program: 

i. the ability to plot any two of 20 variables against each other 

ii. the ability to tabulate any number up to 20 variables for the 

complete test. 

A.7.2 Operation 

A.7.2.1 Start-Up 

The program must first be loaded into computer memory. Insert 

the GDSTTS cartridge into the tape transport with the label up. Type: 

LOAD "GDSFBP" endline. 
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The general purpose plotting and tabulation program will then 

be loaded into computer memory. The display will go blank and the 

light on the tape transport will be on. When the light goes out and 

the display returns, the program has been loaded. The program (GDSFBP) 

can now be started by pressing the "RUN" key. There will be a delay of 

approximately 20 seconds while data areas are allocated and a syntax 

check is performed on the program. 

A.7.2.2 Savings Results 

The program will then display: 

INSERT RESULTS CARTRIDGE -

ENTER DATA FILENAME 

1 

At this point, the operator should insert the data cartridge 

used to save the data into the tape transport. Then type the name of 

the file used to save the data followed by "endline", 

e.g., Type: "GH0001 endline" 

If the datafile does not exist or the tape has not been 

inserted into the transport, then the appropriate error message will be 

given. The operator must then correct the error and restart the 

program by pressing the "RUN" key. 

If the file does exist, then the program will read all of the 

data into computer memory from the tape. 
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A.7.2.3 Data Options 

The program will then display: 

DO YOU WANT A PRINT OF OPTIONS 

(Y OR N) 

7 

If the operator types Y"endline", then the following information 

will be printed: 

THE GENERAL PURPOSE PLOTTING 

OR TABULATING PROGRAM ALLOWS 

THE FOLLOWING VARIABLES TO BE 

EXAMINED 

1 = TIME 

2 = PERCENT AXIAL STRAIN 

3 = AXIAL STRESS 

4 = RADIAL STRESS 

5 = EFFECTIVE AXIAL STRESS 

6 = EFFECTIVE RADIAL STRESS 

7 = DEVIATOR STRESS 

8 = STRESS RATIO 

9 = MEAN STRESS 

10 = MEAN EFFECTIVE STRESS 

11 = AVERAGE RADIAL STRAIN 

12 = AVERAGE DIAMETER CHANGE 

13 = PORE WATER PRESSURE 

14 = VOLUME CHANGE ( V(8)) 
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15 = CHANGE INJ LENGTH 

16 = SQUARE ROOT OF TIME 

17 = LOG(IO) OF TIME 

18 = LOG(IO) OF EFFECTIVE AXIAL 

19 = (DEVIATOR STRESS)/2 

20 = MAX SHEAR STRAIN 

A.7.2.4 Execution 

The program will then display: 

THERE ARE 270 SETS OF DATA 

DO YOU WISH TO 

1 = TABULATE 

2 = PLOT 

8 = ANOTHER FILE 

9 = TERMINATE PROGRAM 

ENTER YOUR CHOICE 

? 

If the choice is 1, then the operations described in Section 

A.7.3 are carried out. 

If the choice is 2, then the operations described in Section 

A.7.4 are carried out. 

If the choice is 8, then start again at A.7.2.3. 

After performing the required operation, the program returns to 

the above display. In this way, the operator may create as many plots 

or tabulate from this set data as required. 

If the choice is 9, then the program makes the following 

display: 
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END 

and the program terminates. A different set of data may then be 

examined by restarting the program using the "RUN" key. 

A.7.3 Tabulation 

If the operator has selected the tabulation option, then the 

program proceeds by asking the number of a variable which requires 

tabulating to be entered. Any number of variables may be chosen up to 

the limit of the total number (20). The operator indicates that the 

selection of variables for tabulation has been completed by entering 

the value 99. 

An example of this sequence follows: 

ENTER VARIABLE # TO BE TABBED 

? 

1 

ENTER VARIABLE # TO BE TABBED 

? 

2 

ENTER VARIABLE # TO BE TABBED 

? 

99 

The program then displays the titles of the selected variables 

and asks the operator if it is OK to continue with this selection. If 

the reply is "N", then the program starts the tabulation selection 

again. 
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An example of this sequence follows: 

VARIBLES TO BE TABBED ARE 

3 = kPa 

4 = kPa 

14 = CU.MM 

OK TO CONTINUE (Y OR N) 

•t 

If the reply is "Y", then the variables are tabulated as shown 

in the following example: 

TABULATION FOR 

CID .7269 

3 = kPa 

4 = kPa 

14 = CU.MM 

READING NUMBER 1 

3 = 550.773993869 

4 = 598 

14 = -1 

READING NUMBER 2 

3 = 550.800893224 

4 = 598 

14 = -44 



READING NUMBER 3 

3 = 551.840160358 

4 = 598 

14 = -55 

READING NUMBER 4 

3 = 562.900302293 

4 = 598 

14 = -64 

READING NUMBER 5 

3 = 562-93767349 

4 = 598 

14 = -73 

READING NUMBER 6 

3 = 562.968528466 

4 = 598 

14 = -81 

READING NUMBER 7 

3 = 584.979164302 

4 = 598 

14 = -90 

READING NUMBER 8 

3 = 594-971605496 

4 = 598 

14 = -102 
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READING NUMBER 9 

3 = 606.945677289 

4 = 598 

14 = -119 

READING NUMBER 10 

3 = 628.860110038 

4 = 598 

14 = -140 

A.7.4 Plotting 

If the operator has selected the plotting option, then the 

program asks the operator to enter the X and Y variable numbers to be 

plotted. A display is then made of the variable titles and the 

operator is asked if it is OK to continue. A reply of "N" causes the 

plotting selection to be restarted. 

An example of this sequence follows: 

ENTER X AND Y VARIABLE NUMBERS 

FORMAT X,Y e.g. 2,7 

2,7 

X = X AXIAL STRAIN 

Y = DEV STRESS 

OK TO CONTINUE (Y OR N) 

? 
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If the reply is "Y", then the program appears to pause while it 

calculates the scale limits of the graph. The following appears on the 

screen at this time: 

PLEASE WAIT 82 SECS: SCALE CALC 

The actual scale limits are then displayed and the operator is 

asked if they are to be altered. 

It should be noted that whether or not the user changes the 

scale, the program will still calculate a sensible scale based on 

powers of 10 using the displayed or entered limits as applicable. It 

is, therefore, normally only necessary to change the scale if the 

operator wishes to select some feature of the graph to examine in more 

detail. For example, under cyclic loading the operator may wish to 

examine one cycle in detail. To do this, the full graph must first be 

plotted, the operator can then select that part of the scale required 

to be replotted and modify the scale limits accordingy. 

An example of the above sequence follows: 

THE SCALE IS 

X-MIN = -4. 88313288113E-4 

X-MAX = 25.0177546899 

Y-HIN = 1.10203383867E-2 

Y-MAX = 4.19829096315 

DO YOU WISH TO ALTER IT (Y OR N) 
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ENTER X-MIN 

? 

0 

ENTER X-MAX 

? 

30 

ENTER Y-MIN 

? 

0 

ENTER Y-MAX 

? 

5 

The graph is then drawn on the screen and when complete, it is 

transferred directly to printer. 
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CID .7269 (GHOOOl) 
STRESS RATIO v. 7. AXIAL STRAIN 

7. Strain 

Figure B.1-1 Typical s tress-strain curve for GHOOOl test .  



C1D .7269 (GHOOOl) 

EFF AX STRESS v. 7. AXIAL STRAIN 
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Figure Bl-2 Typical stress-strain curve for GHOOOl test .  



CIO .7269 (GHOOOl) 
VOLUME CHANGE v. 7. AXIAL STRAIN 
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Figure Bl-3 Volume change versus % s train for GHOOOl test .  



CID .7269 (GH0001) 
PORE PRESSURE v. % AXIAL STRAIN 
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Figure Bl-4 Pore water pressure versus axial strain for GH0001 test. 
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Figure Bl-5 Typical s tress-strain curve for GH0005 test  



CID H 1 (GH0005) 

EFF AX STRESS v. 7. AXIAL STRAIN 
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Figure Bl-6 Typical s tress-strain curve for GH0005 test  
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VOLUME CHANGE v. 1 AXIAL STRAIN 
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Figure Bl-7 Volume change versus % axial  strain for GH0005 test .  



CID H 1 (GH0005) 

PORE PRESSURE v. 7. AXIAL STRAIN 
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Figure Bl-8 Pore water pressure versus % axial strain for GH0005 test. 
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STRESS RATIO v. % AXIAL STRAIN 
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Bigure Bl-9 Typical s tress-strain curve for GH0007 test  



CID HI D (GH0007) 

EFF AX STRESS v. 7. AXIAL STRAIN 
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Figure Bl-10 Typical s tress-strain curve for GH0007 test .  



CID HI 0 (GH0007) 

VOLUME CHANGE v. % AXIAL STRAIN 
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CID HI D (GH0007) 
PORE PRESSURE v. Z AXIAL STRAIN 
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Figure Bl-12 Pore water pressure versus % axial strain for GH0007 test. 
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CID L. 72121 CGH0002) 

STRESS RATIO v. Z AXIAL STRAIN 
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Figure B2-1 Typical s tress-strain curve for GH0002 test  
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EFF AX STRESS v. Z AXIAL STRAIN 
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Figure B2-2 Typical s tress-strain curve for GH0002 test  



CID L.72121 (GH0002) 
VOLUME CHANGE v. Z AXIAL STRAIN 
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Figure B2-3 Volume change versus % axial  strain for GH0002 test .  
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Figure B2-4 Pore water pressure versus % axial strain for GH0002 test 
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STRESS RATIO v. Z AXIAL STRAIN 
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Figure B2-5 Typical stress-strain curve for GH0006 test .  
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Figure B2-6 Typical stress-strain curve for GH0006 test 
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VOLUME CHANGE v. X AXIAL STRAIN 
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Figure B2-7 Volume change versus % axial strain for GH0006 test. 
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Figure B2-8 Pore water pressure versus % axial strain for GH0006 test. 
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Figure B2-9 Typical stress-strain curve for GH0008 test 
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Figure B2-10 Typical stress-strain curve for GH0008 test. 
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Figure B2-11 Volume change versus % axial strain for GH0008 test 
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Figure B2-12 Pore water pressure versus % axial strain for GH0008 test. 
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CAO KO L L 30 7 05 (GHK01O) 
EFF RAD STRESS v. EFF AX STRESS 
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Figure B3-1 Effective radial stress versus effective axial stress for 
GHK810 test. 
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Figure B3-2 Average diameter change versus % axial strain for GHK810 test. 
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Figure B3-3 Effective radial stress versus % axial strain for GHK810 test. 
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Figure B3-4 Effective axial stress versus % axial strain for GHK810 test 
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Figure B3-5 Pore water pressure versus % axial strain for GHK810 test. 
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Figure B3-6 Volume change versus square root of time for GHK810 test. 
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Figure B3-7 Volume change versus % axial strain for GHK810 test. 



KO 09 17 05 (K0S17) 
EFF RAD STRESS v. EFF AX STRESS 

Figure B3-8 Effective radial stress versus effective axial stress for 
K0S17 test. 
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Figure B3-9 Average diameter change versus % axial strain for K0S17 test. 
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Figure B3-10 Volume change versus square root of time for K0S17 test. 
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Figure B3-11 Volume change versus % axial strain for K0S17 test. 



KO NOWATZKI 20 (NOWAKO) 
EFF RAD STRESS v. EFF AX STRESS 

Figure B3-12 Effective radial stress versus effective axial stress for 
NOWAKO test. 
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Figure B3-13 Average diameter change versus % axial strain for NOWAKO test. 
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Figure B3-14 Volume change versus square root of time for NOWAKO test. 
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Figure B3-15 Volume change versus % axial strain for NOWAKO test. 
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