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ABSTRACT 

The stress-strain and volume (or pore pressure) change character

istics of a Southern Arizona copper mine tailings material were investi

gated in the laboratory by conducting static loading triaxial compression 

tests. The tailings material is silty sand with highly angular grain 

shapes, rough grain surface texture and approximately 37% by weight pass

ing No. 200 sieve. 

lsotropically consolidated drained (Cln) and isotropically con

solidated undrained (ClU) tests were performed on laboratory compacted 

samples. The test samples were loaded to relatively large axial strains 

(20-35%) to study the residual shear strength and the shear stress in

duced pore pressure change or volume change at steady state. Test sample 

densities and effective confining stresses were systematically varied in 

these tests. 

The definition of critical void ratio and "lower" critical void 

ratio were reviewed and their values for different effective confining 

stresses were obtained from the Cln tests. Stress-strain and volume (or 

pore pressure) change curves and strength parameters obtained by using 

conventional and lubricated loading end platens were compared and dis

cussed. Steady state lines and undrained brittleness indices were ob

tained from the ClU tests with strain-controlled and load-controlled 

loading methods. The liquefaction potential of the tailings material was 

xi 



xii 

then evaluated. These results were compared with others reported in the 

literature. The significance of the results was discussed with respect 

to tailings material behavior. 



CHAPTER 1 

INTRODUCTION 

1.1 Characteristics of Tailings Materials 
and Tailings Impoundments 

In the process of extracting metals or minerals from ore, it is 

a common practice to pre-crush and mill the ore to obtain fine particles 

prior to chemical treatment. After mineral extraction this fine material 

becomes waste and is called mine tailings. Jeyapalan (1982) reported 

that the particle size of tailings ranges from clay size «2~) for phos-

phate tailings to silt «0.06 mm) and fine sand «0.2 mm) size for most 

metal tailings to sand «2 rom) and gravel «60 rom) size for coal tailings. 

Due to the crushing and grinding process, particle shapes of most tailings 

materials are highly angular. 

Water is used in the extracting process and consequently the tail-

ings are hydraulically deposited as slurry. The slurry is most often 

pumped from the plant to a disposal site and discharged by spigotting near 

the top of a starter dam. Separation of particles occurs as the tailings 

slurry flows on the beach towards the pool. The coarser particles settle 

first and form a sand beach. The finer particles, which are often called 

slimes, settle close to the pond. Part of the water is usually recovered 

through a water return system for reuse in the extraction process. The 

hei.ght of the embankment is raised regularly to maintain a freeboard over 

the rising pond level. Many mines use the beach sand with little 

1 
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compaction to form and raise the embankment to retain the slimes and 

water. This method of construction is commonly referred to as IIhydraulic 

filling ll
• 

Because tailings material is a waste product, its disposal adds to 

the cost of the mining operation. Historically, methods of construction 

of tailings dams were oriented towards the lowest possible cost. As a 

result, the design and construction of tailings embankments had received 

relatively little geotechnical engineering attention compared to the 

design and construction of water retaining embankment dams. About two 

decades ago several catastrophic tailings impoundment failures occurred" 

causing heavy loss of lives and extensive prqperty damage. The aforementioned 

IIhydraulic-fill ll construction method generally forms loose to medium 

dense tailings deposits having a metastable structure. Klohn and Maartman 

(1973) reported that relative densities of in situ tailings sands vary 

between 40 and 50%. Case histories have shown that tailings dams like 

these are susceptible to liquefaction failure which results in flow 

slides. Such slides are the result of high pore water pressure build up 

and reduced shear strength within the tailing mass. 

1.2 Liquefaction Failure of Tailings 
Impoundments - Case Histories 

Natural reluctance to publicize problems because of personal as 

well as legal implications has caused owners and engineers to withhold 

the details about failures or unsatisfactory performances of their 

tailings impoundments. Still a number of liquefaction failures of tail-

ings impoundments are well documented in the literature and are briefly 

described here. 



3 

1) E1 Cobre Impoundments, Chile 

On March 28, 1965, an earthquake triggered the failure of two E1 

Cobre Copper Mine tailings impoundments in Chile. More than two million 

tons of tailings flowed into the valley, traveling 12 km in a few minutes, 

destroying part of the town of E1 Cobre, and killing more than 200 people. 

In the case of the E1 Cobre new impoundment, the impacts of the earth-

quake liquefied the unconsolidated core (pond area) of the dam. The 

pressure of the liquefied material on the exterior embankment added to 

the horizontal forces. The embankment subsequently opened up and all the 

tailings flowed out. This incident was reported by Dobry and Alvarez 

(1967). 

2) Aberfan Colliery Waste Tip, Wales 

3 On October 21, 1966, 105,000 m of coal rubbish from the approxi-

mate1y 67 m high Aberfan coal waste Tip No. 7 flowed down the 12.5° 

slope for a distance 'of about 600 m at an estimated velocity of 16 to 32 

km per hour. The flow slide destroyed a junior school and killed 144 

people. This incident was reported and the failure mechanism investi-

gated by Bishop et a1. (1969) and Bishop (1973). Although the colliery 

waste cannot strictly be referred to as tailings, the failure mechanism 

is important. It is believed that a rise in pore water pressure at the 

base of the tip due to heavy rainfall reduced the shear strength of the 

material and reactivated sliding movements on a shear surface created by 

an old slide. Due to the presence of a large volume of loose saturated 

material at the base of the tip, this sliding displacement induced even 

higher pore pressure and caused the flow slide to occur. 
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3) Mochikoshi Tailings Impoundment, Japan 

On January 14, 1978, the Izu-Oshima earthquake resulted in the 

liquefaction of two gold tailings impoundments. About 80,000 m3 of sodium 

cyanide contaminated tailings were released from Dam No. 1 and part of 

it flowed 30 km downstream to the ocean. Two people were killed and the 

entire Mochikoshi River and bay area were contaminated with sodium cyanide. 

This failure was reported by Marcusson et al. (1979). 

4) Other Cases 

A number of other cases of mine tailings flow slide failures were 

reported by Jeyapalan (1981). 

Liquefaction failures of other types of materials have also been 

reported in the literature. A number of well known cases like the Fort 

Peck and Lower San Fernando Dam failures and the Niigata bearing capacity 

failure were recently reviewed by Castro et a1. (1982). In all these 

cases the cause of failure could be traced back to the liquefaction of 

saturated loose sand strata. It is interesting to note' that both the 

failures of Mochikoshi tailings Impoundments No.2 (Marcusson et al., 

1979) and Lower San Fernando Dam (Seed et al., 1975) occurred after the 

earthquake had ceased. This suggests that, although the earthquake 

caused the failures, the presence of seismic shear stresses was not re

quired to drive the em.bankments into immediate liquefaction. 

1.3 Considerations in the Design of Stable Tailings Impoundments 

It was suggested by Dobry and Alvarez (1967) that the incorpora

tion of the following considerations into the design and construction of 

new tailings impoundments will substantially reduce the risk of 



liquefaction failure: 

1) A construction method which will make a clear separation 

between the resistant embankment and the nonconsolidated 

slimes. Therefore, part of the dam shell will not be 

underlain by the softer slimes. 

2) Compaction of the dam shell during the construction to 

increase its shear strength. 

3) Adequate and timely drainage of the pond which will in

crease the consolidation rate and strength of the slimes. 

1.4 Research Objectives and Scope of Work 

5 

It is the purpose of this research to study the engineering 

behavior of a saturated tailings material under various types of loading. 

Load testing conducted under controlled conditions in the laboratory may 

provide important information relevant to the tailings impoundment 

stability problems. 

The hypothesis of "critical void ratio" was first postulated by 

Casagrande (1936) to relate the flow slide failures to the in-situ 

densities of saturated cohesionless soils. Due to the limitations of 

testing equipments, the "critical void ratio" of a soil can hardly be 

reached in the laboratory. In view of this, Casagrande (1938) intro

duced the "lower" critical void ratio. There is evidence in the litera

ture that confusion arises from definitions of the two different "criti

cal void ratios". 

For the last two decades, considerable amounts of research have 

already been done on the liquefaction potential of saturated loose sands 
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and tailings materials under seismic loading. Most of these studies have 

used laboratory cyclic triaxial tests. Static loading triaxial com

pression tests, especially load-controlled undrained tests, have also 

been used to study the liquefaction potential of saturated loose granular 

materials (Castro, 1969; Castro et a1., 1982). However, in the litera

ture, most of the static loading triaxial compression tests have been 

performed on uniformly graded Ottawa sand or river sands which have only 

a small fraction of minus No. 200 sieve material and have relatively 

rounded particles. As discussed in Section 1.1, metal mine tailings 

usually have large amounts of silt-sized slimes while both sand and silt 

size particles in mine tailings are very angular in shape and have rough 

surface texture due to the processes of crushing and milling and mineral 

extraction. 

Therefore, the primary objectives of this research are threefold: 

1) To conduct a critical review of some concepts of the static 

loading on saturated loose sands. The review will help to 

clarify the confusion caused by the inconsistency in defin

ing "critical void ratio". 

2) To study the stress-strain and volume (or pore water pressure) 

change behavior of a Southern Arizona copper mine tailings 

in the laboratory by means of static loading triaxial com

pression tests. Through these laboratory tests, basic 

material properties could be understood and useful engineer

ing parameters obtained. The liquefaction potential which 

indicates the potential of a flow slide to occur, could then 

be evaluated. 



follows: 

3) To contribute to the relatively small amount of existing 

static loading triaxial test data about tailings materials 

as they are found in the literature and to provide information· 

about the effects of different laboratory testing techniques 

on the test results. The different testing techniques will 

be described in scope of the work. 

To accomplish these objectives, the scope of work was set as 

1) Evaluate the influence of initial void ratio and effective 

confining stress on specimen volume change for isotropically 

consolidated drained (CID) tests. 
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2) Evaluate the influence of initial void ratio and effective 

confining stress on induced pore water pressure and residual 

shear strength at relatively large (20-35%) axial strains for 

isotropically consolidated undrained (CIU) tests. 

3) Perform tests for comparison purposes by using both tradi

tional frictional loading end platens and the rubber disc

silicone grease lubricated loading ends. 

4) Perform comparison tests between strain-controlled loading 

and the load-controlled loading methods for comparison 

purposes. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Definition of Critical Void Ratio 
and Its Relation to Liquefaction 

The concept of "critical void ratio" was first developed in the 

1930s to investigate the liquefaction potential of saturated loose sand 

deposits. Throughout the years, the definition was modified due to 

the improvement of laboratory testing equipment and techniques. How-

ever, the modification of definition is not always clearly stated in the 

concerned literature and confusion arises. This problem will be re-

viewed in this chapter together with the developments of various 

hypotheses and testing methods in the area of granular soil liquefaction 

analyses. Also to be reviewed are the studies about the significance of 

using lubricated loading end platens in triaxial (cylindrical) tests. 

Casagrande (1936) described the volume change behavior of sands 

associated with shear deformation in a direct shear box. He noted that 

dense sand expands and loose sand contracts until a certain large hori-

zonta1 deformation at which both dense and loose sand tend to approach the 

same "critical void ratio". At that point, under a constant ·shear stress, 

"cohesion1ess soil can undergo any amount of deformation or actual flow 

without volume change". The hypothesis is shown in Figure 1. 

He concluded that if a saturated sand with a void ratio con-

siderab1y higher than its critical void ratio is sheared in an essentia1-

1y undrained state, the tendency of volume decrease will result in pore 
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water pressure build up and lead to a reduction in shear strength ac

cording to the principle of effective stress. When the shear strength 

drops substantially below the existing shear stress in the soil mass, 

the f1Ql07 slide will occur and the sand is said to have liquefied. Due 

to the limitations of the testing equipment, the critical void ratio 

could not be reached in the laboratory. An expedient definition was 

introduced and is discussed in the following section. 

2.2 "Lower" Critical Void Ratio 

The direct shear device is not suitable for critical void ratio 

determination because the volume change measurement is not accurate and 

not representative for the entire test specimen. Casagrande and Watson 

(1938) performed consolidated drained triaxial tests on materials used 

in Franklin Falls Dam and reported two limitations of using the tri

axial apparatus for critical void ratio determination purposes: 

10 

1) For dense specimens, one or more failure planes develop 

shortly after the peak deviator stress is applied. Any 

further volume change after that happens mainly within the 

narrow failure zone or zones which cannot be correlated with 

the volume change of the entire specimen. 

2) For loose material, the specimen fails gradually by 

bulging. The conditions of constant shear stress and 

constant volume are only approximately reached even with 

large vertical strains. 

Due to these test limitations, Casagrande introduced the defini

tion of "lower critical void ratio" in the same paper. The method to 
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attain it is described as follows: As shown in Figure 2, a series of 

consolidated drained tests using the same confining pressure is performed 

on specimens with different initial densities. The initial void ratio 

of a test specimen is plotted against the amount of volume change at 

maximum deviator stress. The void ratio at which the curve passes zero 

volume change is the lower critical void ratio of the material. 

The "lower" critical void ratio is lower in value than the cri

tical void ratio estimated by using only the ultimate volume change of 

loose specimens. So it is considered to be conservative. The cause of 

this lower value is that the tendency of the material to continue to 

dilate after the peak deviator stress is usually not accounted for. It 

was found that critical void ratio varies with different confining 

stresses for a given soil. The higher the confining stress the lower 

the critical void ratioj i.e., a denser sand can have contractive 

response under higher confining stress and can develop positive pore 

water pressure under undrained conditions. Therefore, for a given soil, 

the liquefaction potential is greater under higher confining stresses. 

Casagrande (1976) reported that the lower critical void ratio, 

right after it had been proposed, was used to investigate the 1938 

failure of the Fort Peck Dam. Triaxial test results showed that the 

sands in the embankment could not have liquefied because their in situ 

void ratio was lower than the lower critical void ratio. But the field 

evidence suggested a flow slide failure. Casagrande (1976) concluded 

that the method used to determine critical void ratio was faulty and 

could lead to unsafe results so it should not be used to study liquefac

tion failure. 
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Perloff and Baron (1976) discussed the failure of the Fort Peck 

Dam as analyzed by Middlebrooks (1942) and commented on aspects which 

might have affected the critical void ratio determination but were not 

well recognized at earlier times. For example, Middlebrooks (1942) r~

lated critical void ratio to the effective vertical stress at failure. 

The piston friction in triaxial tests leads to overestimation of the 

vertical effective stress and in turn overestimates the critical void 

ratio in the laboratory. Perloff and Baron (1976) concluded that the 

void ratio in the site was likely above the critical void ratio and the 

flow slide supports such a view. 
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Taylor (1948) adopted Casagrande's·testing method but suggested 

that the lower critical void ratio should be based on the void ratio of 

soil specimens after consolidation rather than before consolidation, as 

shown in Figure 2. Furthermore, Taylor reasoned that since liquefaction 

is associated with undrained conditions during shear, pore water pressure 

change at peak deviator stress should be used as the characteristic 

parameter since no volume change takes place under.undrained conditions. 

Taylor also commented that the dynamic loading conditions like earth

quakes, blasting, traffic-caused vibration, etc., which were known to 

cause liquefaction failure, were not considered in the laboratory testing, 

so "all data on critical void ratios obtained from such tests can be 

accepted only to that degree to which such conditions in nature are free 

of the dynamic effects that are not presented in the laboratory tests". 

Lee and Seed (1967a), Seed and Lee (1967) followed Taylor's 

suggestion and conducted both drained and undrained tests on sand to 

obtain the lower critical void ratio. They defined the "critical 
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confining pressure" as the effective confining stress which induces no 

net volume change at failure for a series of test specimens with the same 

void ratio after consolidation for drained tests. 

In the literature, generally when critical void ratio is men-

tioned, it refers to the "lower" critical void ratio. The different 

definitions have caused confusion as can be evidenced by the discussion 

made on Lee and Seed's paper by Rowe and Barden (1969). 

2.3 Critical Void Ratio of Granular Materials 
Achieved by Simple Shear Test Device 

Roscoe et ale (1958) reported for the first time that the cri-

tical void ratios of granular materials could be achieved by means of 

the simple shear testing device which they developed earlier. A simple 

shear apparatus is similar to a direct shear box, except that in the 

simple shear apparatus one pair of platens is allowed to rotate and the 

sample may deform uniformly. In a series of drained tests, steel balls, 

starting either from dense or loose state, reached a critical void ratio 

with negligible data scattering. The same tests had been conducted on 

glass beads and sands with different vertical confining stresses. The 

data scattering is greater for sands than for glass beads and greater for 

glass beads than for steel balls. For sands, high confining stress 

caused greater data scattering than low confining stress. This was 

attributed to particle breakage • 

. 2.4 Cyclic Mobility 

Seed and Lee (1966) first reported the use of a cyclic triaxial 

test device to study the problems of ground subsidence and failure due 
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to earthquake loading of saturated sands. In those consolidated undrained 

tests, in addition to specimen void ratio and effective confining stress, 

the magnitude of cyclic shear stress and number of cycles to cause 

failure were studied. From these studies Lee and Seed (1967b) defined 

the point when the induced pore pressure at zero deviator stress first 

reached the effective confining stress as "initial liquefaction". After 

initial liquefaction, the strains during each subsequent cycle became 

progressively larger as more cycles of load were applied. When the 

cyclic strain reached 20%, 10% in compression and 10% in tension, the 

specimen was said to have developed "complete liquefaction". Lee and 

Seed (1967c) also reported the cyclic loading strength of anisotropical

ly consolidated sands. 

Among the conclusions drawn from the cyclic triaxial tests, two 

of them appear to be in disagreement with the results of static triaxial 

tests: 

1) Cyclic loading can produce liquefaction in both loose 

and dense sands. 

2) The higher the confining pressure the greater is the 

number of cycles required to induce liquefaction. In 

other words, the liquefaction potential decreases with 

increasing confining pressure. 

Castro (1969) investigated liquefaction of sands by doing both 

static and cyclic triaxial tests. He observed that in cyclic tests the 

strains were mainly developed in the top portion of the specimens. At 

about 10% strain, the alternate necking and bulging at the top portion 

of specimens was obvious and in some cases a thin layer of free water 



could be seen at the top of the specimen when deviator stress was zero. 

By reconsolidation and freezing the test specimens, water content and 

density distribution were determined. The top portion was founo to be 

much looser and wetter than other parts of the specimen. 
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Seed (1979) reported the work by Mulilis et al. (1975) in which 

it was noted that "there was no apparent effect of nonuniform strains or 

water content distribution in the samples prior to the development of a 

pore pressure ratio of 100% or certain limiting strains. However, it 

was apparent that nonuniform conditions developed once necking occurred 

in the specimens". 

Seed and Lee (1966) and Castro (1969) both showed that for dense 

sands, if, after liquefaction due to a pulsating load, the specimen was 

loaded statically, the pore pressure would decrease and specimen would 

dilate and regain strength usually with a loss of less than 8% of speci

men height. Since then it had been realized that the phenomenon of 

cyclic liquefaction of dense sand is different from the conventional 

definition of liquefaction. Conventional definition of liquefaction has 

. been associated with saturated loose sand and loss of a large percentage 

of shear strength and flowing like fluid. Cyclic liquefaction can occur 

on dense sands if the magnitude of cyclic shear stress and number of 

cycles are large enough. In order to avoid confusion, Castro (1969), 

Castro and Poulos (1977)and Seed (1979) suggested use of the term 

"cyclic mobility" to describe this phenomenon. 



2.5 Critical Void Ratio or Steady State Line (Zone) 
Determined by Static Triaxial Tests with Load-control 
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In this dissertation, "load-controlled" testing refers to sample 

loaded by adding dead weights. When the sample deforms rapidly during 

part of the test, the enlarging sample cross sectional area results in 

reducing stresses. This loading mechanism is different from the "stress-

controlled" testing in which samples are usually stressed by hydraulic 

pressure that usually does not attenuate when the sample deforms. 

Castro (1969) reported liquefaction of loose sands developed in static 

load-controlled triaxial tests. A major portion of the tests were per-

formed on "Banding Sand" or Ottawa sand, a uniform, fine quartz sand with 

subrounded to subangular grains and about 3% by weight passing No. 200 

sieve. The results of three typical consolidated undrained tests are 

presented in Figure 3. In all three tests the specimens were isotropi-

cally consolidated under a confining pressure of 392 kPa (57 psi, psi 

lb/in2). Then the axial load was increased with dead load increments at 

about one-minute intervals. 

In Test a, the specimen had a relative density of 27% after con-

solidation. The peak deviator stress of about 196 kPa (28.4 psi) was 

reached after 14 minutes (i.e., about 14 load increments) at about 1% of 

vertical strain. Then, under the next small increment of load, the 

specimen suddenly liquefied and in 0.18 seconds reached about 20% strain, 

at which point the loading yoke hit a stop block. At about 5% strain 

the deviator stress dropped to 25 kPa (3.6 psi) and remained constant 

during further deformation. At the same point the pore pressure rose 
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to 378 kPa (55 psi) and remained constant during the "flow". The cor

responding effective minor principal stress was 15 kPa (2 psi). 
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In Test b, the specimen's relative density after consolidation 

was 44%. Under the same loading procedure it also liquefies at about 2% 

strain after a peak deviator stress of 245 kPa (35.5 psi) is reached. 

Following initial liquefaction, the specimen deformed to 18% of strain 

in 0.4 seconds before it stopped flowing. Additional weights had to be 

added to cause further straining. The shear strength during flow de

creased very little compared to the peak strength. The corresponding 

effective minor principal stress was greater than that for Test a. 

Type b failure was called "limited liquefaction" by Castro. 

Specimen c was denser than either Specimen a or Specimen b, with 

a relative density of 47% after consolidation. It did not liquefy during 

axial loading. The specimen tried to dilate as the axial load was in

creased as evidenced by a pore pressure decrease after about 3% strain. 

After the investigation of the Fort Peck Dam slide, Casagrande 

postulated that when sand liquefies, it is actually flowing (Castro, 

1969). In that condition the sand has a "flow structure" in which each 

grain is constantly rotating so as to offer a minimum frictional resis

tance. The flow structure hypothesis was used by Castro (1969) to ex

plain the physical mechanism occurring in Tests a and b. The continuous 

yielding at constant void ratio and constant shear seems to correspond 

to the concept of critical void ratio. Castro found that if the void 

ratio after consolidation is plotted against the logarithm of effective 

confining stress for all tests with liquefaction or limited liquefaction, 

a "critical void ratio line" could be defined as shown in Figure 4. 
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However, there was an inconsistency in this critical void ratio 

line definition. For the same sand under the same effective confining 

pressure, a loose specimen would fail by liquefaction but a slightly 

denser specimen might fail only by "limited liquefaction" with a much 

greater residual strength. There could be two critical void ratios un

der the same confining stress. To resolve this ambiguity, Castro and 

Poulos (1977), Poulos (1981) and Castro et al. (1982) redefine the 

"critical void ratio line" as the "steady state line" and the "residual 

strength" was named "steady state strength". 

2.6 Effects of Stress History on the Steady State Line 

Castro (1975) and Casagrande (1976) reported the testing of 
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three "loose" saturated sand specimens under undrained conditions. Two 

specimens were isotropica1ly consolidated while the third one was aniso

tropically consolidated. The specimens were so prepared that all three 

had the same void ratio after consolidation. Then the anisotropically 

consolidated one was subjected to monotonic deviator load by adding dead 

weight to the loading yoke. One of the isotropica1ly consolidated 

specimens was loaded by cyclic deviator load and the other by monotonic 

load. All three specimens developed different peak strengths followed 

by liquefaction. The steady state or residual shear strength were almost 

the same for all three specimens. So were the residual effective minor 

principal stresses. These results demonstrate that when the steady 

state is achieved at large strains in sand, the original structure of a 

specimen is completely destroyed and the specimen loses all memory of 

its past stress-strain history. 
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Castro et al. (1982) reported consolidated undrained triaxial 

tests conducted on a Banding Sand and a mine tailings having 

6.5% by weight passing No. 200 sieve. Different stress paths were fol-

lowed. The steady state lines (zones) produced by the four loading con-

ditions used were anisotropically consolidated monotonic loading, ani-

sotropically consolidated cyclic loading, anisotropically consolidated 

cyclic loading followed by monotonic loading, and isotropically consoli-

dated monotonic deviator loading essentially overlapped. It was noted 

that the steady state lines were curved for mine tailings sand and that 

data scatter was greater than for the Banding Sands. It was concluded 

that for all practical purposes, for a particular sand there is one 

unique steady state line which is independent of stress history and 

loading path. 

2.7 The Use of Steady State Strength 
in Dynamic Stability Analysis for Tailings Dam 

Since the steady state line appears to be unique for a particular 

sand, it is reasonable to assume that no matter what the disturbing source 

is (earthquake, blasting, traffic-induced vib~ation, pile driving or 

gradual shear of a weak clay seam underlying a large sand deposit), the 

loose saturated sand can be liquefied as long as the disturbance is of 

sufficient intensity and duration to cause large undrained deformation. 

In view of this observation, Castro et al. (1982) suggested: 

1) For a proposed embankment, the steady state line can be 

used to estimate the minimum density at which the sand 

should be placed. Then the void ratio changes due to 

stress increases after placement can then be estimated. 
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The "driving" shear stresses which are calculated in a 

static stability analysis can be compared with the un-

drained steady state strength for all potential critical 

failure surfaces to evaluate the liquefaction potential 

of the embankment. 

2) For existing embankments, the void ratio can be esti-

mated from "undisturbed" samples and the same analyses 

as the one used for proposed embankments can be carried 

out. 

This procedure results in a quick and relatively inexpensive 

form of analysis. Since it represents the worst possible condition that 

could de'lelop for a tailings dam during an earthquake, Lo et al. (1982) 

and Finn (1982) suggested that it be used as the first step of a 

dynamic stability analysis for tailings dams, to be followed by a modi-

fied pseudo-static analysis and finite element dynamic analysis. 

2.8 Stress-strain and Volume Change 
Behavior of Mine Tailings Materials 

As discussed in the previous sections of this chapter, most of 

the investigations related critical void ratio and steady state strength 

under static, undrained loading conditions had been conducted on uni-

formly graded sands having relatively rounded particle shapes and very 

small fraction of silt size material. Mine tailings are usually silty 

fine sands to fine sandy silts. Both tailings slimes and sands are 

angular in shape and rough in surface texture due to the process of 

mining and milling. In light of these differences, it is reasonable to 



assume that tailings materials may possess a stress-strain and volume 

change behavior somewhat different from other types of sands. 

2.8.1 Load-controlled Testing 
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As stated in Section 2.6, Castro et a1. (1982) reported test 

results on a uniformly graded tailings sand. The only published data 

about the liquefaction potential of silty sand tailings under undrained, 

monotonic load-controlled loading are found in Righter and Tobin (1980) 

and Righter and Vallee (1980). In their study three mine tailings 

materials, garnet, zinc, and iron ore, were investigated. Two of the 

three were uniform sands; only one, the iron ore tailings, had about 20% 

by weight passing No. 200 sieve. Rowever, the steady state line for the 

iron ore tailings was not reported. The liquefaction potential was 

evaluated in terms of the brittleness index proposed by Bishop (1973) 

on initial (before consolidation) dry densities of the test specimens. 

The brittleness index is defined as the ratio of residual strength to 

peak strength subtracted from unity. Their conclusions are as follows: 

1) Angular shaped mine tailings can exhibit a flow phenom

enon in laboratory testing. 

2) For the three tailings materials tested, greater than 

80% initial compaction of the specimen relative to the 

ASTM D-1557 Modified Proctor maximum densitY,lique

faction potential is eliminated. 

2.8.2 Strain-controlled Testing 

Casagrande (1976) reported that the strain-controlled testing 

method gives a greater steady state shear strength than that given by a 
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load-controlled test on specimens with the same void ratio. Although no 

specific data was given in the paper, Casagrande attributed the dif~ 

ference to the much higher strain rate in the load-controlled test during 

liquefaction. He also postulated that the flow structure is not achieved 

in the strain-controlled tests. 

Castro et a1. (1982) performed three strain-controlled tests and 

reported no significant difference between strain and load-controlled 

tests results on the position of the steady state line. Therefore, there 

seems to be some contradiction about the effect of loading method on the 

nature of the steady state line. 

2.9 Lubricated Loading End Platens 

Since the introduction of the triaxial test for laboratory shear 

strength determination of geological materials, the boundary conditions 

imposed during the test have been of interest to many investigators. 

This is especially true of the effects of end restraint caused by con

ventional loading platens since the horizontal and vertical planes are 

considered principal stress planes. Obviously, if frictional (shear) 

forces exist on the horizontal plane of the specimen due to roughness 

of the loading platens, the horizontal planes are no longer a principal 

stress plane. 

Balla (1960), using elastic theory~ analyzed a cylindrical 

specimen with a length to diameter (LID) ratio of two. He subjected the 

specimen to the triaxial test stress condition and found that the end 

restraint results in nonuniform stress and strain conditions in the 

specimen. Shockley and Ahlvin (1960) reported tests on large triaxial 
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specimens of dry sand. Pressure cells and strain gages embedded in the 

specimen showed higher than average values of both vertical stress and 

strain near the vertical axis around mid-height, where the maximum bulge 

is normally observed in a triaxial specimen. Volume change information 

indicated that after 10% vertical strain, the top quarter of the specimen 

had contracted and the upper middle quarter had dilated. 

Rowe (1962) first reported the use of a combination of rubber 

sheets and silicone grease to develop "frictionless" ends for triaxial 

compression test specimens. Rowe and Barden (1964) offered the following 

advantages for using enlarged lubricated end platens: 

1) The specimen is allowed to expand laterally at both 

ends so basically it retains its shape of a right 

cylinder even at large strains. Dead end zones are 

removed and a much greater uniformity of stress and 

deformation throughout the specimen is obtained. The 

cross sectional area correction for deviator stress 

calculation is more accurate. 

2) The elimination or retardation of the formation of a 

predominant failure surface. This means that the 

volume change measurement refers more to the entire 

specimen rather than to one preferred zone within the 

specimen. The critical void ratio may be better obtained. 

3) In undrained tests, lubricated ends can reduce the 

tendency for internal pore pressure gradients to form. 

Hence, the time required for equalization of pore 

pressure throughout the specimen is also reduced. This 



means that undrained tests can be run faster and pore 

pressure measurements still be representative. 

The disadvantages of using lubricated ends are that the test 

setup is difficult and time consuming and the specimen has a tendency 

to slide laterally and tilt. To offset this tendency, Rowe and Barden 

(1964) suggested the use of a L/D ratio of 1. Lee and Seed (1964) and 

Duncan and Dunlop (1968) reported using a 3.2 mm (1/8 in.) long metal 

dowel extending into the ends of the specimen from the center of the 

top and bottom platens to overcome this problem. 

Duncan and Dunlop (1968) studied the lubricant effectiveness as 

a function of sample size, consolidation time and shear testing time. 

In general, shorter time and larger sample size will prevent grease from 

being squeezed out and the lubricated ends are more effective. 
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Bishop and Green (1965), Olson and Campbell (1964), Barden and 

McDermott (1965) and Raju et a1. (1972) all studied the effects of 

lubricated ends on triaxial test results. In general, the results ob

tained from different investigators are consistent for both drained tests 

on sands and undrained tests on clays. Compared to regular friction 

ends, the use of lubricated ends results in: 

1) A flatter initial slope of the stress-strain curve. 

2) Up to 10% less peak strength and from 0 to 3 degrees 

lower effective internal friction angle ¢. 
3) Somewhat greater dilative and less contractive volume 

change response. 

Lee (1978) reported that for dense sands tests with lubricated 

ends resulted in higher critical confining pressures for both drained 
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and undrained conditions. Also the undrained strength (maximum deviator 

stress) for dense sand with lubricated ends was about 20% greater than 

for tests with regular ends. 

Norris (1980) studied effects of end rubber membrane thickness 

on the strength of sands with lubricated end platens. In a series of 

tests he varied the end rubber .membrane thickness. He found that if a 

single piece of progressively thicker membrane is used or if a progres

sively thicker stack of ungreased membranes is used, there appeared to 

be an optimum membrane thickness beyond which a Poisson's effect occurred 

causing an artificial reduction of sand strength. The optimum thickness 

was found to increase with increasing confining pressure and sample 

height and most likely will decrease with increasing uniformity coeffi

cient of the sand. A stack of mUltiple greased membranes did not show 

this effect. 

2.10 Summary 

From the literature being reviewed in this chapter, the follow

ing conclusions are drawn: 

1) The critical void ratio as originally defined by Casagrande 

(1936) can only be approximately reached for sandy soils 

in most of the shear testing devices available to soil 

engineers today. 

2) The "lower" critical void ratio was used by different 

investigators to study case histories of liquefaction 

failures. However, no definite conclusions about the effec

tiveness of this analysis could be drawn. 



3) Liquefaction of saturated loose sandy soils was suc

cessfully generated in the laboratory by static mono

tonic loading. The steady state line analysis was 

considered by some researchers as a quick and inex

pensive approach to study the liquefaction failure. 

4) Cyclic mobility was generated in the laboratory even 

for dense sands by using cyclic triaxial or cyclic 

simple shear devices. This analysis has been widely 

used to study the effects of seismic loading on granu

lar materials in the profession, although contro

versies about validity of this testing method still 

exist. 

5) Other than the cyclic loading studies, only limited 

amounts of information about the static loading 

stress-strain and pore pressure change behavior and 

liquefaction potential of mine tailings are available 

in the literature. Among the existing information, 

most is about the load-controlled monotonic loading 

tests conducted on uniform tailings sands. 

6) The rubber disc-silicone grease lubricated load end 

platens have been successfully used in triaxial tests 

to reduce the unwanted nonuniform stress and strain 

conditions in the test specimens. 

In this research the stress-strain and volume (pore pressure) 

change behavior and liquefaction potential of a Southern Arizona copper 

tailings material (a silty sand) will be studied. The lubricated end 
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platens, static loading triaxial test method and steady state line 

analysis are adopted. Both isotropically consolidated drained and un

drained tests will be conducted. Most of the static loading tests will 

be conducted using strain-controlled rather than load-controlled loading 

methods. 



CHAPTER 3 

TRIAXIAL COMPRESSION TEST APPARATUS ADOPTED IN THIS STUDY 

3.1 Geonor Triaxial Test Apparatus 

The Geonor triaxial test apparatus, originally developed at the 

Norwegian Geotechnical Institute, was used with some modification to 

conduct all the strain-controlled static triaxial compression tests in 

this study. 

The major components of this equipment as made by the manufac-

turer include: 

1) Triaxial cell 

2) Constant pressure cell 

3) Loading press 

4) Null-indicator pore pressure instrument 

5) Screw control, valves, tubes, Bourdon pressure gages 

and mercury manometers. 

Detailed descriptions of these components can be found in 

Andresen et a1. (1957) and Andresen and Simons (1960). In addition to 

the original components, two volume change measuring devices similar 

to the "paraffin volume gage" described in Bishop and Henkel (1962) 

were incorporated in the Geonor system to obtain test specimen and tri

axial cell volume change information during back pressure saturation 

and shear testing. The major components of the testing device as it 
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exists at the University'of Arizona are shown in Figure 5 and will be 

described briefly in the following sections. 

3.1.1 Triaxial Cell 
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The triaxial cell designated as No. 3 in Figure 5 is constructed 

for a cylindrical test specimen 8.0 cm high with a cross-sectional area 

of 10 sq. cm (3.57 cm in diameter). A metal pedestal is soldered at the 

center of the bottom plate for mounting the specimen. Two drainage lines 

lead from the top of the pedestal through the bottom plate to the outside 

of the cell. A third drainage line leads from the top plexiglass loading 

head to the bottom plate and then through the plate to the outside of 

the cell. All three drainage lines can be connected either to the volume 

change device or pore pressure measuring instrument. 

A hollow lucite cylinder is clamped between the top and bottom 

cell plates with sealing rings to hold the cell water. A stainless steel 

loading piston with a cross-sectional area of 0.95 sq. cm goes through a 

brass rotating bushing at the top of the cell. It transmits the axial 

load to the loading cap and test specimen. Sealing oil is used around 

the piston and bushing. The sealing oil reduces the friction and, be

cause of its high viscosity, the leakage of cell water through the minute 

void between the piston and the bushing under pressure. The rotating 

bushing is driven by a flexible cable directly from the loading press 

motor. Andresen and Simons (1960) demonstrated that the rotating bushing 

fulfills its designed purpose and reduces considerably the piston fric

tion arising from eccentric loading. 
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3.1.2 Constant Pressure Cell 

Designated as No. 11 in Figure 5, the purpose of this unit is to 

maintain a constant water pressure within the triaxial cell, the volume 

change measuring device and the associated tubing system. A loaded 

piston and bushing attached to the top of a vertical hydraulic cylinder 

filled with water and sealing oil are the main components of this 

apparatus. 

Fluctuation of pressure in the cell caused by volume change of 

the test specimen, leakage of cell fluid, temperature variation, and 

movement of the piston in the triaxial cell is prevented by the displace

ment of the loading piston in the constant pressure cell. The movement 

compensates for the volume gain or loss in the enclosed system. By 

closing or opening the correct valves, the constant pressure cell can be 

connected to the triaxial cell and the volume change measuring device. 

As the desired pressure is built up in the system with the screw control, 

sufficient weights are placed on the loading yoke of the constant pres

sure cell to keep the piston in equilibrium. The pressure will be main

tained as long as the loaded piston does.not reach the end of its travel. 

3.1.3 Loading Press 

The loading press is shown as No.1 in Figure 5. Axial compressive 

load is applied to the ends of the specimen, at a constant rate of strain, 

by a screw-type press driven by a variable speed gear drive unit. By 

changing the gear combinations, the rate of strain can be varied from 

1.9% to 0.0005% per minute. 
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The triaxial cell is placed in the center of the press on a cir

cular table which is raised by the. gear drive unit against a stationary 

yoke. A proving ring equipped with a mechanical dial gage, graduated in 

divisions of 0.0025 mm (0.0001 in.), is attached to the stationary yoke 

and is in touch with the load piston. The axial force on the specimen 

can be monitored by the proving ring throughout the test. Another dial 

gage, graduated in 0.025 mm (0.001 in.) divisions, is mounted on the 

proving ring to measure the vertical deformation. of the specimen. The 

drive unit and press are designed for a maximum load of 18 kN (2 tons). 

3.1.4 Pore Pressure Measuring Instrument 

The pore pressure measuring device, designated as No. 6 in 

Figure 5, is in principle a U-tube null-indicator filled with mercury. 

One arm of the U is connected by copper tubing to the test specimen 

drainage outlet. The other arm is coupled to the screw control, 

Bourdon pressure gage and mercury manometer. 

Pore pressure variations in the specimen change the position of 

the mercury level in the U-tube. Changes in the mercury level in the 

arm connected to the specimen are prevented by increasing or decreasing 

the pressure applied to the other arm of the U-tube using the screw 

control. The pressure required to hold the mercury level in position is 

therefore equal to the pore water pressure at the base of the specimen. 

It is critical to assure that there are no air bubbles trapped 

in the section between the specimen and the mercury arm. A valve insert

ed in the connection across the top of the U-tube allows water to by

pass the mercury. This design facilitates the de-airing process of 



the system by allowing air bubbles to be flushed out with water 

through the copper tubing. 

3.1.5 Screw Control, Valves, Bourdon Pressure Gages 
and Mercury Manometers 

A screw control which can develop either pressure or vacuum is 

used in this system. It is No.8 in Figure 5. It consists of a metal 
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cylinder which contains an internal piston fitted with two cup fittings. 

When the cylinder is filled with water, movement of the piston, which 

is accomplished by turning a wheel attached to a threaded rod connected 

to the piston, develops fluid pressure in the cylinder. The pressure 

can be transmitted to other components in the system through coupling 

tubes and valves. 

Klinger AB 10 type constant volume sleeve-packed valves are 

used throughout the device. Both Bourdon gages and mercury-water 

manometers are used to measure cell and pore pressure. The Bourdon gages 

are graduated in 9.8 kPa (1.4 psi) divisions from 0 to 1,176 kPa (170 

psi). The mercury-water manometers are made of 2.26 rom I.D. po1yethy-

1ene tubing and graduated in 1.96 kPa (0.03 psi) divisions. 

3.1.6 Volume Change Measuring Device 

Two sets of volume change devices which essentially follow the 

Imperial College design (Bishop and Henkel, 1962) are incorporated into 

the Geonor triaxial device at the University of Arizona. One set is the 

EL-27-253 twin burette volume change unit manufactured by Engineering 

Laboratory Equipment, Inc., England. A glass burette, graduated from 

o to 100 cu. cm with 0.2 cu. cm divisions, is surrounded by a larger 
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bore acrylic plastic tubing. Two identical sets of glass burette and 

surrounding acrylic tubing are threaded into an acrylic plastic base 

side by side. The base is in turn mounted on a backboard. The lower 

half of the device is filled with de-aired water and the upper half is 

filled with colored kerosene. A "reversing valve" is used to connect 

the device to the triaxial cell in one end and the constant pressure 

source in the other end. The volume change can be read out from the 

movement of the water-kerosene interface. 

The other unit was manufactured in the machine shop of the 

Department of Civil Engineering and Engineering Mechanics at the 

University of Arizona. It follows the same design except that the glass 

burettes have a capacity of 25 cu. cm with 0.1 cu. cm divisions and the 

"reversing valve" is replaced with a series of Whitey 3-way, Nupro 2-way, 

no volume change valves and some Swage 10k fittings. This device is 

shown in Figure 6. 

3.2 Modified Soil Test Loading Frame and 
Electronic Instrumentation for Load-Controlled 

Triaxial Compression Tests 

The Geonor triaxial test apparatus, without the strain-controlled 

loading press, was used together with a dead weight loading yoke and 

frame to conduct all the load-controlled triaxial compression tests in 

this study. 

A Soi1test C-242 high capacity consolidation test frame, manu-

factured by Soi1test Inc., Illinois, was modified for this purpose as 

shown in Figure 7. The lower level arms were removed to obtain a 1:1 

load ratio. The dimensions of the loading yoke and the connecting 
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Figure 6. Twin Burette Volume Change Measuring Device. 
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vertical bars were changed in order to accommodate the triaxial cell. 

The upper level arm and knife edge were replaced by a large diameter 

pulley with ball bearing. The pulley was fixed on top of the frame. 

The weight of the loading yoke assembly was balanced by counter weights 

hanging on a steel cable which goes around the pulley and connects the 

loading yoke. 
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For those tests in which liquefaction was expected to occur with 

large subsequent strain rate, an electronic data acquisition system was 

used. High output force transducer (load cell), linear variable differ

ential transformer (LVDT) and pressure transducer used in this study are 

manufactured by Schaevitz Engineering Inc., New Jersey. Specifications 

for these transducers are listed in Table 1. 

A DC power supply and a switch box were manufactured by the Civil 

Engineering Department electronic shop personnel. Power supply provides 

the necessary excitation for the transducers. The switch box provided 

a quick shift of selection for anyone of the three different test 

parameters on a digital multimeter. The digital multimeter, B+K Preci

sion Dynascan Corp., Illinois, Model 2830, has a resolution of 1 mv for 

total output less than 2 volts and a resolution of 10 mv for total out

put larger than 2 volts. 

Two dual channel DC amplifier Models RD 5621 00 together with 

oscillograph Model RD 2662 00, manufactured by Brush Instrument Corp., 

Ohio, were used to record the transducer output on a strip chart. The 

resolution of the chart is 10 mv per chart line and the speed of the 

chart drive can go as high as 250 mm/sec which is quick enough to record 



Item 

Properties 

Rated Capacity 

Full-scale output 

Excitation voltage 

Nonlinearity 
% of full range 

Hysteresis 
% of full range 

Repeatability 
% of full range 

Table 1. Summary of Transducer Specifications 

Force Transducer 

Schaevitz FTD-lu-lk 

* ~4,450 kN 
(±1,000 lbs) 

±5 volt 

±15 V.D.C. 

0.05 

0.1 

LVDT 

Schaevitz GCD-12l-500 

*~1.27 cm (±0.5 in.) 

±10 volt 

±15 V.D.C. 

0.12 

* Both tensile and compressive load and deformation can be measured. 

Pressure Transducer 

Schaevitz 2591-0001 

3,448 kPa (500 psi) 

5 volt 

±15 V.D.C. 

0.15 

0.12 

0.01 

~ 
I-' 
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the fast varying data output during liquefaction. The load cell, LVDT 

and pressure transducer are shown in Figure 8. The power supply, switch 

box, digital multimeter, amplifie~ and oscillograph are shown in 

Figure 9. 

3.3 Calibration of Proving Rings. Bourdon Gages 
and the Electronic Data Acquisition System 

A ~oiltest 2,225 N (500 lbs) double proving ring and a Geonor 

17.8 kN (4,000 lbs) proving ring were used in this investigation. Both 

rings were calibrated in the Geonor loading press in series with equiva-

lent capacity rings which are regularly calibrated by an outside com-

mercial testing laboratory. The force transducer was calibrated with a 

digital multimeter in the modified Soiltest loading frame using dead 

weights. 

The Bourdon gages and pressure transducer were calibrated on a 

comparative pressure tester with a "standard" test gage. The "standard" 

test gage is in turn calibrated on a dead weight gage tester. The LVDT 

was calibrated using a Schaevitz CAL-42H micrometer calibrator. 

Because the effective confining stress, expected maximum devia-

tor stress and steady-state strength vary from test to test, sensitivity 

or resolution of the oscillograph was adjusted and calibrated with the 

digital multimeter before each test in order to obtain the best resolu-

tion from the recording chart. 

3.4 Lubricated End Platens 

A sketch of the lubricated loading ends used in this study is 

shown in Figure 10. This design essentially follows the one used by 



' LOAD TRAtJSDUCER 

Figure 8. Force Transducer, Pressure Transducer and LVDT. 
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Figure 9. Electronic Data Recording System. 
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Rowe and Barden (1964) except that a little steel pin was incorporated 

into the loading ends to prevent the side sway of test specimens under 

axial loading (Duncan and Dunlop, 1968). The details are described as 

follows: 

1) The diameter of the polished stainless steel or p1exig1ass 

circular end platens was made approximately 30% larger 

than the diameter of the test specimen so that the radial 

expansion of the specimen corresponding to 40% of ver

tical strain can be accommodated. 

2) A 6.35-mm (1/4 in.) diameter cavity, inlaid with POREX 

porous plastic, supplied by POREX Technologies Corp., 

Georgia, is located at the center of both loading ends 

and connects to a drainage line. The porous plastic 

was made of high density polyethylene with an average 

pore size of 70 microns and a porosity of approximately 

45%. A 0.76-rom diameter steel pin was forced into the 

porous plastic and secured with about 6.35 rom sticking 

out of the ends into the test sample. DUFing the test 

setup, the pin will plunge into the specimen along 

the major principal stress axis to prevent the specimen 

from sliding sideways while it undergoes axial loading. 

The effects of the presence of the pin on the stress

strain behavior of soil specimens was not studied, but 

it is assumed to be negligible provided the pin is 

properly centered. 

3) Two pieces of 0.25-rom (0.01 in.) thick rubber discs were 
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inserted between the specimen and loading ends. A thin 

layer of high vacuum silicone grease was spread uniformly 

between the rubber discs and between the loading ends 

and the specimen to reduce friction. 
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CHAPTER 4 

LABORATORY TESTING PROGRAM 

In this chapter the laboratory testing program for this research 

is described. It includes a detailed description of the copper mine 

tailings being studied, the sample preparation method and testing pro

cedures for both strain-controlled and load-controlled isotropically 

consolidated drained and undrained tests. 

4.1 Descriptions and Properties of Duval Mine Tailings Material 

4.1.1 General 

The tailings material used in this investigation was collected 

from the tailings impoundment of Duval Corporation copper mine located 

about 40 miles southwest of Tucson, Arizona. The material was collected 

from the beach surface at a location close to the deposition points and 

away from the pond. 

The tailings material can be described as a well graded, non

plastic silty sand with about 37% by weight passing No. 200 sieve. The 

grain size distribution curve is shown in Figure 11. DID is 0.011 rom 

and the coefficient of uniformity is 12. The specific gravity of the 

soil solids is 2.74. The particles, both sand and silt, have an 

angular grain shape as shown in Figures '12 and 13. These photomicro

graphs were obtained on an lSI Model DS-130 scanning electron microscope 

at the University of Arizona, Department of Animal Science. The rough 
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u.s. Standard Sieve Sizes 

o.oor 
Grain Size in Millimeters 

Figure 11. Duval Copper Tailings Grain Size Distribution Curve. 
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Figure 12. Duval Tailings Material SEM Picture 1. 

Figure 13. Duval Tailings Material SEM Picture 2. 
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surface cleavages of the sand grains can be clearly seen. The scale 

bars in each picture are in microns and enable the size of the particles 

to be readily determined. Magnifications are also indicated. 

Four in situ samples for field density determination purposes 

were obtained from the tailings dam surface by driving steel sampling 

tubes into the ground. The tubes are of 6.35 cm (2.5 in.) inner 

diameter with wall thickness of 0.25 cm (0.1 in.) and about 10 cm (4 in.) 

long. After driving,the samplers were carefully removed from the ground 

by shovelling away the surrounding sbi1. The field density and moisture 

content were obtained from these samples. The mean of the four dry 

densities was 1.468 gm/cm3 (91.7 1b/ft3) with a standard deviation of 

0.024 gm/cm3 (1.49 1b/ft3). The mean of the moisture contents was 7.7% 

with a standard deviation of 0.94%. 

4.1.2 Compaction Tests 

For materials with more than 12% passing the No. 200 sieve, the 

impact compaction usually results in greater density than vibratory com-

paction. So the relative density test (ASTM D-2049) is not recommended 

for such materials. Impact compaction tests were performed on the 

tailings. The maximum dry density obtained from the standard Proctor 

compaction test (ASTM D-698) was 1.89 gm/cm3 (118 1b/ft3) and the optimum 

moisture content was 11.4%. The modified Proctor compaction test (ASTM 

D-1557) yielded a maximum dry density of 2.0 gm/cm3 (125.1 1b/ft
3
) and 

an optimum moisture content of 9.9%. The compaction curves are shown 

in Figure 14. 
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4.1.3 One-dimensional Consolidation (Oedometer) Test 

Oneoedometer test was performed on a laboratory compacted tail

ings sample with a dry density of 1.541 gm/cm3 (96.2 lb/ft3). This 

density was selected because it is loose yet still strong enough to 

minimize the disturbance during test set up. The sample was compacted 

in three layers at 10% moisture content in a brass consolidation ring 

6.35 cm (2.5 in.) in diameter and 2.54 cm (1 in.) high. The sample was 

first soaked with de-aired water overnight in a double drainage, fixed 

ring consolidometer and then loaded. The applied stress was doubled 

(load increment ratio = 1) at one-hour intervals until it reached 

1,540 kPa (16 tons/ft2). The vertical deformation for each stress in-
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crement was recorded according to a pre-determined time sequence. After 

the maximum loading increment, the sample was unloaded to 385 kPa (4 

tons/ft2) and 48 kPa (0.5 tons/ft2). The void ratio-logarithmic pres-

sure curve is shown in Figure 15. Because primary consolidation is 

completed in only a few seconds for these tailings, neither square root 

nor logarithmic time fitting method provides accurate information for 

calculations of the coefficient of consolidation. 

4.1.4 Permeability Test with Consolidometer 

A permeability test may be performed with a consolidometer. For 

each pressure increment, when the time fitting curve shows that the 

primary consolidation is complete, the valve which connects a standpipe 

to the porous stone at the bottom of the specimen can be closed and the 

water head in the stand-pipe raised. A falling head permeability test 

starts once the valve is re-opened. The test results are shown in 
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Figure 16. -6 The coefficient of permeability ranges from 4 x 10 cm/sec 

for the pressure increment of 1,540 kPa (16 tons/ft2) to 1.5 x 10-4 cm/ 

sec under zero load. 

The coefficient of consolidation c for the oedometer test is 
v 

then obtained by back calculating from the equation 

where 

c 
v 

k average permeability coefficient for a given pressure increment 

e = initial void ratio for that pressure increment 
o 

a coefficient of compressibility which is the slope of load-void 
v 

ratio curve for that pressure increment 

y = unit weight of water w 

The calculated c ranges from 4.5 cm2/sec for the pressure increment 0 
v 

to 4BkPa (0.5 tons/ft2) to 1.4 cm2/sec for the pressure increment 

770 to 1540 kPa (B to 16 tons/ft2). The results are plotted in 

Figure 17. 

4.1.5 Consolidation Test with Triaxial Test Chamber (Dissipation Test) 
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The coefficient of consolidation and coefficient of permeability 

are needed among other information to decide the strain rate for strain-

controlled triaxial tests. A consolidation test using a triaxial cell, 

as described in Bishop and Henkel (1962), was performed for these pur-

poses. 

A triaxial test specimen, B.O cm high and 10 sq. cm in cross-

sectional area, was prepared by mixing tailings material with 10% water 
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and compacting in ten layers of approximately equal thickness. Dry 

density as prepared was 1.533 gm/cm3 (96.9 lb/ft3). The specimen was 

then set up in the triaxial cell with lubricated loading ends and 

saturated with a back pressure of 490 kPa (71 psi). The test setup is 

shown in Figure 18. The volume change was measured from top drainage 

line. The pore pressure was measured from the bottom of the specimen 

with a no-volume change pressure transducer. 

After Skempton's pore pressure parameter Breaches 0.98, the 

drainage valves A and B were then closed and the cell pressure was in-

creased until the difference between cell pressure and back pressure 

reaches the pre-determined effective consolidation stress. Valve A was 

then opened to allow drainage and the pore pressure and volume change 

readings were taken at time intervals identical to an oedometer test. 

Since the pore pressure after complete dissipation is known 

beforehand, the percentage of dissipation can be plotted against the 
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logarithm of time t. The t so ' time for 50% pore pressure dissipation and 

consolidation, can then be determined. The TSO ' time factor for 50% 

consolidation, can be obtained from Terzaghi's l-D consolidation theory 

or from the isochrones plot in Taylor (1948). The value of 'C , the 
v 

coefficient of consolidation, is calculated from the equation 

TSO 2 
c = -- • H 
v tso 

4.1.6 Permeability Test with Triaxial Test Cell 

The setup shown in Figure 18 may be used to perform a permeabil-

ity test after 100% pore water pressure dissipation is achieved at the 
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end of each consolidation pressure increment in a triaxial consolidation 

test as described in the previous section, a constant head permeability 

. test can be carried out. With valve A closed, the pressure in the con

stant pressure system connected to valve A is increased to a value 

slightly (9.8 kPa or 1.4 psi) greater thrul the pressure in the specimen 

and the constant pressure system which is connected to valve B. Then 

valve A is opened and readings of ~oth volume change devices are taken 

with time. The volume change from both volume change devices should be 

the same. 

The pressure difference between the two constant pressure systems 

is equal to the head loss. The hydraulic gradient is then obtained by 

dividing the head loss by the specimen height. The coefficient of per

meability is calculated using Darcy's law. Test results are also shown 

in Figure 16. The coefficient of permeability obtained by this method 

is about twice the value obtained by using the method described in 

Section 4.1.4. The higher permeability coefficient obtained from this 

test may be attributed to a higher degree of saturation attained in the 

sample. 

4.2 Triaxial Compression Test Procedure 

In this section, details of test procedures including sample 

preparation, back pressure saturation, strain rate determination, and 

different loading methods are presented. 

4.2.1 Sample Preparation 

A predetermined amount of oven-dried tailings material and dis

tilled water were thoroughly mixed and tempered before being compacted 
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in layers in a split aluminum mold using a small drop hammer. The 

mold and hammer are shown in Figure 19. The weight and the drop of the 

hammer ram are systematically varied in order to produce groups of test 

specimens with different initial dry densities. Two rams weighing.200 

and 450 grams each were used by dropping from a height of 12 to 30 cm to 

tamp the tailings-water mixture. The densities of the sample groups 

will be reported in Section 4.2.7. The tailings-water mix was always 

covered with a piece of wet linen to reduce moisture evaporation. 

All specimens were built up and compacted in the mold in ten 

layers of approximately equal thickness. The number of blows on each 

layer was also kept constant for a given specimen. After the top layer 

was compacted, the excess amount of material was stricken off by a 

spatula. The specimen was retrieved by carefully separating and removing 

the two mold halves. A molding water content of 10% was used so that 

the compacted silty sand specimen had enough strength to survive hand

ling during the test setup. Leftover material from sample preparation 

was collected, oven dried, weighed and subtracted from the initial 

amount of tailings to determine the dry density of each specimen. 

Another sample preparation method, the slurry sedimentation 

method, was also experimented with at an early stage of this research. 

A wooden box with a size of 80 cm x 60 cm x 20 cm was perforated and 

lined with two layers of geotextiles. Tailings material was well mixed 

with large amounts of water in the box to make a slurry. The slurry was 

allowed to drain through the geotextile and consolidate under its own 

weight. After the tailings became dry and hard enough, a miniature 
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SPLIT MOLD 

Figure 19. Mold and Hammer for Sample Preparation. 
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"thin walled" sampler was forced into the deposit to obtain lIundisturbed" 

samples. 

Several problems were encountered with this slurry method. It 

is technically difficult to manufacture a miniature "thin wall" sampler 

which matches the commonly used specification suggested by Hvors1ev 

(1949) for obtaining "undisturbed" samples. It was found that only 

3 limited ranges of sample densities, i.e., from approximately 1.6 gm/cm 

3 3 to 1.76 gm/cm (100 to 110 1b/ft ), can be produced by varying the amount 

of mixing water. When too much water is used, noticeable particle segre-

gation takes place. Also noted is the relatively non-uniform moisture 

content distribution in a given sample. Usually the moisture content on 

the top of a sample was found to be slightly higher than other parts in 

the sample. This may be attributed to the finer particle size on top of 

the deposit. 

Due to the above-mentioned technical difficulties and the hypo-

thesis that at steady state (large strains) all the soil structures are 

destroyed, the drop hammer tamping method was adopted for this study. 

4.2.2 Specimen Initial Uniformity 

In order to check the uniformity of test specimens prepared ac-

cording to the procedure described above, two specimens with different 

densities were cut into five sections with approximately equal thickness 

by a thin razor blade. The cutting is carefully done in order to mini-

mize the possible volume change along the cutting edge. The volume of 

each section was obtained by measuring volume of each oven-dried section 

using the mercury displacement method. Since the molding water content 
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was below the shrinkage limit of the material, which was determined to 

be 18%, the specimen will not change volume during the oven drying pro-

cess. The results are listed in Table 2. Specimen 1 had a mean density 

333 of 1.640 gm/cm (102.4 1b/ft ) with a standard deviation of 0.01 gm/cm 

(0.61 1b/ft3) while specimen 2 had a mean density of 1.480 gm/cm3 (92.4 

1b/ft3) with a standard deviation of 0.014 gm/cm3 (0.89 1b/ft3). The 

results indicate that specimens prepared by this compaction method can 

be expected to have satisfactory initial uniformity. 

4.2.3 Percolation and Back Pressure Saturation of Test Specimen 

Immediately following the sample preparation, the specimen was 

set on top of the lubricated base platen which is mounted on the original 

base pedestal. The top loading platen was then put on the specimen and 

two rubber membranes each O.OS-rom thick were released from the membrane 

expander to surround the specimen and loading ends. Rubber O-rings were 

placed on the loading ends to prevent leakage. The triaxial cell was 

then filled with distilled water. 

De-aired distilled water was introduced from the bottom drainage 

line with a water head of about 30 cm to percolate the specimen and 

exited from the top drainage line. A confining pressure of 9.8 kPa 

(1.4 psi) was found necessary to hold the specimen and prevent it from 

collapsing during the percolation process. 

After an overnight percolation, back pressure was applied to 

both ends of the specimen through the second constant pressure source 

to dissolve the remaining air bubbles in the system and saturate the 

specimen. The back pressure and cell pressure were both raised in 29.4 



Table 2. Specimen Initial Uniformity 

Section Water Dr~ Density % of Mean Densitya 
Content (gm/cm) (lb/ft3) 

(%) 

Specimen 1 1b 9.6 1.636 102.1 -0.3 

2 9.2 1.654 103.3 +0.9 

3 9.8 1.644 102.6 +0.2 

4 9.7 1.630 101. 7 -0.6 

5 9.5 1.635 102.1 -0.3 

Specimen 2 1 8.9 1.476 92.1 -0.3 

2 9.2 1.475 92.0 -0.4 

3 9.3 1.464 91.4 -1.1 

4 9.3 1.489 92.9 +0.5 

5 9.3 1.501 93.7 +1.4 

a = Mean density: specimen 1 - 102.4 1b/ft3 , specimen 2 - 92.4 1b/ft
3

• 

b = Section number indicates locations in the specimen, 1 on the top, 
5 on the bottom. 
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kPa (4.2 psi) intervals with the cell pressure always kept 9.8 kPa (1.4 

psi) greater than the back pressure. Enough time was allowed to elapse 

before raising the pressures to the next higher level so that water could 

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

of part of the sample. 

It was found that for most of the specimens tested in this inves

tigation, 18 hours under a back pressure of 490 kPa (7~ psi) is usually 

sufficient to attain a Skempton parameter B value of 0.95 or higher. 

Black and Lee (1973) have shown that a B value of 0.95 can be considered 

saturation for a silty sand material and should provide immediate pore 

pressure response in the following undrained shear test. Different 

methods of checking the B value were given by Chaney et a1. (1979). It 

should be noticed that the premature checking of the B parameter, when 

it is considerably lower than unity, can cause overconsolidation of the 

test specimen and result in incorrect test results. 

4.2.4 Volume Change Measurement for Partially Saturated Specimen 

It was noticed in the early stages of this investigation that 

for specimens with initial densities lower than approximately 1.52 gm/ 

cm3 (95 1b/ft3), a decrease in sample volume took place during both the 

percolation and the back pressure saturation process. This phenomenon 

is shown in Figure 20. Since void ratio is one of the primary parameters 

in this study, specimen volume change occurring at any stage of the test 

had to be monitored closely. Two volume change devices were therefore 

employed, one connected to the cell to track volume change during speci-
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men saturation and a second to the specimen to record volume change during 

consolidation and shear. 

The use of strain gage band or lateral strain indicator as used 

by A1-Hussaini (1980) to measure specimen volume change directly is not 

feasible because the process of mounting such devices to a small, loose 

specimen could cause great disturbance or even destroy the specimen. 

Therefore, the indirect method of measurement made by monitoring the 

amount of cell water entering or exiting the triaxial cell was adopted. 

4.2.5 Calibration of the Triaxial Cell 

In order to investigate the feasibility of this approach and to 

calibrate the cell, a metal dummy specimen was inserted in the triaxial 

cell and subjected to the same confining pressures that would be used 

for real test specimens in the percolation and back pressure saturation 

stages of the test. Volume change of the cell was recorded by using the 

twin burette volume change device for a period of time that also simu

lates the real test. Any volume change occurring under these conditions 

was attributed to deformation of the cell itself. This "calibration" 

cell volume change as shown in Figure 21 was then subtracted from the 

actual test volume change data measured during a test on tailings. The 

net difference is the volume change of the tailings specimen. 

The amount of water entering the cell under elevated pressure 

is affected by many factors. Among others are the volume of air bubbles 

in the cell, oil and water leaking through the void between the loading 

piston and the sealing bushing, creep of the Lucite cell cylinder, tem

perature effects and specimen volume change. The accuracy of this 
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indirect measurement method depends very much on how well these factors 

match between calibration and real tests. It was found that despite the 

fact that the two volume change devices are graduated at 0.1 and 0.2 cm3 

per finest division, the overall accuracy of this method is only at 0.5 

cm3 which corresponds to a void ratio change of about 0.012 for a specimen 

volume of 80 cm3• 

4.2.6 Consolidation Portion of Triaxial Tests 

When Skempton's B parameter reaches 0.95 or greater, the sample 

was considered to be fully saturated. Volume change is then monitored 

as the volume of pore water expelled from the sample under the effective 

consolidation stress. In this study, all the specimens were isotropical-

ly consolidated by increasing the effective confining stress in incre-

ments, usually doubled for each increment, until the desired stress was 

reached. The loose tailings material consolidated very quickly as dis-

cussed in Sections 4.1.3 and 4.1.5. Usually only ten minutes elapsed 

for each pressure increment except the last increment which was always 

given one hour. 

4.2.7 Strain Rate Determination 

For undrained tests, the rate of strain should be slow enough 

that uniformity of pore pressure in the test specimen can be ensured and 

the pore pressure measurement at either end of the specimen is represen-

tative of the whole specimen. For the tailings material under a con-

solidation stress range of interest in this study, the coefficient of 

-4 -6 
permeability k varies from approximately 3 x 10 to 8 x 10 cm/sec and 

coefficient of consolidation c is approximately 2 cm
2
/sec. 

v 
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Bishop and Henkel (1962) provided some information about the 

strain rate for undrained triaxial tests. For example, a strain rate of 

0.08% per minute was suggested for a Moraine with k varying from 

-4 -6 -1 -2 2 1 x 10 to 1 x 10 cm/sec and c from 2 x 10 to 2 x 10 cm /sec. 
v 

Therefore, it may be reasonable to employ a strain rate faster than 

0.08% per minute for the tailings. From the information provided by the 

dissipation test as described in Section 4.1.5, 100% of the stress in-

duced pore water pressure dissipated in less than 10 minutes for all the 

pressure increments. If a 2% failure (peak deviator stress) strain is 

estimated, the strain rate of 0.2% per minute should ensure the equali-

zation of pore pressure within the entire sample. Therefore, a strain 

rate of 0.17% per minute, which is available with the Geonor apparatus 

motor drive gear combinations, was selected. 

For drained tests, the strain rate should be so decided that at 

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

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

t f , elapsed test time to failure, is 

20h
2 

t =---
f nc 

where 

h = 1/2 the height of the sample 

c = the coefficient of consolidation 
v 

v 

n = a factor depending on drainage conditions 

For the tailings material investigated in this study, h is 4 cm 

and c is 2 cm2/sec. Together with the drainage condition factor of 1, 
v 

the failure time t
f 

was calculated to be approximately three minutes. 
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For dense samples with an estimated failure strain of 2%, this leads to 

a calculated rate of strain of 0.67% per minute. For loose samples with 

an estimated failure strain of 20%, the calculated strain rate is 6.7% 

per minute. From these estimates, it is seen that a strain rate of 

0.17% per minute, which was adopted in this research, is slow enough to 

ensure that no excess pore pressure will develop in the drained tests. 

4.2.8 Strain-controlled Axial Compression 

For undrained tests, after consolidation was completed, the 

drainage valve was closed and the specimen was loaded under a constant 

volume condition with the base of the loading press rising against the 

stationary yoke at the selected strain rate. The magnitudes of axial 

load, sample vertical deformation and sample pore pressure were recorded 

at suitable time intervals so that the stress-strain and pore pressure 

change curves could be well defined. 

For drained tests the drainage valve was kept open during axial 

loading. The specimen volume change was measured by the twin burette 

volume change device under the back pressure. 

In this investigation, specimen groups with initial densities of 

3 
approximately 1.31, 1.46, 1.54, 1.62, 1.73, and 1.79 gm/cm (82, 91, 96, 

101, 108 and 112 1b/ft3) were prepared and tested under the strain-

controlled condition. Effective consolidation stresses of 39, 98, 392, 

and 883 kPa (5.7, 14.2, 57 and 128 psi) were used. A summary of all 

tests conducted can be found in Chapter 5. 

The test was terminated when one or more of the following 

conditions were reached: 



1) Steady-state strength is reached, 

2) More than 25% vertical strain is reached, 

3) Apparent failure plane or planes are formed, 

4) Specimen tilts or part of the specimen slides out of the 

loading ends. 

4.2.9 Load-controlled Axial Compression 

73 

All of the load-controlled tests in this study were performed as 

consolidated undrained tests with lubricated end platens. A dead weight 

was added to the hanger approximately every five minutes after the ver

tical deformation rate caused by the previous load increment dropped 

below 0.025 mm/min. (0.002 in./min.). Smaller weights (each weighing 

approximately 1/100 of the total load) were added when the failure was 

anticipated. 

The electronic data acquisition system used in this phase of the 

study was described in Chapter 3. The axial load, sample vertical 

deformation and pore pressure were read from the digital multimeter or 

from the slow running (50 cm/hr.) oscillograph chart until the point of 

incipient liquefaction. Then the strip chart speed was increased to 

125 mm/sec in order to record the variation of the transducer output for 

a fraction of a second. The test was automatically stopped at approxi

mately 35% of vertical strain when the loading hanger hit a wodden block 

stopper shown in Figure 7. 



CHAPTER 5 

ANALYSES AND DISCUSSION OF TEST RESULTS 

In this chapter the isotropica11y consolidated drained (CID) and 

isotropica11y consolidated undrained (CIU) triaxial compression test re-

su1ts of a copper mine tailings material are reported. Stress-strain 

curves and strength parameters obtained by using regular and lubricated 

loading ends are compared and discussed. Critical void ratios and "lower" 

critical void ratios for different effective confining stresses were 

obtained from the CID tests. Steady state line and liquefaction poten-

tia1 were obtained from the CIU tests with strain-controlled and load-

controlled loading methods. These results are compared with others re-

ported in the literature. The significance of the results is discussed 

with respect to tailings material behavior. 

5.1 General 

A total of 73 triaxial compression tests were conducted during 

this research. The various types of tests and the number of each type 

are shown in Table 3.' 

Table 3. Type and Number of Tests Conducted 

Strain-Controlled Load-Controlled 
~Epa REPb ~Epa ~pb 

CIU 

CID 

24 

21 

8 

8 

12 

o 

a = Lubricated end platens; b = regular end platens. 
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o 
o 
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The CIn test results are summarized in Table 4, while Tables 5 

and 6 contain the results of strain-controlled and load-controlled CIU 

tests, respectively. The reason for using maximum principal stress 

difference cr
d for CIU tests and maximum effective principal stress max 

ratio (cr 1
) for CIn tests as failure criteria will be discussed later 

'03 max 

in this chapter. The stress-strain and volume (or pore water pressure) 

change data for all 73 tests canbe found in Appendix A, Tables A-1 through 

A-3. It should be noted that in these tab1es,for the purpose of limiting 

space, only selected data points for each test are presented. On 

the average, 20 data points were taken during a test while 10 points were 

selected for presentation. However, these selected points are generally 

sufficient for plotting and generating the original stress-strain and 

volume (or pore pressure) change curves for each test. 

5.1.1 Computations 

Computations of the deviator stress during axial loading for 

drained tests were based on an area corrected according to Equation 5.1 • 

where 

A=A 
o 

• 1 + l:!.V/Vo 
1-e: 

A = corrected cross-sectional area 

A = area at the start of axial loading 
o 

V = volume at the start of axial loading 
o 

l:!.V = volume change, negative for contraction 

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

5.1 



Table 4. Summary of Test Results for 

Isotropica11y Consolidated, Drained, Strain-controlled Compression Tests 

Test Void Ratio % of Max. End Effective (0'1) Volumetric ~ 
No. As After Con- Dry Density Platens Consolidation Q3 max. Strain at Effective 

of ASTM-1557 Stress 0c 
- Angle of Internal 

Pre- solidation ( 0'1 ) 

pared (e ) Corresponds (kPa) 0'3 max. Friction 

(ei ) c to e 
( ~V)(%) 

Degree 
c 

0 

2-10 0.713 0.687 81.2 Ra 
39 3.73 _4.7c 

35 

2-13 0.698 0.653 82.9 R 98 3.54 -5.5 34 

2-14 0.721 0.604 85.4 R 392 3.61 -6.9 35 

2-16 0.699 0.548 88.5 R 883 4.21 -7.8 38 

2-22 0.492 0.492 91.8 R 39 7.45 +0.5 50 

2-20 0.506 0.491 91.9 R 98 5.07 +0.4 42 

2-17 0.509 0.480 92.6 R 392 3.97 -0.5 37 

2-24 0.491 0.460 93.8 R 883 3.86 -2.4 36 

12-24 0.685 0.669 82.1 Lb 392 3.75 -4.1 35 

12-27 0.702 0.655 82.8 L 98 3.62 -5.7 35 

12-28 0.692 0.595 85.9 L 392 3.36 -7.1 33 

12-26 0.692 0.543 88.8 L 883 3.42 -7.0 33 

11-18 0.732 0.554 88.2 L 883 3.21 -6.8 32 

12-29 0.515 0.512 90.6 L 39 6.83 +0.6 48 

a = regular ends; b = lubricated ends; c = negative sign denotes contraction, positive denotes dilation; 
d = calculated from the equation tan2(45 + ~/2) = <gl) -...J 3 max. <l' 



Test Void Ratio % of Max. 
No. As After Con-

Dry Density 

Pre- solidation of ASTM-1557 

pared (e ) Corresponds 

(e.) c to e c 
l. 

1-7 0.502 0.491 91.9 

12-30 0.506 0.478 92.7 

1-1 0.517 0.485 92.3 

12-8 0.900 0.779 77.0 

12-7 0.923 0.723 79.5 

12-9 0.942 0.647 83.2 

12-12 0.932 0.577 86.9 

1-12 0.783 0.736 78.9 

1-10 0.771 0.696 80.8 

1-11 0.783 0.576 86.9 

1-15 0.771 0.546 88.6 

12-21 0.753 0.558 87.9 

12-20 0.573 0.545 88.7 

12-19 0.573 0.523 90.0 

12-23 0.569 0.506 91.0 

Table 4. continued 

End Effective '01 
Platens Consolidation ('U3 ) max. 

Stress erc 
(kPa) 

L 98 5.33 

L 392 3.82 

L 883 3.60 

L 39 4.10 

L 98 3.72 

L 392 3.46 

L 883 3.14 

L 39 3.93 

L 98 3.79 

L 392 3.33 

L 883 3.21 

L 39 5.53 

L 98 4.25 

L 392 3.39 

L 883 3.67 

Volumetric 
Strain at 

( 01 ) 
03 max. 

(~V)(%) 
0 

+0.5 

-0.4 

-2.2 

-8.1 

-7.5 

-7.7 

-7.0 

-7.7 

-7.4 

-6.7 

-6.8 

+0.2 

0 

-2.1 

-5.4 

(j)d 
Effective 

Angle of Internal 
Friction 
Degree 

43 

36 

34 

37 

35 

34 

31 

37 

36 

33 

32 

44 

38 

33 

35 

""-.I 
""-.I 



Table 5. Summary of Test Results for 

Isotropica11y Consolidated, Undrained, Strain-controlled Compression Tests 

Test Void Ratio % of Max. End Effective Peak Deviator Effective Con-
No. As After Con- Dry Density Platens Consolidation Deviator Stress at fining Stress 

Pre- solidation of ASTM-1557 Stress 0c Stress Steady at Steady State 
Corresponds ('ld?a) (J State (Jdr (J3f (kPa) pared (e ) dmax. 

(e.) c to e (kJ?a) (kPa) c 
~ 

2-1 0.829 0.733 79.1 Ra 44 19 7 4 

2-2 0.865 0.699 80.6 R 98 41 17 10 

2-3 0.878 0.606 85.3 R 392 199 143 60 

2-5 0.886 0.559 87.9 R 883 448 383 164 

2-6 0.703 0.692 81.0 R 44 53 22 7 

2-8 0.707 0.680 81.5 R 98 77 34 11 

10-12 0.739 0.636 83.7 R 392 299 141 67 

2-12 0.730 0.555 88.1 R 883 477 338 150 

12-15 0.537 0.564 87.6 Lb 39 246 227 78 

12-14 0.573 0.550 88.4 L 98 315 289 103 

12-16 0.557 0.535 89.3 L 392 494 282 121 

12-18 0.580 0.518 90.3 L 883 802 629 240 

10-5 0.732 0.706 80.3 L 98 106 32 13 

10-6 0.732 0.693 80.9 L 98 96 36 10 

9-30 0.720 0.619 84.6 L 392 217 92 36 

10-13 0.746 0.643 83.4 L 392 235 107 46 

a = regular ends; b = lubricated ends ~ 
co 



Test Void Ratio % of Max. 
No. As After Con- Dry Density 

Pre- solidation of ASTM-1557 
Corresponds pared (e ) 

(e.) c to e c 
J. 

10-19 0.684 0.537 89.1 

11-21 0.797 0.743 78.6 

11-22 0.805 0.728 79.3 

11-23 0.794 0.621 84.5 

5-2 0.764 0.546 87.6 

11-25 0.779 0.575 87.0 

11-26 0.879 0.771 77.4 

11-30 0.923 0.798 76.2 

12-2 0.895 0.746 78.5 

11-28 0.884 0.614 84.9 

12-4 0.917 0.568 87.4 

11-9 1.119 0.791 76.5 

10-21 1.087 0.696 80.8 

11-8 1.139 0.735 79.0 

11-11 1.126 0.642 83.4 

11-16 1.132 0.586 86.4 

Table 5. Continued 

End Effective Peak 
Platens Consolidation Deviator 

Stress °c Stress 
(k.Pa) a d max. 

(kPa) 

L 883 617 

L 39 38 

L 98 56 

L 392 194 

L 687 356 

L 883 473 

L 39 15 

L 44 16 

L 98 39 

L 392 168 

L 883 408 

L 39 17 

L 98 38 

L 98 37 

L 392 174 

L 883 404 

Deviator 
Stress at 
Steady 
State ad 

(kPa) r 

380 

17 

15 

114 

287 

383 

7 

4 

12 

109 

322 

5 

22 

14 

123 

311 

Effective Con-
fining Stress 
at Steady State 
a3f (kPa) 

162 

5 

9 

47 

129 

152 

3 

2 

6 

42 

135 

2 

15 

8 

54 

140 

-....J 
\0 



Table 6. Summary of Test Results for 

Isotropica11y Consolidated, Undrained, Load-controlled Compression Tests 

Test Void Ratio % of Max. End Effective Peak Deviator Effective Con-
No. As After Con- Dry Density Platens Consolidation Deviator Stress at fining Stress 

Pre- solidation of ASTM-1557 Stress a Stress Steady at Steady State 
Corresponds (k..Pa) c 

State O"dr 03f (kPa) pared (e ) °" d max. 
(e.) c to e (kPa) (kPa) c 

:1. 

5-4 0.853 0.676 81.8 La 98 44 14 13 

5-5 0.868 0.690 81.1 L 98 38 15 11 

5-10 0.856 0.636 83.7 L 196 81 42 23 

3-16 0.859 0.597 85.8 L 392 184 130 52 

3-18 0.867 0.550 88.4 L 883 433 311 142 

5-11 0.749 0.740 78.7 L 39 31 5 6 

5-8 0.754 0.706 80.3 L 98 46 8 11 

5-9 0.769 0.598 85.7 L 392 191 73 48 

5-7 0.707 0.700 80.6 L 44 62 4 8 

5-6 0.695 0.663 82.4 L 98 78 5 12 

3-21 0.710 0.623 84.4 L 392 294 98 39 

3-27 0.686 0.553 88.2 L 883 491 333 113 

a = Lubricated ends 

(Xl 
o 
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In undrained tests on saturated soils ~V is zero and Equation 

5.1 becomes 
A 

A=~ 
l-e: 5.2 

A correction to the deviator stress to account for rubber membrane 

confinement was proposed by Bishop and Henkel (1962) as: 

° 
so that 

where 

r = 
1TD·M·e:(l-e:) 

A 
o 

°dc = °d - Or 

0dc = corrected deviator stress 

0d deviator stress before membrane correction 

D = sample diameter before axial loading 

M = the compression modulus of the rubber membrane per unit width. 

A and e are defined in the above section. 
o 

By assuming the modulus of elasticity of the membrane to be 

5.3a 

5.3b 

1,373 kPa (199 psi) as used by Poulos (1964), the compression modulus M 

becomes 13.7 kN/m (78 lb/in). The calculated ° values are 2.5 kPa 
r 

(0.35 psi) for 3.57 cm (1.4 in) diameter specimen with two membranes each 

0.05 mm (0.002 in.) thick at 20% axial strain. All the deviator stresses 

reported in this study were corrected for membrane effect. 

5.1.2 Consistency of Sample Preparation Method and 
Specimen Uniformity Under Load 

As discussed in Section 4.2.2, the degree of uniformity of den-

sity of the test specimens as prepared by the tamping compaction method 
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is satisfactory. However, it was found that it is more difficult to produce a 

series of "identical" loose specimens than dense specimens. In a series 

of "identical" dense specimens prepared by this method the void ratio 

usually varied less than 2.5% while the variation was usually between 

1.5 to 5% for loose specimens. 

Figure 22 shows a well-behaved specimen with lubricated ends at 

different stages of the triaxial test. The shape of a right cylinder is 

maintained even at very large strains. This implies uniform stress and 

strain distribution in the sample. Figure 23 shows the different sample 

shapes following shear as obtained using lubricated and regular ends. 

The liquefied specimen is the result of a load-controlled test. The 

bulging top was typically observed for load-controlled tests in which 

liquefaction occurred except in one case where the specimen bulged at the 

bottom. The bulge suggests that high pore pressure started from one part 

of the specimen and propagated throughout the rest of the specimen during 

the rapid deformation. In one test the wood block shown in Figure 7 was 

not used to stop the deformation at about 35% strain. In that test the 

loading yoke went all the way down during liquef~ction and the specimen 

was actually flattened. 

5.2 Isotropically Consolidated Drained (CID) Test Results 

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

for CID tests are presented. Analyses are performed to obtain strength 

parameters, critical void ratios and "lower" critical void ratios for 

different effective consolidation stresses (0 ). c 
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Figure 22. Deformed Shapes of a Specimen at Different Axial Strains. 
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5.2.1 Typical Stress-strain and Volume Change Curves 

The two types of stress-strain and volume change curves typically 

observed during the crD tests are illustrated in Figure 24. As summarized 

in Table 4, Test No. 12-7, Sample a, was loose with a dry density of 1.42 

g/cm3 (89 1b/ft3 , 71% maximum Modified Proctor dry density) as prepared, 

and was consolidated under a low cr of 98 kPa (14.2 psi). The stress
c 

strain curve rises at a mild slope and eventually flattens out at large 

strains (>25%). The void ratio curve shows that the sample contracts 

continuously and approaches a constant volume at large strains. 

Sample b in Test No. 12-29 was relatively dense with a dry density 

of 1.8 gm/cm3 (113 1b/ft3 , 90% maximum Modified Proctor dry density) as 

prepared, and was consolidated under a very low cr of 39 kPa (5.7 psi). 
c 

As shown in Figure 24, the stress-strain curve starts with a steep slope, 

reaches an apparent peak at approximately 2.5% strain and then drops. 

Multiple failure planes were observed to develop right after the peak was 

reached. The volume change curve shows that the sample contracted 

slightly at the beginning of axial straining then started to dilate. The 

test was stopped at 9.5% strain because the nonuniform state of stress 

and strain was very clear; the validity of recorded information beyond 

that strain would be questionable. A dense sample under a high confining 

stress would behave like Sample a because the tendency to dilate will be 

inhibited by the high confining pressure. 

5.2.2 "Lower" Critical Void Ratio and Critical Confining 
Stress Determination 

Five groups of samples with different initial densities varying 

from about 70% to 90% of the maximum dry density of Modified Proctor 
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compaction test were consolidated under 0 of 39, 98, 392 and 883 kPa 
c 

(1 psi = 6.89 kPa) and then sheared under strain-controlled conditions. 
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Both lubricated and regular end platens were used for comparison purposes. 

The method of analysis proposed by Casagrande (1938) and modified 

by Taylor (1948) was used to obtain the lower critical void ratios (e "t) 
cr~ 

for tests using both lubricated and regular end platens. This was done 

by plotting volumetric strain at failure against void ratio after conso1i-

dation for various confining stresses and interpolating and extrapolating the 

data to find void ratio at zero volumetric strain. Figure 25a shows the 

results for tests with lubricated end platens. There is considerable data 

scatter. A least square linear regression analysis was used to obtain the 

lines drawn. Most of the test specimens show contractive volume change 

response and the data plot below the zero volumetric strain boundary. 

The results of tests performed with regular end platens are plotted in 

Figure 26 and the same trend is noticed. It should be noted that only two 

data points are available for each effective confining stress. The re-

su1ts are therefore an estimate. 

For effective consolidation stresses (0) of 392 and 883 kPa c 

(57 and 128 psi), the e i obtained from both the regular and lubricated cr t 

end tests are essentially the same, i.e., 0.42 for 883 kPa and 0.47 for 

392 kPa. For lower confining stresses, the tests with lubricated ends 

result in e i slightly higher than those obtained in tests with regu
cr t 

lar ends as shown in Figure 25b. This is probably due to the 

lower end restraint applied. by the lubricated ends' on the specimen. 

This phenomenon is clearly demonstrated in Figure 27 where test results 
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are presented for tests performed in "identical" samples under the same 

consolidation stress of 392 kPa but with different loading ends. 

Lubricated ends generate a slightly (6%) lower shear strength, 

a flatter initial slope on the stress-strain curve and a tendency of more 

dilation in volume. The greater dilatancy results in lower sample den-

sity at failure and therefore lower strength, about 1° lower in terms of 

internal friction B:ng1e (ji in this case. The same trend was observed in 

other tests in this research. In general, the results obtained here 

agree with those found in the previous reports concerned with the use of 

lubricated ends as reviewed in Section 2.9. 

Test data obtained from this research indicate that similar "lower" 

critical void ratios can be obtained for eIn tests with regular and 

lubricated ends at high confining stresses (>392 kPa). However, at lower 

confining stresses the lubricated ends result in a greater "lower critical 

void ratio". Tests with lubricated ends also result in lower shear 

strength and more dilation during shear. 

The method proposed by Lee and Seed (1967a) for critical confin-

ing stress ~3 i) determination was used with the data in Figure 25 to cr t 

find the critical confining stresses for different void ratios. The 

results are plotted in Figure 28. Again, because the specimens were 

mostly contractive under the confining stresses used in this study, only 

limited information about critical confining stresses was gained by per-

forming this analysis. Nevertheless, the greater "lower" critical void 

ratio obtained from tests with lubricated ends, as shown in Figure 

25b, qualitatively confirms the conclusion reported by Lee (1978). 
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He concluded that the use of lubricated ends results in greater 

critical confining stress than that obtained by using regular ends. 

5.2.3 Critical Void Ratio Determination 

The critical void ratio defined by Casagrande (1936) is a void 

ratio at which, under a constant shear stress, "cohesion1ess soil can 
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undergo any amount of deformation or actual flow without volume change". 

The concept is shown in Figure 1. A critical void ratio analysis was 

performed on CID test data obtained from this study. 

For all the CID tests in which the specimens experienced con-

traction in volume during shear, the ultimate void ratios (corresponding to 

ultimate axial strains ranging from 17 to 38% for different tests) were 

plotted against the effective confining stresses. The result is shown 

in Figure 29. The number shown by the side of a data point indicates 

how many points are in that location. As expected, the data scatter and 

the range of scatter is about 0.05 in void ratio. In general, the criti-

cal void ratios obtained from tests with lubricated ends are greater than 

the ones obtained from regular ends. This again indicates that 1ubri-

cated ends apply less restraint and allow more sample dilation. A line 

obtained from linear regression analysis is fitted to the data. This 

line was called e line by Castro (1969); the same terminology will be 
s 

used in this dissertation. 

The critical void ratios for lubricated ends corresponding to the effec-

tive confining stresses of 39, 98, 392 and 883 kPa (1 psi = 6.89 kPa) 

are 0.61,0.57,0.49,0.44, respectively. The "lower" critical void 

ratios obtained from the previous section for lubricated ends are 0.55, 



---. --- Regular Ends 

OOl -0- Lubricated Ends 
> * The numbers by the side of data u 

cu ,~ indicate number of points at 
0 that location .... ..., 

= 0.61 .... ~ 0 
-0 .... 
~ 
.... 
as u .... 
4.1 

0.5, .... -...... ~. 2* ... 
0 

0.4' , , , , , I , -... "' 

10 .. 100 1000 

Effective Confining Stress ct (kPa) 

Figure 29. Critical Void Ratios and e Line Obtained from crn Tests. 
s 

\0 
W 



94 

0.52, 0.47 and 0.42 corresponding to the same series of effective confining 

stresses. It is clear that the critical void ratios are greater in value 

than the "lower" critical void ratios. These results agree with the ones 

reported by Casagrande andWatson (1938). The differences are greater for 

lower effective confining stresses than for higher effective confining 

stresses. 

5.2.4 Strength Parameters Obtained from Isotropically 
Consolidated Drained (CID) Tests 

Four CID tests, Test Nos. 12-29, 1-7, 12-30 and 1-1 as summarized 

in Table 4, were performed on samples with approximately the same initial 

density of 1.81 gm/cm3 (113 lb/ft3) under different effective confining 

stresses. Lubricated loading ends were used for all four tests. Assum-

ing the tailings possess no cohesion and using the equation 

~l) = tan2(45 + $/2) 
03 max 

5.4 

effective internal friction angles ($) of 48, 43, 36 and 34 degrees are 

obtained for specimens under a of 39, 98, 392 and 883 kPa (1 psi = 6.89 
c 

kPa), respectively. When Mohr circles were drawn for these results, a 

curved failure envelope, especially for lower a ,resulted. The 
. c 

high friction angles at low consolidation stresses and subsequently the 

curved failure envelope for this series of dense specimens may be due to: 

1) Strong sample dilatancy during shear under low confining 

stresses, 

2) Breakage of individual grains under high confining stresses. 

No attempt was made during this study to determine the breakage 

of tailings grains. The volume change behavior can be explained by the 



95 

stress dilatancy theory. As explained by Taylor (1948), if the specimen 

increases in volume during shear, the shear force must do more work than 

the work required to cause shear at constant volume, since the specimen 

expands against the normal load in the case of direct shear tests and the 

all around confining pressure in the case of triaxial tests. 

The stress-dilatancy equation derived by Rowe (1962) was used in 

this study to obtain the "corrected" Mohr circles and effective friction 

angles. 

__ --=.cr~l ___ = tan2(45 + ¢J.l/2) 
Og(l + dV/VE) 

where 

¢J.l = effective internal friction angle corrected for dilatancy 

a1 = measured effective major principal stress 

ag = measured effective minor principal stress 
. 

dV 
--.- = slope of the volumetric strain-axial strain Cl!rVe . VE 

5.5 

All three quantitites, 01, ag and dV/VE, must be measured at the 

same strain. Curves "b" in Figure 24 are the result of Test No. 

12-29. It can be seen that ad which coincides with (G1/ag)max max ~ 

for drained tests, occurs at the point of maximum curvature in the void 

ratio (or volumetric strain) - axial strain curve. A corrected internal 

friction angle (¢J.l) is then calculated from Equation 5.5. Another way of 

making the volume change correction is to obtain a modified (11) , which max 

is called (a1) d' by dividing the (a1) by dV/VE and using the C<J1) d mo max mo 

together with Og to plot the Mohr circle. This method of correction was 

applied to Test Nos. 12-29, 1-7, 12-30 and 1-1. The resulting failure 

envelope is shown as the broken line in Figure 30. It appears to be 
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linear and pass through the origin with a ¢~ of 34°. The uncorrected 

curved failure envelope is shown in the same figure as a solid curve. 

Note that the curve is not tangent to the corrected Mohr circles at 

low a and it is a straight line at higher cr with a slope of approxi-
c c 

mate1y 34°. 

A third failure envelope is shown in Figure 30 as a broken line 

with dots. This straight line is an extrapolation of the uncorrected, 

curved failure envelope for a less than 392 kPa (57 psi). This envelope c 

does not go through the origin (c = 21 kPa or 3 psi) and has a slope of 

The corrected straight line failure envelope which goes through 

the origin suggests that the Rowe stress-dilatancy equation works well 

for this tailings material and the effect of particle breakage under 

higher a as performed in this study may be small. However, if the field 
c 

conditions which include the effective confining stresses are closely 

simulated in the laboratory, the shear strength parameters obtained from 

the laboratory tests should be used without the stress-dilatancy correc-

tion. The curved failure envelope can be approximated as straight lines 

in the range of applicable effective confining stresses. 

?3 Isotropica11y Consolidated Undrained (CIU) Test Results 

As discussed in Chapter 1, the saturated loose tailings deposits 

are susceptible to liquefaction failure when loaded under an essentially 

undrained condition. Isotropica11y consolidated undrained triaxial com-

pression tests, loaded both by strain-controlled and load-controlled 

methods, were performed on tailings samples of different densities to 
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investigate the stress-strain and pore pressure change behavior in this 

study. In this section, typical material response under undrained load

ing will be reported. Liquefaction potential will be studied by using 

the steady state line initiated by Castro (1969) and the brittleness 

index IB suggested by Bishop (1969 and 1973). 

5.3.1 Typical Stress-strain and Pore Water Pressure Change Curves 

Three typical stress-strain and pore pressure change curves ob

served in this study for strain-controlled consolidated undrained tests 

with lubricated ends are illustrated in Figure 31. Specimen a with an 

initial void ratio of 0.886 was consolidated under 883 kPa (128 psi) to 

a void ratio of 0.559. The stress-strain curve rises sharply to a peak, 

levels off, and then approaches a steady state before failing at about 

16% of strain when failure planes form. The steady state or residual 

strength of the sample is seen from Figure 31 to be 90% of the peak 

strength. The shear-induced pore pressure also rises sharply until the 

maximum deviator stress is reached. As seen from Figure 31, the slope of 

the pore pressure curve decreases after that point and approaches a steady 

state with a considerable amount of residual effective confining stress 

(cJ3f)' 

Specimen b with an initial void ratio of 0.794 was consolidated 

under 392 kPa (57 psi) to a void ratio of 0.60Q. As shown in Figure 31, 

the shapes of the stress-strain and pore pressure curves are basically 

the same as those of Specimen a, except that the initial slopes of both 

curves are milder. No failure planes were observed during the test even 

though an axial strain of about 30% was reached before the test was 
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terminated. The stress-strain and pore pressure-strain curves for Speci-

men b both approach steady state conditions after a strain of about 20%. 

The residual strength was about 60% of the peak strength. The residual 

effective confining stress 01af) was also smaller compared to that of 

Specimen a. 

Specimen c with an initial void ratio of 0.805 was consolidated 

under 98 kPa (14.2 psi) and was looser than Specimen b after consolidation. 

The stress-strain and pore pressure strain curves both approach steady 

state after a strain of about 15%. The residual shear strength is only 

about 25% of the peak strength and the induced pore pressure rises to 

almost the same value as the effective consolidation stress (0), re-
c 

suIting in a very low effective confining stress (Oaf) at steady state. 

The behavior of tailings samples under strain-controlled un-

drained loading was found similar to that of sands under load-controlled 

undrained loading as reported by Castro (1969). 

5.3.2 Comparison of Stress-strain and Pore Water Pressure 
Change Behavior of CIU Tests Using Lubricated and 
Regular End Platens 

Data obtained in this study show that with otherwise identical 

conditions, the use of lubricated or regular end platens does not sig-

nificant1y change the shape of the stress-strain and pore pressure-

strain curves in CIU tests. However, the magnitude of peak shear stress, 

strain at failure :and .induced pore pressure do differ slightly between 

the two types of tests. 

In Figure 32 test results of Test Nos. 2-3 and 11-28, two "iden-

tical" specimens with lubricated and regular ends are presented. Both 
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specimens were consolidated under 392 kPa to a void ratio of 0.61. The 

use of lubricated ends results in lower induced pore pressure than using 

regular ends. However, the stress-strain curves in Figure 32 show that 

the specimen with lubricated ends possesses a slightly higher (less than 

5%) shear strength than the specimen with regular ends only at large 

strains. Other data obtained from this study, for example, Test Nos. 

12-4 and 2-5 in Table 5, suggest that in some cases the specimen with 

lubricated ends possesses lm.;rer shear strength than the specimen with 

regular ends. This is similar to the results obtained for crD tests as 

shown in Figure 27. 

These results do not agree lV'ith the test results reported by Lee 

(1978) which indicate that for medium dense Sacramento river sand the 

shear strength is about 20% higher when lubricated ends are used than when 

regular ends are used. Seed and Lee (1967) studied the undrained strength 

of sands and concluded that the undrained shear strength of a saturated 

sand is a function of effective internal friction angle ~ and critical 

confining stress a3 • crit 

a lf = a tan2 (45 + 4>/2) 3crit 5.6 

where alf = effective major principal stress at failure. 

In the case of medium dense Sacramento river sand, ~ for lubricated ends 

is only 1° (2.8%) lower than ¢ for regular ends. However, a . t is 3Crl. 

greater by 280 kPa (40 psi), which is about 27% greater for lubricated 

ends than for regular ends. By combining these two factors, the 20% 

higher ad for lubricated ends than for regular ends can be explained. 
max 

In this study, the ¢ difference for Test Nos. 2-3 and 11-28 obtained by 
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using (crl/03)max failure criterion is also 1° (3%). The Q3crit for loose 

tailings was very low and could not be accurately determined for reasons 

cited in Section 5.2.2. Nevertheless, Figure 28 shows that for these 

two specimens (ec = 0.61), 03crit is less than 50 kPa (7.1 psi). The 

variation of ° . t between using lubricated and regular ends could be assumed 
3cr~ 

to be even smaller. Since both 03crit and ¢ for lubricated and regular ends 

for these two tailings samples are small in magnitude, the small differ-

ence in shear strength between the two seems to be a reasonable result. 

The test results obtained in this study indicate that for the 

range of sample densities and effective confining stresses investigated, 

both for eIU and eIn tests, the differences in shear strength caused by 

using different loading end platens are relatively small. For eIn tests, 

using regular ends usually generates less than 6% higher shear strength 

and less than 2° higher friction angle than using lubricated ends. For 

eIU tests, the use of regular ends may generate either higher or lower 

shear strength than the use of lubricated ends. However, the differences 

are also relatively small (less than 5% in shear strength or 2° in terms 

of effective friction angle). In view of this, if only the shear strength 

parameters are of interest for this tailings material, the benefits of 

using lubricated ends may not outweigh the extra testing difficulties 

involved. However, if the volume change behavior or the critical void 

ratio are of interest to a study, the advantages of using lubricated ends 

are obvious. It either eliminates or delays the formation of failure 

planes for relatively dense material, enables the tests to be 

carried out to a larger axial strain, or until the steady state is ap-

proached. It allows more dilative response and reduces the shear 
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induced pore pressures build up. Therefore, the use of lubricated ends 

for tests in which residual shear str~ngth or critical void ratios are 

of interest is recommended. 

5.3.3 Failure Criteria and Strength Parameters 

The two failure criteria generally adopted in triaxial testing 

of soils, i.e., the maximum deviator stress ad and the maximum prin-max 

cipa1 effective stress ratio cal Ris) criteria, were reviewed by Bjerrum max 

and Simons (1960) and Hvors1ev (1960). For drained tests, the two cri-

teria coincide. For undrained tests on saturated samples with contrac-

tive volume changes, pore pressure builds up under shear due to the ten-

dency of sample contraction and as decreases with increasing strain. The 

(Olf<JS) may occur after the ad is attained. If saturated samples max max 

with contractive volume change during shear are tested undrained, negative 

pore pressures develop due to the dilative tendency of the material. In 

that case as increases with increasing strain and the (Olfcrs) may max 

occur before the ad is reached. max 

For most of the CIU tests performed on loose tailings specimens, 

the total Mohr failure envelope for peak deviator stress plots higher 

than the envelope for residual deviator stress as shown in Figure 33a. 

However, when the effective envelope is plotted, the opposite occurs as 

shown in Figure 33b. The position switch of the envelopes is explained 

as follows: 

For loose samples, the induced pore pressure at steady state (the 

concept of steady state was reviewed in Section 2.5) is higher than the 

pore pressure at peak deviator stress because the specimens contract more 
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during steady state. Therefore, the effective stresses are lower at 

steady state than at peak deviator stress and the Mohr circles for the 

former condition plot closer to the origin than those of the latter. 

This resulted in a failure envelope with greater slope provided that there 

is no cohesion. 

The failure criteria (crdcr3)max is also used to plot the 

third Mohr circle in Figure 33b. Figure 33b shows that the 

(Od03) criterion generates a iji of 33° while the effective resi-
max 

dual deviator stress 0 dr generates a (ji of 32 0 and the effective 

0d generates a much lower iji of 24 0
• The same trend was noticed max 

for all the CIU tests performed in this study except for Test Nos. 

12-15 and 12-14 for medium dense samples in which dilative volume 

response occurred and the use of the effective ad max and 0 dr 

resulted in comparable (ji. 

From the above discussion, the use of (0'1/03) failure criterion 
max 

is suggested for shear strength parameter determination for CIU tests 

performed on loose tailings material. Figure 34 shows the result of 

applying the (0110'3) failure criterion to a series o.f CIU tests per-
max 

formed on medium dense samples with initial density of 1.74 gm/cm3 

(108lb/ft3). A straight line envelope is fitted. 

the cohesion c is 15 kPa (2.2 psi). 

5.3.4 Steady State Lines (SSL) for Isotropical1y 
Consolidated Undrained Tests 

The iji is 34 0 and 

Steady state line and steady state strength analyses suggested by 

Castro et al. (1982) were performed on the CIU test data obtained from 

this research. This was done for two purposes: 
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1) To estimate the liquefaction potential of the tailings 

material, 

2) To compare the effect of different testing techniques, e.g., 

the use of load and strain controlled loading methods and 

lubricated versus regular end platens, on the position of 

the steady state line. 

The concept of steady state which is the state of continuous 

yielding at constant void ratio and constant shear strength was reviewed 

in Section 2.5. In Figure 35a, the void ratio after consolidation, ec ' 

is plotted against the logarithmic deviator stress at steady state 

deviator stress 0dr for strain-controlled tests with lubricated end 

platens. The steady state deviator stress 0dr for typical CIU tests is 

demonstrated in Figure 31. Most of the 0dr reported here correspond to 

more than 20% axial strains. The scattered data are bounded in a steady 

state zone which has straight line boundaries formed by going through the 

outmost data points. In this zone, an average steady state line (SSL) 

was obtained by using least square linear regression analysis. In 

Figure 35b e is plotted against the logarithmic effective confining 
c 

stress at steady state (13f. The steady state zone and average steady 

state line were obtained in the same manner. Since alf is the sum of 

03f and 0dr' the steady state shear strength 0dr can be related to the 

steady state effective confining stress 03f by the following equation, 

provided the cohesion c is negligible. 

°dr + °3f 2 
- - = tan (45 + (ji/2) 
a~ 

5.7 

where ~ = effective internal friction angle at steady state. 
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The steady state line for 0dr' as shown in Figure 35a, may be 

used to estimate the steady state shear strength for Duval copper tail-

ings of different densities under various confining pressures. The steady 

state line for 03f as shown in Figure 35b can be used to estimate the 

liquefaction potential of this tailings material which will be discussed 

in the next section. 

Figures 36a and 36b show the steady state zones and lines for 

0dr and 03f for strain-controlled tests with regular end platens. The 

same trend and about the scale of same data scatter are noticed. Figures 

37a and 37b show the steady state zones and lines for load-controlled 

tests with lubricated ends. The SSLs for tests using different loading 

methods and end platens are plotted in Figure 38 for comparison purposes. 

It is evident from Figure 38b that for a given e the three lines yield 
c 

comparable 03f. The difference among the three steady state lines are 

acceptable in view of the original data scattering. However, for 

residual deviator stress 0dr' as shown in Figure 38a, t'he steady state line 

for load-controlled tests with lubricated ends is consistently below 

the other two lines for 0dr < 200 kPa (29 psi). It is believed that the 

discrepancy may arise from two possible sources: 

1) The sample failure modes are different for load-controlled 

and strain-controlled tests. Casagrande (1976) speculated 

that a "flow structure" may be formed in test specimens at 

steady state under a very high strain rate for load-con-

trolled tests. 

2) The resolution of the strip chart recorder was not high enough 

for the load-controlled tests in which liquefaction occurs. 
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The second point can be demonstrated by comparing the resolution 

of the data recorded in the strip chart recorder for 0dr and 03f in a 

load-controlled test in which liquefaction occurs. During liquefaction, 

the variation of induced pore water pressure is smaller compared to the 

variation of load applied on the sample. Limited by the range of scale 

adjustment on the recorder, the resolution of pore pressure recording, 

which is equivalent to the resolution of 03f' is higher than th~ one for 

load and in turn for the 0dr recording. In view of this there is greater 

concern about the accuracy of the data obtained for 0dr. 

The data scattering in Figures 35, 36 and 37 is about 0.05 in 

void ratio which is comparable to the scattering reported in Castro et 

a1. (1982) for a mine tailings sand. The data scattering in this study 

may be attributed to: 

1) Uncertainties in sample volume change measurements as dis-

cussed in Section 4.2.4, 

2) Variations in test specimens caused by the sample prepara-

tion method used. 

The steady state line obtained from the strain-controlled CIU 

tests with lubricated ends is designated as No.1 in Figure 39. In the 

same figure, the SSL obtained from the load-controlled CIU tests is 

designated as No. 2 and the e line obtained from eID tests for 
.s 

lubricated .ends is designated as No.3. The three lines are parallel 

to each other in this figure and are almost overlapping for the effective 

confining stresses between 25 and 200 kPa (3.6 and 29 psi, respectively). 

This indicates that at the same void ratio the test specimens have the 

same ultimate strength whether tested under undrained or drained 
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conditions. This conclusion clearly contradicts the results obtained from 

tests performed on Ottawa sand reported by Castro (1969) and Casagrande 

(1976) • Castro's results are shown in Figure 4, in which the steady state 

shear strength obtained from load-controlled CIU tests is about one-fifth of 

the ultimate strength obtained from strain-controlled CID tests. Compared to 

Ottawa sand, Duval copper tailings are highly angular in particle shape, 

rough in surface texture and have a much higher percentage of passing No. 

200 sieve fines. The different results obtained for Ottawa sand and Duval 

copper tailings can be attributed to these property differences. 

5.3.5 Liquefaction Potential 

The liquefaction potential as proposed by Casagrande (1976) can be 

obtained for the Duval copper tailings from Figure 40. The SSL for 0"3f 

obtained from load-controlled tests and the l-D consolidation curve are 

plotted in this figure for a specimen prepared at an initial density of 

3 3 1.54 gm/cm (96 lb/ft). Figure 40 is int~rpreted as follows: 

~ tailings specimen, located under the phreatic surface in a 

tailings dam, initially consolidated under an effective consolidation 

stress of 108 kPa (15.6 psi) with a void ratio after consolidation of 

3 3 0.7 (Y
d 

= 1.61 gm/cm or 100.5 lb/ft ), is at point A. If the sample 

is then subjected to an increasing shear stress, a contracting tendency 

in the specimen will cause the pore water pressure to increase. The iri-

creasing pore pressure will result in reduced effective confining stress-

es. As shown in Figure 40, the sample at point A will start to move 

horizontally along the broken line toward B. If the load, regardless 

whether it is statically or dynamically applied, is large enough to cause 



u 
CD 

C 
o .... 
.u 
CIS 
'0 .... .... 
o 
III 
C o 
o 
k 
CD 
.u 

~ 
o .... 
.u 
CIS p:: 

'0 
...c 
~ 

Effective Consolidation Stress a c And Steady State Effective Confining Stress c;f (kPa) 

2 

0.5 'V 2 3 <D l-D Consolidation curve for Id ;:II 1.54 gm/cm (96 lb/ft ) 

® SSL for Load-Controlled CIU tests 

Figure 40. Liquefaction Potential Analysis. 

I-' 
I-' 
-...J 



118 

large deformation and stress the tailings to the steady state condition 

at point B, the tailings specimen will have a much lower effective con

fining stress Oaf and correspondingly lower 0dr as shown in Figure 31. 

The sample probably will liquefy and cause a flow slide. The liquefaction 

potential of the tailings specimen at point A can be evaluated by using 

the expression suggested by Casagrande (1976). 

L (liquefaction potential) = 
p 

108 - 8.8 = 11.3 
8.8 

The larger the value of L the more shear strength loss will be 
p 

suffered by the tailings during the process of moving from A to B. When 

at point A, the tailings specimen has more potential to be liquefied and in-

volved in a flow slide than anywhere else along the line AB. For the 

material used in this study, the liquefaction potential was found torange 

from 6.4 for e = 0.55 (88% of max. density of modified Proctor) to about 
c 

10 for e = 0.76 (78% of max. density of modified Proctor). Because the 
c 

l-D consolidation curve is slightly curved, an L slightly higher than 10 
p 

can be found for void ratios in the range of 0.55 to 0.76. This is. 

demoitstrated by the value of 11.3 computed.above. 

The density of 78% and 88% of max. density of mod~fied Proctor 

3 3 3 3 test corresponds to 1.56 gm/cm (97 1b/ft ) and 1.77 gm/cm (110 1b/ft ), 

respectively, for Duval copper tailings. The L values range from 11 to 
p 

6.4 for these densities, suggesting that at the worst conditions, the 

effective confining stresses can be reduced to 9% to 15% of the effective 

consolidation stresses before the shear stresses are applied. Among the 

12 laboratory load-controlled tests performed in this research, nine 
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specimens had densities after consolidation lower than 1.69 ~/cm3 

(105.5 lb/ft3) experienced liquefaction or limited liquefaction failure 

with large unidirectional deformations. 

The liquefaction potential reported by Castro (1969) for three 

uniform fine sands (all have less than 3% minus No. 200 sieve material) 

are 400 for rounded grained Ottawa sand and about seven for the beach 

sands with angular and highly angular grains. The Duval tailings is a 

silty fine sand with 37% minus No. 200 sieve material and has highly 

angular grains as described in Section 4.1.1. By reviewing the liquefac-

tion potential obtained in this research and those reported by Castro 

(1969), the following conclusion can be drawn: The grain shape and 

possibly the grain surface texture are much more important factors than 

the gradation of the granular material in controlling the liquefaction 

potential suggested by Casagrande (1976). 

5.3.6 Undrained Brittleness Index 

~ishop et al. (1969) and Bishop (1973) defined the undrained 

brittleness index as: 

_ (Cu)p - (Cu)r 100% IB (undrained) - (Cu) x 0 

p 
5.8 

where Cu = the apparent cohesion for ¢ = 0 analysis, subscripts p and r 

denote peak and residual state accord~ng to the stress-strain curve. 

The higher the IB value for a given soil the more likely it is to 

liquefy and be involved in a flow' slide. The undrained brittleness indices 

for the Duval copper tailings are plotted in Figure 41 versus the void 

ratios after consolidation for strain-controlled, undrained tests. The 

same parameters are plotted in Figure 42 for load-controlled undrained 
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tests. Although there are considerable scatter of data in both figures, 

the trend shows an increase in IB with an increase in e
c

• The average 

IB-ec line in both figures was obtained from linear regression analysis. 

Both average lines indicate that the brittleness index is approximately 

15% for a void ratio after consolidation 0.5. However, the slope of the 

average IB-ec line is steeper for the load-controlled tests than the 

strain-controlled tests. The former shows an IB of 80% corresponding to 

an ec of 0.7 while the latter only indicates an IB of 55% for the same e c • 

This steeper line in Figure 42 is the direct result of lower residual 

deviator stress recorded for load-controlled tests. The possible causes 

were discussed in Section 5.3.4. 

Two variables, (Cu)p and (Cu)r,are involved in the definition of 

IB while only one variable 03f is used for liquefaction potential Lp 

since 0 is a constant for a given test. Consequently, more data scatter 
c 

is anticipated. Also, the IB plot is in arithmetic scale rather than 

logarithmic and the data scatter are therefore magnified. Finn (1982) 

reported that Jeyapa1an (1980) analyzed the data in Castro (1969) in the same 

manner except that parameter 1-IB, rather than I B,wasp10tted against 

relative density. The plot by Jeyapa1an also has consider~b1e scatter, 

but the same trend as found in this study is obviously shown. 

5.4 Failure Time in ~guefaction Generate~ 
Py Load-controlled Tests 

In this study, 12 load-controlled CIU tests were performed. The 

test results generated from load-controlled and strain-controlled tests 

performed on "identical" samples are generally comparable except that the 



load-controlled tests generate lower steady state shear strenth (Odr) 

as discussed in Section 5.3.4. 
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The other significant difference between the two loading methods 

is the time during failure. The advantage of conducting strain-controlled 

tests is that the failure time is long and the data can be recorded 

manually; therefore, expensive electronic data requisition syste~ can 

be spared. Also, the strain-controlled testing frames are common and 

more accessible in most of the Soil Mechanics laboratories. However, 

case histories have shown that failures in the field as described in 

Section 1.2 involve fast flow slides. No matter how long it may take to 

load the dams or tailings impoundments to the initiation of liquefaction, 

when the liquefaction occurs, it occurs in a relatively short period of 

time, usually in the range of several minutes. Because of this, the 

laboratory load-controlled tests which generate liquefaction right after 

the peak deviator stress has been reached, in fractions of a second, is 

generally considered to be a better simulation of field events than the 

strain-controlled tests. 

Castro et al. (1982) reported most of the'liquefaction cases ob

served in their recent laboratory studies occurred in a t~me period of 

seconds or close to a second rather than a fraction of a second as Castro 

reported earlier (1969). In this research, the six liquefaction cases 

all happened in a fraction of a second. It is of interest to investigate 

the possible causes for these differences in failure time in the laboratory. 

By using the D'Alembert's Principle (Beer and Johnson, 1962), 

which relates the static and dynamic eqilibrium, and by assuming that 
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the acceleration of the loading system and the residual load on the test 

specimens are constants during the rapid deformation of liquefaction, the 

following equation can be derived. 

Fsi = Fsr + (2Wy + L)a 

where 

L 

Fsi 

Fsr 

Wy 

a 

= Mass of the dead weight which acts on the soil specimen (kg) 

= L x 9.8 = Initial force on soil specimen (N) 

= Residual force on soil specimen (N) 

= Mass of loading yoke and hanger (kg) 

2 = Acceleration of the loading system during liquefaction (m/sec ) 

5.9 

Derivation of Equation 5.9 and examples of failure time calculation can 

be found in Appendix B. 

Equation 5.9 shows the acceleration is a function of the mass 

of the loading yoke and hanger in addition to the initial and residual 

forces acting on the soil specimen. The failure time t is a function of 

the specimen deformation and acceleration of the loading system. There-

fore, failure time is also a function of the mass of the loading system. 

Examples in Appendix B demonstrate that for otherwise identical conditions, 

a loading yoke with a mass of 22 kg which is the case used.in this study, 

in a hypothesized liquefaction (residual strength of soil sample becomes 

zero right after the liquefaction starts), it takes 0.17 seconds for the 

test specimen to deform to 30% axial strain while it takes 1.01 seconds 

if the mass of the loading yoke and hanger is 1000 kg. Although it is 

known that Fsr is not a constant and usually decreases during liquefaction, 

this simplified approach may provide a general understanding of how the 

failure time is influenced by the mass of the loading system. 



CHAPTER 6 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary 

The stress-strain and volume (pore pressure) change characteris

tics of a Southern Arizona copper mine tailings material were investigated 

in the laboratory by conducting static loading triaxial compression 

tests. The tailings material is a silty sand with highly angular grain 

shapes, rough grain surface texture and approximately 37% by weight pass

ing No. 200 sieve. 

Two types of triaxial tests, isotropica11y consolidated drained 

(CIn) and isotropica11y consolidated undrained (CIU) , were performed on 

laboratory compacted samples. For the CIU tests, both strain-controlled 

and load-controlled loading methods were used while only strain-controlled 

loading was used for CIn tests. Selected groups of tests within each of 

the categories were performed using both conventional and lubricated end 

platens to evaluate the effects of end boundary conditions. Test speci

men densities and effective confining stresses were systematically varied 

in these tests. In order to study the residual shear strength and the 

shear stress induced pore water pressure and volume change at steady 

state, test specimens were loaded to relatively large axial strains (20-

35%) in this study. 

The results of crn tests were analyzed to obtain the strength 

parameters, the critical void ratios and the "lower" critical void ratios 
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for various effective consolidation stresses. Typical stress-strain and 

volume change curves were presented and their significance was discussed. 

Test results obtained from lubricated and regular end platens were also 

compared. 

For CIU tests, the effects of using different failure criteria 

on the calculated shear strength parameters were discussed. Test data 

were analyzed to obtain shear strength parameters and to evaluate the 

liquefaction potential beth by using steady state lines and undrained 

brittleness indices. Typical stress-strain and pore pressure change 

curves were presented and their significance discussed. The test data 

obtained from load-controlled and strain-controlled loading methods were 

compared. The effect of using lubricated and regular end platens was 

also reviewed. 

6.2 Conclusions 

A number of conclusions were either directly reached from ana1y-

ses of data collected throughout this investigation or were indirectly 

inferred by comparing results of this research with those obtained by 

other investigators. 

6.2.1 Review of Critical Void Ratio, "Lower" Critical Void 
Ratio and Critical Confining Stress 

The critical void ratio defined by Casagrande (1936) is a void 

ratio at which, under a constant shear stress, "cohesion1ess soil can 

undergo any amount of deformation or actual flow without volume change." 

The "lower" critical void ratio defined by Casagrande and Watson (1938) 
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is the void ratio at failure (or at peak of the stress-strain curve) 

when the volumetric strain is zero. However, in the literature, general

ly when critical void ratio is mentioned, it refers to the "lower" 

critical void ratio without clearly stating the differences between the 

two definitions. 

In this research, the critical void ratios obtained from CID 

tests by using the ultimate void ratios of tests specimens with contrac

tive response, are 0.62, 0.57, 0.49 and 0.44, corresponding to the ef

fective confining stress of 39, 98, 392 and 883 kPa (1 psi = 6.89 kPa), 

respectively. The "lower" critical void ratios are 0.55, 0.52, 0.47 

and 0.42, corresponding to the same series of effective confining 

stresses. It is clear that the critical void ratios are greater in 

value than the "lower" critical void ratios. These results agree with 

the' ones reported by Casagrande and Watson (1938). For Duval copper 

tailings material, the differences are greater for lower effective con

fining stresses than for higher effective confining stresses. The 

cause of these lower values for "lower" critical void ratios is that the 

tendency of the material to continue to dilate after the peak deviator 

stress (or peak principal stress ratio) is usually not accounted for. 

The critical confining stress defined by Lee and Seed (1967a) is 

the effective confining stress at which zero volumetric strain occurs 

at failure for a given void ratio. For Duval tailings material, with 

the densities and effective confining stresses used in this study, the 

critical confining stresses were found to be either very low (below 200 

kPa) or zero. 



6.2.2 Effects of Grain Shape and Grain Size Distribution 
on Liquefaction Potential of Granular Materials 

In the laboratory, the Duval copper mine tailings experienced 
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large axial deformation with substantial loss of shear strength when the 

loose samples were sheared undrained under static loading conditions. 

The liquefaction potential proposed by Casagrande (1976) and the un-

drained brittleness index suggested by Bishop (1969 and 1973) are useful 

parameters to quantify the potential of flow slide failures for loose 

saturated granular material deposits. 

The liquefaction potential as proposed by Casagrande (1976) is 

more affected by particle shapes and possibly particle surface texture 

than by grain size distribution. This is evidenced by comparing test 

results reported by Castro (1969) with the ones obtained from this 

study. The Duval tailings with highly angular grain shape and 37% by 

weight passing No. 200 sieve had a liquefaction potential (L ) of ap
p 

proximately 10 which is similar to the L s of angular shaped uniform 
p 

sand A and c (with less than 3% passing No. 200 sieve) reported by 

Castro (1969). This compares unfavorably with the L of 400 for the subp 

rounded grained uniform Ottawa sand reported in the same paper. 

6.2.3 Effects of Using Different Loading End Platens on 
Stress-strain and Volume (Pore Pressure) Change Behavior 
of Duval Tailings 

For Duval tailings samples used in this study, the use of 1ubri-

cated end platens did not significantly affect the shear strength para-

meters and the locations of the steady state lines as compared to the 

results obtained by using regular friction loading ends. However, the 
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lubricated ends did create more uniform stresses and strains as evidenced 

by the deformed shapes of test specimens. The use of lubricated ends 

allowed more specimen volume dilatancy. Both the critical void ratios 

and "lower" critical void ratios are greater in tests where lubricated 

ends were used. 

6.2.4 Effects of Using Different Loading Methods on Stress-strain 
and Pore Pressure Change Behavior of Duval Tailings 

In general, the strain-controlled and load-controlled loading 

methods generated comparable test results for CIU tests performed on 

"identical" test samples. The differences might be within the range of 

testing errors. These include comparable peak deviator stresses, com-

parable percentage of axial strains which correspond to the peak devia-

tor stresses, comparable shear induced pore water pressures correspond-

ing to both peak and residual (steady state) deviator stresses and 

comparable positions of steady state lines (zones) for effective con-

fining stresses at steady state 03f. There was one exception that is 

the deviator stresses at steady state 0dr are consistently lower in 

value for load-controlled tests than for strain-controlled tests for 

o < 200 kPa (29 psi). dr 

Due to the low resolutions of part of the data recorded during 

liquefaction in load-controlled tests, there is greater concern over the 

accuracies of the calculated 0dr especially for the range below 10 kPa 

(1. 5 psi). 



6.2.5 Comparison of Steady State Shear Strength 
Obtained from CIn and CIU Tests 
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The critical void ratio line (e line) obtained from CID tests 
s 

for Duval tailings material overlays in part with the steady state line 

obtained from CIU tests. This test result indicates that at least for 

the overlapped range of 0c and Oaf (Figure 39) at the same void ratio the 

test specimens have the same residual or steady state shear strength 

whether tested under undrained or drained conditions. This suggests that 

at least for Duval tailings CID tests as well as CIU tests can be per-

formed to estimate the residual shear strength for loose saturated tail-

ings impoundments should the large unidirectional deformation occur. 

This conclusion contradicts the results of tests performed on Ottawa 

(Banding) sand reported by Castro (1969) and Casagrande (1976). The 

differences may be attributed to different grain shapes, surface textures 

and gradations of the two materials. 

6.3 Recommendations 

It is recommended that for load-controlled tests in which lique-

faction is expected an electronic data acquisition system with high 

resolution at low range output should be used. Various components of 

the system should be compatible with each other and have similar ranges 

of outputs. 

The following topics are recommended for further investigation: 

1) By using larger size test specimens, the error involved 

in volume ch~nge measurements can be reduced. However, 

a more accurate method to monitor the volume changes of a 

small loose, cohesionless yet relatively impervious 
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(vacuum cannot be used effectively) sample is needed. This 

is especially true during the percolation and back. pressure 

saturation stages of a test. The "swinging arm lateral 

strain sensor" reported by Al-Hussaini (1981) may be modi

fied and used for this purpose. 

2) The difficulties encountered with the "slurry sedimentation" 

method of sample preparation, as discussed in Chapter 4, 

may be overcome. This method of sample preparation may 

provide test specimens with a soil structure similar to the 

one in the field. Laboratory testing of samples prepared by 

different methods will also enable the hypothesis "all soil 

structures are completely destroyed at the steady state" 

(Poulos, 1981) to be rigorously tested. 

3) Although the results of this research suggest that gradation 

does not significantly affect the liquefaction potential of 

the tailings material, it will be valuable to study the 

stress-strain and volume (pore pressure) change behavior 

of the slimes of tailings impoundments under static loading 

conditions. 
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Table A.1. Strain-controlled CrD Test Data 

Test Deviator Axial Volume Test Deviator Axial Volume 
No. Stress ad Strain Change No. Stress ad Strain Change 

(kgf/cm2)a E(%) !::'v (cm3) (kgf/cm2)a E(%) !::'v (cm3) 

2-10 0.18 0.5 0.07b 2-14 2.11 1.3 0.65 
0.74 1.1 0.35 3.83 2.8 1.45 
0.78 2.2 0.6 5.45 4.8 2.35 
0.80 3.5 0.97 6.82 6.95 3.10 
0.84 4.9 1.27 8.32 10.20 3.95 
0.90 8.3 1.92 9.59 14.6 4.65 
0.95 13.9 2.67 10.29 19.4 5.10 
1.02 19.8 3.17 10.42 21.0 5.18 
1.08 25.8 3.57 10.21 25.4 5.35 
1.09 28.9 3.67 9.79 28.9 5.38 

2-13 0.60 0.40 0.20 2-16 3.41 0.8 0.30 
1.11 1.2 0.60 6.79 1.8 1.00 
1.48 2.5 1.15 12.87 4.3 2.25 
1.77 4.8 1.80 18.03 7.0 3.40 
1.94 6.9 2.35 21.44 9.3 4.10 
2.20 11.0 3.12 24.92 12.4 4.80 
2.38 16.0 3.70 27.86 16.0 5.35 
2.54 23.8 4.25 28.87 19.7 5.70 
2.53 27.4 4.38 28.45 23.4 5.87 
2.37 31.3 4.48 25.91 27.2 5.95 

2-22 0.27 0.4 0.02 2-24 4.60 0.64 0.10 
1.11 0.74 0.12 8.91 1.0 0.25 
1.51 0.90 0.12 16.75 2.2 0.70 
2.39 1.4 -o.13b 20.45 3.5 1.0 
2.58 1.7 -0.38 22.46 4.8 1.28 
2.55 2.0 -0.58 24.45 7.3 1.55 
2.39 2.3 -0.78 25.24 9.0 1.7 
1. 78 2.9 -1.08 25.76 12.7 1.9 
1.58 4.0 -1.10 25.53 15.3 1.98 
1.56 4.7 -1.13 23.65 18.4 2.03 

2-20 0.18 0.3 0 12-24 0.48 0.5 0.20 
0.82 0.5 0.05 0.91 1.5 0.32 
1.93 0.8 0.12 0.94 2.3 0.44 
2.98 1.0 0.12 0.92 4.0 0.7 
4.01 1.6 -0.12 0.98 5.8 1.0 
4.07 2.1 -0.3 1.02 7.9 1.28 
3.84 2.8 -0.55 1.05 10.8 1.54 
3.53 4.0 -0.72 1.1 13.2 1.8 
3.35 5.3 -0.82 1.1 14.9 1.9 
3.14 7.3 -0.95 1.1 16.9 2.05 

1 kgf/cm 
2 = 98.1 kPa = 14.2 psi a. 

b. Positive sign denotes volume decrease, negative sign volume increase. 
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Table A.1. continued 

Test Deviator Axial Volume Test Deviator Axial Volume 
No. Stress ad Strain Change No. Stress ad Strain Change 

(kgf/cm2)a e:(%) fjv (cm3) (kgf/cm2)a e:(%) fjv (cm3) 

2-17 2.17 0.6 0.15 12-27 0.81 0.86 0.25 
4.33 0.8 0.25 1.43 2.0 0.6 
7.74 1.2 0.33 1. 79 4.2 1.3 

11.23 2.6 0.45 1.94 6.3 1.85 
11. 72 3.5 0.45 2.09 9.2 2.4 
11.87 4.4 0.43 2.2 12.2 3.0 
11.7 7.3 0.35 2.32 15.1 3.45 
11.36 12.7 0.35 2.49 20.8 4.15 
10.83 18.1 0.35 2.61 26.6 4.6 

9.82 24.0 0.45 2.62 30.2 4.75 

12-28 0.76 0.3 0.08 12-29 0.39 0.2 0.02 
3.14 2.1 0.85 1.22 0.9 0.1 
4.73 3.9 1.65 2.06 1.6 0 
5.52 4.9 2.1 2.21 1.9 -0.2 
7.14 8.2 3.15 2.33 2.6 -0.6 
8.29 11.5 4.0 2.19 3.4 -0.92 
9.15 17.6 5.0 1.87 4.7 -1.3 
9.42 21.1 5.35 1.81 6.1 -1.42 
9.30 24.7 5.55 1.81 7.4 -1.52 
9.11 26.6 5.65 1. 76 8.6 -1.58 

12-26 1.83 0.7 0.15 1-7 0.85 0.46 0.1 
4.01 1.6 0.5 2.04 1.1 0.25 
6.67 2.8 1.1 3.38 1.84 0.2 
9.01 4.3 1. 75 4.13 2.5 0 

12.5 6.8 2.75 4.33 3.4 -0.4 
15.7 9.5 3.55 3.86 4.6 -0.7 
18.8 13.0 4.35 3.75 5.7 -0.8 
20.6 16.3 4.85 3.68 7.1 -0.95 
21.8 19.9 5.15 3.5 10.0 -1.2 
21.3 23.6 5.38 3.43 11.1 -1.25 

11-18 2.82 0.9 0.28 12-30 1.47 0.5 0.05 
6.1 2.3 0.98 3.56 1.05 0.18 
9.9 4.8 2.13 7.09 2.0 0.33 

13.1 7.2 3.08 10.44 4.1 0.37 
16.1 10.1 3.93 11.27 6.6 0.30 
18.3 13.1 4.58 11.24 8.8 0.23 
19.5 16.3 5.08 11.05 12.5 0.15 
19.5 18.0 5.28 10.6 16.2 0.11 
19.2 19.7 5.40 9.84 18.0 0.11 
18.4 22.1 5.56 9.37 21.6 0.18 
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Table A.1. continued 

Test Deviator Axial Volume Test Deviator Axial Volume 
No. Stress ad Strain Change No. Stress ad Strain Change 

(kgf/cm2)a E(%) !::'V (cm3) (kgf/cm2)a E(%) !::'v (c~ 

1-1 7.31 1.3 0.3 12-9 0.96 0.6 0.15 
12.65 2.3 0.55 2.1 1.7 0.7 
17.48 3.7 0.9 4.6 4.8 2.0 
20.81 5.3 1.2 5.8 6.8 2.7 
22.41 7.1 1.5 7.3 9.8 3.5 
23.11 8.8 1.65 8.48 13.2 4.15 
23.4 10.7 1. 75 9.04 18.8 4.8 
23.34 12.4 1.85 9.7 24.1 5.1 
22.0 16.1 2.0 1.84 27.7 5.25 
20.85 17.9 2.05 9.7 31.4 5.32 

12-8 0.27 1.2 0.65 12-12 1.58 0.7 0.18 
0.45 3.4 1.65 4.46 2.1 0.75 
0.6 6.0 2.65 8.18 4.3 1.7 
0.72 8.9 3.55 11.99 7.0 2.7 
0.83 12.1 4.3 15.3 10.0 3.55 
0.95 16.2 4.95 17.69 13.4 4.2 
1.06 22.0 5.5 19.22 17.1 4.6 
1.15 27.4 5.75 19.05 18.3 4.7 
1.2 31.1 5.95 18.7 20.4 4.82 
1.24 38.3 6.15 17.6 22.8 4.92 

12-7 0.38 0.7 0.2 1-12 0.37 1.1 0.55 
0.76 2.3 0.9 0.53 2.8 1. 35 
1.07 3.9 1.6 0.68 6.4 2.6 
1.34 5.6 2.28 0.8 10.0 3.58 
1. 79 9.0 3.3 0.9 13.6 4.32 
2.10 12.8 4.1 0.97 17.4 4.9 
2.47 18.3 4.8 1.01 19.5 5.13 
2.64 24.3 5.2 1.08 23.5 5.5 
2.72 30.3 5.4 1.14 27.2 5.75 
2.70 32.6 5.4 1.17 32.4 5.97 

1-10 0.68 1.4 0.65 12-21 0.67 0.83 0.12 
0.98 2.7 1.25 1.16 1.3 0.12 
1.25 4.3 1.9 1.51 1.8 0.02 
1.49 6.3 2.6 1. 76 2.4 -0.11 
1.72 8.4 3.2 1.81 3.0 -0.17 
2.01 12.0 4.0 1.55 4.1 -0.34 
2.23 15.9 4.6 1.46 5.0 -0.43 
2.45 19.9 5.0 1.43 5.9 -0.46 
2.66 25.8 5.4 1.48 7.5 -0.46 
2.79 31.6 5.65 1.55 9.3 -0.46 
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Table A.1. continued 

Test Deviator Axial Volume Test Deviator Axial Volume 
No. Stress ad Strain Change No. Stress rrd Strain Change 

(kgf/cu:2)8 e:(%) /).v (cm3) (kgf/cm2)a e:(%) /).V (cm3) 

1-11 1.02 0.5 0.12 12-20 0.45 0.3 0.1 
2.61 2.0 0.77 1.36 0.9 0.2 
4.07 3.6 1.5 2.57 1.65 0.19 
5.39 5.6 2.2 3.02 2.1 0.11 
6.54 7.2 2.85 3.25 2.5 0 
7.77 10.3 3.53 2.96 4.2 -0.2 
8.66 13.8 4.1 2.86 4.8 -0.21 
9.0 17.4 4.53 2.95 6.2 -0.21 
9.31 22.1 4.8 2.98 6.9 -0.22 
8.92 25.6 4.95 2.97 8.5 -0.25 

1-15 1.34 0.46 0.1 12-19 0.92 0.7 0.1 
5.02 2.2 0.78 4.81 1.9 0.3 
9.25 4.9 1.98 7.52 3.1 0.55 

13.51 8.1 3.13 8.76 4.9 0.85 
16.77 11.3 3.93 8.87 6.2 1.0 
18.27 13.1 4.28 9.38 9.4 1.35 
19.28 15.0 4.58 9.54 12.1 1.6 
19.87 17.0 4.78 9.52 13.8 1. 75 
19.46 19.2 4.95 9.24 16.2 1.85 
18.0 21.5 5.08 8.80 18.9 1.95 

12-23 5.44 1.7 0.3 
11.30 3.3 0.9 
15.18 5.0 1.5 
17.64 6.8 2.05 
20.46 10.3 2.8 
22.59 15.7 3.55 
23.50 19.3 3.95 
23.99 22.9 4.15 
23.65 26.5 4.35 
22.60 30.4 4.5 
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Table A.2.Strain-contro11ed CIU Test Data 

Test Deviator Axial Pore Test Deviator Axial Pore 
No. Stress ad Strain Pressure No. Stress crd Strain Pressure 

(kgf/cm2)a e:(%) Change 6].1 
(kgf/cm2) 

(kgf/cm2)a e:(%) Change 6].1 
(kgf/cm2) 

2-1 0.18 0.4 0.2b 2-3 0.76 0.4 0.55 
0.19 0.7 0.29 1.55 0.6 1.25 
0.175 1.3 0.35 1.87 0.8 1.7 
0.14 2.4 0.37 2.03 1.5 2.5 
0.12 4.1 0.4 1.95 2.5 2.9 
0.095 7.7 0.4 1. 78 4.4 3.15 
0.085 11.0 0.41 1.61 6.8 3.3 
0.082 14.6 0.41 1.48 10.2 3.39 
0.078 18.3 0.41 1.46 15.1 3.39 
0.074 22.7 0.41 1.08 23.8 3.5 

2-2 0.34 0.4 0.34 2-5 1.0 0.4 0.65 
0.42 0.9 0.57 2.24 0.5 1.5 
0.38 1.8 0.75 3.81 0.94 3.55 
0.30 3.6 0.83 4.49 1.5 5.25 
0.26 5.4 0.87 4.57 2.6 6.3 
0.22 8.9 0.92 4.35 4.5 7.0 
0.2 12.4 0.93 4.23 7.8 7.27 
0.19 18.0 0.94 4.30 11.4 7.28 
0.18 22.4 0.95 4.27 14.8 7.28 
0.17 25.5 0.95 3.90 17 .3 7.33 

2-6 0.23 0.32 0.09 2-12 2.78 0.5 1. 75 
0.36 0.45 0.14 4.31 0.9 3.8 
0.46 0.6 0.17 4.86 1.7 5.2 
0.54 1.1 0.2 4.77 2.6 6.45 
0.47 1.5 0.26 4.46 4.6 7.01 
0.42 1.9 0.28 4.21 7.8 7.29 
0.36 2.5 0.3 4.05 11.5 7.42 
0.28 4.3 0.34 3.91 17.0 7.45 
0.26 7.5 0.37 3.75 24.4 7.45 
0.24 11.0 0.38 3.45 31. 7 7.46 

2-8 0.13 0.3 0.1 12-15 0.26 0.16 0.08 
0.41 0.4 0.75 0.38 0.3 0.13 
0.65 0.6 0.4 0.66 0.7 0.15 
0.75 0.9 0.5 0.89 1.0 0.10 
0.78 1.2 0.57 1.41 1.5 0.01 
0.72 1.6 0.66 2.08 2.4 -0.22 
0.63 2.1 0.73 2.33 3.4 -0.33 
0.54 3.0 0.78 2.39 6.1 -0.34 
0.39 7.5 0.87 2.51 8.5 -0.37 
0.35 10.2 0.89 2.31 19.8 -0.4 

a. 1 kgf7cm~ = 98.1.kPa = 14.2 psi 
b. Positive sign denotes pore pressure increase, negative sign denotes 

pore pressure decrease. 
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Table A.2. continued 

Test Deviator Axial Pore Test Deviator Axial Pore 
No. Stress ad Strain Pressure No. Stress ad Strain Pressure 

(kgf/cm2)a E(%) Change ~l.l (kgf/cm2)a £(%) Change ~l.l 
(kgf/cm2) (kgf/cm2) 

10-12 0.73 0.4 0.2 12-14 0.65 0.54 0.29 
L97 0.55 0.68 1.48 1.27 0.35 
2.78 0.9 1.37 2.13 1.8 0.25 
3.05 1.9 2.2 2.78 2.5 0.06 
2.76 4.0 2.7 3.12 3.7 -0.05 
2.35 6.8 2.95 3.2 6.0 -0.1 
2.0 11.5 3.16 3.21 7.2 -0.1 
1. 78 16.8 3.24 3.17 8.9 -0.1 
1.61 22.3 3.3 3.04 11. 7 -0.06 
1.44 28.9 3.32 2.95 13.6 -0.06 

12-16 1.13 0.7 0.5 10-6 0.43 0.3 0.15 
2.02 1.0 1.0 0.71 0.6 0.3 
3.2 1.45 1.35 0.89 0.9 0.4 
4.66 2.35 1. 73 0.98 1.8 0.55 
5.02 3.9 1.95 0.92 2.3 0.6 
4.66 5.9 2.21 0.82 3.1 0.68 
4.2 9.8 2.43 0.67 6.0 0.78 
3.82 13.5 2.53 0.49 10.6 0.85 
3.46 18.4 2.65 0.39 15.5 0.88 
2.87 23.8 2.77 0.37 19.4 0.88 

12-18 1.30 0.35 0.52 9-30 0.8 0.36 0.8 
3.54 0.90 1. 70 1.36 0.70 1.5 
5.51 1.3 3.02 1.92 1.1 2.05 
7.03 1.9 4.15 2.21 2.1 2.7 
7.87 2.5 4.93 1.95 3.9 3.1 
8.18 3.6 5.38 1.65 6.1 3.33 
7.81 8.1 6.02 1.39 8.3 3.45 
7.28 13.6 6.23 1.18 11.5 3.55 
6.81 20.9 6.42 1.0 15.5 3.62 
6.41 26.1 6.55 0.94 17.4 3.63 

10-5 0.39 0.2 0.17 10-13 0.63 0.4 0.33 
0.88 0.8 0.37 1.21 0.7 0.79 
1.08 1.7 0.45 1.81 1.1 1.35 
0.90 3.4 0.62 2.39 2.0 2.26 
0.76 5.3 0.70 2.36 3.14 2.66 
0.60 8.3 0.75 1.98 6.15 3.07 
0.50 10.9 0.75 1.63 10.2 3.28 
0.43 12.8 0.80 1.44 13.9 3.38 
0.35 18.5 0.85 1.26 19.7 3.47 
0.33 23.0 0.87 1.09 28.6 3.53 
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Table A.2. continued 

Test Deviator Axial Pore Test Deviator Axial Pore 
No. Stress ad Strain Pressure No. Stress ad Strain Pressure 

(kgf/cm2)a E(%) Change Ll11 
(kgf/cm2) 

(kgf/cm2)a E(%) Change Ll11 
(kgf/cm2) 

10-19 0.72 0.26 0.1 11-23 0.53 0.26 0.3 
2.64 0.85 0.75 1.17 0.60 0.85 
5.65 2.0 3.27 1.94 1.5 2.15 
6.29 3.0 4.95 1.98 2.1 2.55 
5.94 5.2 6.23 1.80 4.2 3.05 
5.64 6.9 6.55 1.6 7.0 3.25 
4.90 12.2 7.0 1.44 10.2 3.37 
4.46 19.3 7.2 1.29 16.3 3.45 
4.17 25.7 7.3 1.69 25.9 3.52 
3.87 31.9 7.35 1.64 31.8 3.52 

11-21 0.2 0.35 0.07 5-2 0.74 0.43 0.37 
0.3 0.64 0.15 1.73 0.69 1.12 
0.37 1.2 0.19 2.86 1.2 2.38 
0.39 1.9 0.22 3.4 1.6 3.31 
0.35 3.2 0.26 3.63 2.5 4.39 
0.27 4.8 0.3 3.5 3.8 5.02 
0.23 6.6 0.33 3.29 7.0 5.5 
0.20 8.8 0.35 3.14 10.8 5.66 
0.17 17.3 0.34 3.0 14.5 5.68 
0.17 18.5 0.35 2.68 19.3 5.73 

11-22 0.04 0.4 0.05 11-25 1.47 0.5 0.6 
0.24 0.5 0.13 2.45 0.8 1.88 
0.48 0.8 0.33 3.44 1.2 2.35 
0.57 1.3 0.51 4.24 1.5 3.52 
0.46 2.8 0.71 4.82 2.5 5.45 
0.33 6.1 0.83 4.50 4.8 6.7 
0.22 11.1 0.87 4.3 7.4 7.09 
0.18 16.9 0.90 4.1 11.4 7.33 
0.24 21.6 0.92 3.9 15.8 7.44 
0.24 26.6 0.91 3.9 17.7 7.45 

11-26 0.12 0.3 0.13 11-28 0.44 0.4 0.35 
0.15 0.6 0.22 0.91 0.66 0.85 
0.135 1.5 0.27 1.53 1.2 1.77 
0.11 2.4 0.33 1.71 2.1 2.65 
0.1 3.6 0.35 1.56 4.0 3.15 
0.09 4.5 0.35 1.41 6.6 3.32 
0.07 6.7 0.37 1.28 9.9 3.43 

1.19 14.2 3.52 
1.14 17.4 3.55 
1.11 24.2 3.57 
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Table A.2. continued 

Test Deviator Axial Pore Test Deviator Axial Pore 
No. Stress ad Strain Pressure No. Stress crd Strain Pressure 

(kgf/cm2)a e:(%) Change 6]J (kgf/cm2)a e:(%) Change 6]J 
(kgf/cm2) (kgf/cm2) 

11-30 0.15 0.4 0.16 12-4 1.92 0.7 1.35 
0.16 1.3 0.31 3.14 1.2 2.8 
0.136 2.36 0.36 4.08 1.9 4.88 
0.11 4.1 0.4 4.16 2.6 5.93 
0.08 7.2 0.4 3.89 4.4 6.83 
0.055 11.2 0.4 3.63 7.2 7.27 
0.05 14.1 0.4 3.45 11.0 7.49 
0.05 18.2 0.41 3.37 15.8 7.59 
0.05 20.7 0.43 3.32 21.5 7.63 
0.045 32.3 0.43 3.28 24.6 7.62 

12-2 0.27 0.4 0.2 11-9 0.16 0.3 0.13 
0.4 1.1 0.53 0.19 0.7 0.21 
0.32 3.0 0.75 0.155 1.5 0.29 
0.26 4.8 0.83 0.13 2.6 0.34 
0.20 7.9 0.87 0.09 5.6 0.37 
0.17 10.2 0.9 0.075 7.7 0.37 
0.15 14.6 0.92 0.06 12.1 0.38 
0.12 20.1 0.93 0.055 15.8 0.38 
0.12 25.6 0.94 0.052 20.6 0.38 
0.12 30.1 0.93 0.51 23.2 0.38 

10-21 0.19 0.3 0.12 11-11 0.91 0.3 0.55 
0.37 0.8 0.42 1.51 0.7 1.35 
0.39 1.4 0.53 1.77 1.2 2.15 
0.36 2.6 0.67 1.64 2.8 2.92 
0.306 4.7 0.77 1.46 5.1 3.19 
0.264 8.5 0.82 1.37 7.5 3.28 
0.24 12.6 0.83 1.28 11.3 3.38 
0.23 17.2 0.84 1.24 18.2 3.44 
0.22 22.9 0.85 1.25 25.6 3.45 
0.22 30.7 0.85 1.25 30.0 3.45 

11-8 0.33 0.5 0.35 11-16 1.89 0.75 1.20 
0.375 1.0 0.55 2.88 1.1 2.08 
0.32 2.4 0.75 4.06 2.0 4.72 
0.25 5.0 0.85 4.12 2.6 5.6 
0.20 8.5 0.88 3.89 4.4 6.65 
0.18 11.5 0.90 3.67 6.7 7.05 
0.167 15.5 0.92 3.64 10.7 7.35 
0.15 21.2 0.92 3.66 12.8 7.35 
0.145 26.5 0.91 3.46 17.4 7.45 
0.144 32.4 0.92 3.17 20.7 7.57 
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Table A.3. Load-controlled cru Test Data 

Test Deviator Axial Pore Test Deviator Axial Pore 
No. Stress ~d Strain Pressure No. Stress Q'd Strain Pressure 

(kgf/cm )a e:{%) Change il11 (kgf/cm2)a e:{%) Change il11 
(kgf/cm2) (kgf/cm2) 

5-4 0.11 0.2 0.14b 5-10 0.22 0.5 0.42 
0.37 0.5 0.34 0.64 1.0 0.84 
0.42 0.9 0.51 0.75 1.4 1.08 
0.45 2.1 0.65 0.83 2.8 1.41 
0.44 3.2 0.73 0.82 3.6 1.49 
0.36 6.5 0.81 0.65 5.7 1.60 
0.25 10.0 0.85 0.53 9.5 1.7 
0.17 14.2 0.86 0.47 16.8 1. 76 
0.15 19.5 0.86 0.45 26.7 1.77 
0.14 25.0 0.87 0.43 36.4 1.77 

5-5 0.11 0.3 0.13 3-16 0.44 0.3 0.27 
0.32 0.7 0.43 0.88 0.53 0.71 
0.39 1.5 0.63 1.53 1.0 1.56 
0.386 2.3 0.70 1.90 2.0 2.65 

4.0 0.78 1.88 3.3 2.95 
data 6.3 0.8 1.85 5.8 3.04 

missing 15.5 0.82 1. 71 13.0 3.33 
24.5 0.85 1.58 19.7 3.33 

0.19 31.7 0.87 1.47 25.0 3.45 
0.15 33.6 0.89 1.33 36.8 3.47 

3-18 1. 79 0.54 1.27 5-7 0.1 0.25 0.05 
3.11 1.0 3.2 0.3 0.54 0.14 
3.96 1.6 4.85 0.59 1.5 0.21 
4.29 2.33 5.8 0.63 2.0 0.21 
4.41 3.5 6.5 
4.36 6.4 7.0 
4.27 10.5 7.2 data missing 
3.82 16.8 7.38 
3.41 24.0 7.5 
3.17 33.7 7.55 0.04 34.1 0.37 

5-11 0.15 0.2 0.08 5-9 0.42 0.40 0.26 
0.25 0.5 0.155 1.27 0.9 1.14 
0.32 0.9 0.19 1.68 1.3 1. 76 
0.29 2.2 0.235 1.9 2.0 2.36 
0.24 3.8 0.268 1.95 3.2 2.8 
0.20 5.5 0.29 1.93 4.6 2.99 
0.145 8.3 0.313 1.5 7.5 3.23 
0.09 13.0 0.333 1.08 12.5 3.45 
0.055 22.5 0.34 0.75 24.0 3.5 
0.05 34.0 0.34 0.74 33.9 3.51 

a. 1 kgf/cm2 = 98.1 kP.a = 14.2 psi 
b. Positive sign denotes pore pressure increase. 





APPENDIX B 

FAILURE TIME IN LIQUEFACTION 

GENERATED BY LOAD-CONTROLLED TESTS 

143 



Test Setup for Load-controlled Triaxial Compression Test 
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Figure B.1. Schematic Load-controlled Test Setup. 
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where 

T = tension in the wire (N) 

Wy = weight of loading yoke and hanger (kg) 

L = weight of net load on test specimen (kg) 

Fsi = L x 9.8, initial force on soil specimen (N) 

Fsr = residual force on soil specimen (N) 

a 2 = acceleration of both systems A and B during liquefaction (m/sec ) 

Using D'Alembert's Principal (Beer and Johnston, 1962) 

Assume acceleration is a constant throughout the rapid deformation and 

that Fsr is also a constant. 

(wy + L) x 9.8 

Wy x 9.8 - T 

T - Fsr (Wy + L) x a 

= Wy x (-a) 

Solved (1) and (2), L x 9.8 - Fsr = (2Wy + L) a 

since Fsi = L x 9.8 

(1) 

(2) 

Fsi = Fsr + {2Wy + L)a Equation 5.9 

Example 1: Wy = 22 kg, which is the weight of the yoke used in this study 

if L = 10 kg, which corresponds to an approximate ad of max 

98 kPa and assume Fsr = 0 at t = 0 (liquefaction) 

Fsi = 10 x 9.8 = {2 x 22 + 10)a 

a = 1.81 m/sec2 

for 30% axial strain ~ 1" ~ 2.5 cm 

d = V + 1/2 at2 , V = 0, d = 0.025 
0 0 

t = 1/2 
(2d/a) = 0.17 sec. 

m 

If Wy = 1000 kg with other conditions remaining the same, 



Fsi = 10 x 9.8 = (2 x 1000 + 10)a 

2 a = 0.049 m/sec 

for 30% strain t = ~0.05 )1/2 = 1.01 sec 
0.049 

Example 2: L = 10 kg, Wy = 22 kg 

If it takes 3 seconds to reach 30% strain, what is Fsr? 

d = 0.025 m = 0 + 1/2 (a) 32, a = 0.0055 m/sec2 

10 x 9.8 - Fsr = (2 x 22 + 10) x 0.0055 

Fsr = 10 x 9.8 - 0.3 = 97.7 N ~ Fsi 
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