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Introduction  

n the past four decades, the conventional triaxial test has become the 
laboratory test that is most commonly used to investigate the shear strength 
behaviour of soil in geotechnical engineering (Bjerrum and Simons, 1960; 

Lowe and Johnson, 1960; Wu et al., 1962; Blight, 1963; Janbu, 1963; Lee and 
Seed, 1967; Balasubramaniam and Waheed, 1977; Balasubramaniam and 
Chaudhry, 1978; Saeedy and Mollah, 1988; Kitamura and Haruyama, 1988). A 
major drawback of the conventional triaxial system is the non-uniformity of 
stress and deformation state along the height of a specimen during externally 
applied load/deformation. The main source of this non-uniformity is the shear 
stress in the radial direction at the frictional ends, which can cause both the 
barrelling effect and the concentration of dilation (volume expansion due to 
shear) in local zones, which in turn results in the possibility of premature 
development of failure state. Considerable amount of research has been done in 
the past to improve the conventional triaxial testing apparatus and its use. Rowe 
and Barden (1964) used lubricated end platens in a desire to remove the dead 
zones within the specimen. Triaxial testing with lubricated ends was also used 
by Barden and McDermott (1965), Sarsby et al. (1982) to minimize the friction at 
the specimen ends so that the specimen deforms uniformly over its full height 
and provides a marked increase in the uniformity of pore pressure distribution 
within the clay specimen. The above experimental studies showed that in 
comparison to the specimens used with frictional ends, the lubricated ends 
perform better with shorter specimens. Rowe and Barden (1964) suggested the 
use of specimens with a slenderness ratio (height/diameter ratio; H/D) of 1 for 
testing under lubricated end conditions because it provides a more stable 
geometry and much greater uniformity of stress and deformation throughout the 
test and allows the specimen to retain its cylindrical shape even at large strains.  

I 

Rowe and Barden (1964) performed a series of undrained compression 
tests on sand and clay specimens with different slenderness ratio of the 
specimens using frictional and lubricated end platens. Their study was mostly 
focused on the importance of lubricated end platens and explained the 
advantages of using lubricated ends for clay specimens over frictional ends. 
Barden and McDermott (1965) used lubricated ends and performed a series of 
undrained compression tests on normally consolidated boulder clay and over-
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consolidated remoulded and weathered clay. They concentrated on the use of 
various types of grease to prepare lubricated ends and studied the change in 
effective friction angle due to the change in the lubricant type. Sarsby et al. 
(1982) performed a series of undrained cyclic compression tests on various 
artificial triaxial samples composed of silicon carbide, zirconia, dolomite, and 
bronze by using lubricated ends. The purpose of their research was to study the 
errors associated with the measured axial deformation due to the compression 
and distortion of the rubber/grease layer when the lubricated platens were used 
to load particulate media.  These lubricated end testing devices used in the past 
were not automated and not facilitated with high resolution pore pressure 
transducers, cell-volume control device, and volume change measurement 
device. Therefore, these devices did not have the capability of providing high 
saturation value (B) up to 0.99 and measuring excess pore pressure with high 
accuracy (up to 0.5 kPa).  

The current research presents a microprocessor controlled fully 
autom

Material Properties and Specimen Preparation  

on a commercially available 
Kaolin

For compression and extension triaxial tests, the solid cylindrical 
specim

ated lubricated end triaxial system facilitated with advanced technological 
measuring devices. This study also provides a brief discussion on the role of 
each measuring device and presents a standard procedure for performing 
experiments on this advanced lubricated end triaxial system. The variation in 
shear strength, effective friction angle (φ’), cohesion (c), stress strain 
relationship, pore pressure evolution, and effective stress paths of normally 
consolidated and heavily over-consolidated specimens of cohesive soil was 
evaluated with respect to the different stress paths (compression, extension) 
under lubricated end boundary conditions.  

The present investigation was carried out 
ite clay obtained from Akrochem Corporation, Akron, Ohio, under the 

trade name “Akrochem SC-25”. The specific gravity, liquid limit (Casagrande 
apparatus), plastic limit, and grain size distribution curves were obtained in the 
laboratory; and the soil used in the current research was classified as unified 
soil. The Kaolinite clay used in this research has a liquid limit of 62 %; plasticity 
index of 30 %; and specific gravity of 2.63. Grain size distribution of Kaolinite 
clay indicates that 92% of particles are finer than 10μm, and 62% are finer than 
2μm, with an activity of 0.44.  

ens of Kaolinite clay were produced by using a two-stage slurry 
consolidation technique described by Penumadu et al. (1998). Figure 1 shows 
the setup for specimen preparation in the laboratory. The clay slurry was 
prepared with 155% water content corresponding to 2.5 times its liquid limit 
(62%), as suggested by Sheeran and Krizek (1971) to avoid the influence of the 
method of placement in consolidometer. Figures 1a, b, and c respectively show 
the prepared clay slurry, the Teflon slurry consolidometer, and the prepared clay 
specimen. The slurry was consolidated under K0 condition at a vertical effective 
stress of 207 kPa until the primary consolidation was completed. The maximum 
target consolidation pressure was applied during slurry stage of the specimen in 
order to minimize the effect of the consolidometer wall deformation during K0 
consolidation process of specimen preparation. Solid cylindrical clay specimens 
of 102 mm diameter and 102 mm height were obtained after slurry 
consolidation, as shown in Figure 1. The clay specimens with height to diameter 
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ratio of 1 (slenderness ratio =1) were used in the present study as per the 
recommendations of Rowe and Barden (1964).  

 

 

daries 

l with lubricated ends is given in 
Figure

calculated based on the thickness of the chosen membrane, and the calculated 

Fig. 1 ample Preparation of Kaolinite Clay Specimen using Slurry Consolidation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (a) Pre ared Clay Slurry with 155% Water Content, (b) Teflon Consolidometers with 
Clay Slurry at Applied Vertical Stress of 207 kPa, (c) Clay Specimen 

(Height=Diameter=102mm) after K0 Consolidation 

 S
p

Microprocessor Controlled Automated Lubricated End 
Boundary Triaxial System 
Preparation of Lubricated End Boun

A schematic diagram of the triaxial cel
 2a. Figure 2b shows a picture of polished end platen with a thin layer of 

silicon grease (vacuum grease) on its surface, and Figure 2c shows the location 
of radial drainage ports at the platen. Each platen (top and bottom) had two 
radial drainage ports at their outer surface, and these ports were covered by 
porous plastic strip that extended circumferentially to improve the drainage 
conditions of the testing system. In order to prepare the lubricated end platens, 
the steel platens were cleaned thoroughly, a thin layer of high vacuum grease 
was spread uniformly over each platen, and a circular piece of latex membrane 
(same diameter as platen and 0.3 mm thickness) was then laid on to the grease 
and pressed in such a way as to minimize the amount of entrapped air. It is 
important to note that the membrane should be chosen as thin as possible to let 
the specimen carry most of the load applied by the triaxial system. Then the 
axial stress taken by the membrane and the membrane correction should be 
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axial stress should be deducted from the deviatoric stress. In the current 
research, axial stress taken by the 0.3 mm thick membrane was deducted from 
the deviatoric stress before calculating the corrected area of the specimen 
during shear deformation of soil.  
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A circular piece of filter paper, with much larger diameter than the platen 
was placed on top of the latex membrane in a way that the filter paper 
compl

filter paper strips facilitating the soil specimen with efficient radial drainage, as 

Fig. 2    Advanced Triaxial System with Lubricated End Platens. (a) Schematic 
Diagram of Triaxial Testing Assembly, (b) Platen with Vacuum Grease, (c) Radial 

Dr s aina e Ports Located, (d) Clay Specimen (Height=Diameter=102mm) with Platen

etely covered the porous plastic strip on the sides of the platens. The clay 
specimen was placed between the top and bottom platens and wrapped with 
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shown in Figure 2d. Author arrived at the above reported approach to use this 
automated lubricated end boundary triaxial system after a large number of initial 
trials to optimize drainage associated with the saturated clay specimens during 
its consolidation and shearing stages for compression and extension stress 
paths. 

Sensors used in Automated Lubricated End Triaxial System 

This lubricated end triaxial device is fully automated and facilitated with 
asurements at 

of time interval 
using 

acement Transducer) 

asurement device, cell-volume 
gure 4 shows a 
l testing system 

with lu

four types of sensors, which were used to record experimental me
a fixed time interval. This system can record data at 10 second 

VIEWDAC software program (Sachan, 2005).   

1) Volume change measurement device 

2) Cell volume control device 

3) Three Pressure transducers 

4) LVDT (Linear Variable Displ

Figure 3 shows the volume change me
control device, triaxial cell with Kaolinite clay specimen, and Fi
complete picture of improved micro-processor controlled triaxia

bricated end boundary conditions.  
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Fig. 3 Microprocessor Controlled Advanced Lub ed End Boundary Triaxial Seturicat
(a)Volume Change Measurement Device, (b) Cell-Volume Control Device, (c) 

Specimen in Triaxial Cell 
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Figure 3a shows the volume change measurement device containing a 
burette an

the 

re 
values at the top an

 

aturation 

 the clay specimen in a custom-built triaxial cell as 
explained above, three pressure transducers were attached to the triaxial 

easuring the pore pressure at top and bottom of the specimen, and 
ure.  The assembly followed the general procedure of ASTM: 

D4767-95 for consolidated undrained triaxial compression tests for cohesive 
soils. To saturate the specimen-boundary interfaces, the system was flushed 

d a differential pressure transducer placed on the pressure control 
panel. The volume of water expelled from the specimen was calculated by using 

height of the water column in burette, which was measured using th
er connected to micropr

e 
differential pressure transduc ocessor. Figure 3b shows 
the cell-volume control device which is used in the triaxial setup to have de-aired 
water inside the cell. This device has a membrane of very low water-vapor 
transmission rate that separated the cell water from air pressure supply, and 
transferred the pressure without dissolving the air in the cell water.  Any air 
dissolved in the cell water could transmit through the latex membrane in long 
duration tests, and significantly change the saturation level of the specimen.  

Figure 3c shows a cylindrical Kaolinite clay specimen placed inside the 
triaxial cell filled with de-aired water attached with three pressure transducers, 
which are used to monitor the triaxial cell pressure, and the pore pressu

d bottom of the soil specimen. The LVDT was mounted on 
the top plate of triaxial cell to measure the displacement, which was used to 
calculate the change in height of the specimen during various stages of the test. 
Figure 4 shows an overall configuration of the test setup including a clay 
specimen inside the triaxial cell attached with the pressure control panel, data 
acquisition system and other electronics, and an attached microprocessor that 
records consolidation and shear data throughout the test.  
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Fig. 4  complete setup for Improved Microprocessor Controlled Triaxial System 
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with C

n. The 
easured throughout the consolidation 

lidation, a displacement controlled 
axial lo

ed automated  lubricated end boundary 
d 
n 

linite clay 
ures (po’ 

hown in Table 1. All the clay specimens were 
sheare

O2 initially, and then purged with de-aired, de-ionized water. Back 
pressure was used to dissolve any trapped CO2 into the solution and to ensure 
proper saturation level of the specimen. A back pressure of 172 kPa was 
applied to all the test specimens throughout the consolidation and shearing 
processes. In all the tests, the measured Skempton’s pore pressure parameter 
(B) during saturation check was greater than 0.99 indicating that a high degree 
of saturation was achieved prior to the application of shear stress. It is important 
to note that very few researchers have reported the higher degree of saturation 
in their experimental observations. The lower value of B obtained in fine grained 
cohesive materials would lead to the inaccurate measurement of excess pore 
pressure evolution and stress-strain behaviour during the shear deformation of 
soil specimen. Thus, it is extremely important to achieve B value close to 0.99 
before moving to next phase of triaxial testing (consolidation, shearing). 

Isotropic Consolidation and Shearing 

After saturation, the specimen was isotropically consolidated under the 
chosen effective confining pressure (207, 276, and 345 kPa). Radial drainage 
provided by the filter paper strips on the outer surface of the specimen reduced 
the necessary time for consolidation and pore pressure equalizatio
volume change of the specimen was m
process. After completion of isotropic conso

ading frame (Geotest, Model No. S5761) was used to apply the axial load 
on the specimen simulating compression and extension stress paths. In 
compression and extension shearing, loads were applied on isotropically 
consolidated clay specimen by allowing the bottom platen of triaxial loading 
frame to move in upward direction for compression shearing and in downward 
direction for extension shearing while top platen was kept fixed. In compression 
shearing, radial stress was acting as minor principal stress (σ3) and axial stress 
as major principal stress (σ1). However, in extension shearing, radial stress was 
acting as major principal stress (σ1) and axial stress as minor principal stress 
(σ3) based on the value of axial stress smaller than radial stress due to the 
downward movement of bottom platen.  

Effect of Compression and Extension Stress Paths on 
Shear Behaviour of Clays under Lubricated End 
Boundary Conditions 

Using the microprocessor controll
triaxial system, a series of isotropically consolidated triaxial compression an
extension tests were conducted on normally consolidated (overconsolidatio
ratio; OCR =1) and heavily overconsolidated (OCR =10) Kao
specimens (Height=Diameter=102 mm) at three pre-consolidation press
= 207, 276, and 345 kPa), as s

d under undrained conditions at the strain rate of 0.05% per min ensuring 
excess pore pressure equilibration during shear. A good repeatability of 
experimental data was achieved during this testing program. Figure 5 shows a 
typical example of the repeatability using the stress-strain curves and effective 
stress paths (q Vs p’ curve) for repeated triaxial compression tests on NC and 
HOC clay with pre-consolidation pressure (po’) of 276 kPa. The values of q and 
p’ were calculated using Equation 1 and 2 respectively.  
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q = (σ1’-σ3’)       (1) 

p’ = (σ1’+σ2’+σ3’)/3 (2) 
 

 

No. T Loading  OCR 
 p0' (kPa)  (σc') (kPa) ype  

1. CIU Compression 1 207 207 
2. CIU 276 
3. 5 
4. CIU Compression 10 207 21 

Co  
6. CIU Compression 10 345 

No Test Number,    of Tria  Test 
Lo - Loa e 
p0 ffec e-con ressure  (kPa) 
σ ffec nfinin  during ar deform  (kPa) 

 Compression 1 276 
CIU Compression 1 345 34 

5. CIU mpression 10 276 28 
35 

7. CIU Extension 1 207 207 
8. CIU Extension 1 276 276 
9. CIU Extension 1 345 345 

10. CIU Extension 10 207 21 
11. CIU Extension 10 276 28 
12. CIU Extension 10 345 35 
: - Type - Type xial
ad ding Conditions,  OCR - OCR valu
'  - E tive pr solidation p

c' -  E tive co g pressure  she ation

 

 

 

 

d End Platens 
Table 1: List of Triaxial Experiments Performed on  

Kaolin Clay Specimens with the use of Lubricate
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This figure shows that the normalization method using σc’ resulted in a 
large variation between the normalized values of deviator stress corresponding 
to NC d HOC clay. These normalized effective stress paths indicate that the 
shear stiffness and strength of the HOC clay would be much higher in 
comparison to NC clay at the same effective confining pressure. This could be 
attributed to the fact that the HOC clay would have much lower void ratio than 
the NC ay at the same value of confining pressure. In order to incorporate the 
influence of void ratio (e), the normalization method using po’ was used for 
normal nse of 
clay. T

’ for 
he 

 an

 cl

izing the stress path, shear behavior, and pore pressure respo
zation method using po’ was a common technihe normali que used in most 

of the volumetric hardening constitutive models, such as the critical state model 
(Schofield and Wroth, 1968). It is important to note that the values of σc’ used for 
triaxial tests on NC clay were 207, 276, and 345 kPa, and for the tests on HOC 
clay, they were 21, 28, and 35 kPa. Therefore, the three values of pre-
consolidation pressure used for the triaxial tests on HOC clay were the same as 
for the tests on NC clay (po’ = 207, 276, 345 kPa). Thus, it was reasonable to 
normalize the stress-strain excess pore pressure evolution, and effective stress 
path by using po’ instead of σc’. 

Pore-pressure Evolution 

 

 

 

 

 

 

 

 

 

igure 7 shows the excess pore pressure evolution normalized by po
the triaxial compression and extension tests on NC and HOC specimens. T
normalized excess pore pressure evolution for NC clay was observed to be 
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much stronger for compression shearing than that for extension shearing at a 
given confining stress. However, normalized excess pore pressure evolution for 
HOC clay exhibited significantly lower values for compression shearing than that 
for extension shearing. The reason could be that the extension shearing 
disturb d the les and 
particl oups by p ever, compression 
shearing helped them to move towards each other; and this generated or 
enhan

ip 

sectional area at the middle of the clay specimen compared to the area at top 
This makes the clay specimen weak and unstable 

when 

e closely packed arrangement of the Kaolinite clay partic
ulling them away from each other; howe gr

ced the dilative nature of Kaolinite clay. NC specimens are generally 
believed to be contractive in nature, but extension shearing of NC specimens of 
Kaolinite clay exhibited dilative response at early stage of shearing under 
lubricated end boundary conditions. It has been previously reported (Rowe and 
Barden, 1964; Barden and McDermott, 1965) that the effect of boundary 
conditions on soil specimen is significantly reduced by using lubricated end 
platens as compared to frictional end platens (conventional triaxial system); thus 
dilative behavior of Kaolinite clay specimen during extension shearing is not due 
to its end conditions, but due to its volumetric characteristics. HOC specimens 
are believed to be dilative in nature, and extension shearing enhanced their 
dilative nature (Figure 7). 

The compression tests on HOC clay exhibited a trend of slightly 
increasing normalized excess pore pressure evolution (negative values) with the 
decreasing po’; however, no pattern could be detected for the extension tests on 
HOC clay. NC specimens also exhibited no pattern for its normalized excess 
pore pressure response with respect to po’ for both the stress paths. For all the 
practical purposes, the excess pore pressure evolution could reasonably be 
assumed as a linear function of po’ (since variation was insignificant when u was 
normalized with po’) for all triaxial tests performed in the current research.  

Stress-Strain Relationsh

Figure 8 shows the relationship between the deviator stress normalized 
by po’ and axial strain during undrained shearing. This figure shows the data for 
compression and extension tests on both NC and HOC Kaolinite clay 
specimens. The stress-strain relationships for compression tests did not indicate 
well-defined peaks as those were observed in extension tests. Perhaps, this 
behavior could be attributed to the inherent instability that develops in the 
deforming specimen under triaxial extension loading conditions at high strain 
levels. During extension shearing, the specimen tends to have a smaller cross-

and bottom of the specimen. 
subjected to a large amount of shear deformation, and leads to strain 

localization within the soil element. During compression testing, the cross-
sectional area of the specimen increases; and therefore, a tendency for such 
instability does not exist.  

However, the specimen under compression loading may still undergo 
other modes of strain localization close to peak shear stress location due to 
material imperfections. It is important to note that the instability due to 
application of axial loading method and conditions was significantly reduced with 
the use of lubricated end platens in the present research. Figure 9 shows the 
pictures of sheared Kaolinite clay specimens subjected to extension and 
compression shearing during this study. The cross-sectional area of section 2-2 
was found to be significantly smaller than the area of section 1-1 in extension 
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tests; however, the area of both the cross-sectional area at top and bottom of 
specimen during compression test was observed to be fairly similar. 
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In all the compression and extension triaxial tests, the normalized 
deviator stress was decreased when po’ increased. The change in normalized 
deviator stress due to the variation in po’ was found to be much stronger for NC 
clay th  that for HOC clay, which can be rationalized by considering  the 
absolute difference in the values of σc’ for NC and HOC specimens of Kaolinite 
clay. T e applied σc’ values in the current study were 207, 276, and 345 kPa for 
NC cl  and 21, 28, and 35 kPa for HOC clay. Therefore the corresponding 
variati n effective cell pressure (σc’) difference for a given po’ was found to be 
69 kPa for NC and 7 kPa for HOC clay. The small variation of σc’ values for 
HOC ss. 
There hear 
deform

 
 
 

an

h
ay
on i

 c ay contributed to a correspondingly small variation in deviator stre
fore, the confining pressure showed a stronger influence on the s

l

ation behaviour of NC clay than HOC clay. 

Effective Stress Path 

Figure 10 shows the effective stress paths (compression or extension 
test) of NC and HOC clay, and the stress states are normalized by po’. The 
normalized effective stress paths for triaxial compression tests on NC clay 
showed a marked influence of the po’ values; whereas, the effective stress paths 
for extension tests for NC clay exhibited little variation with respect to po’. The 
pattern of effective stress path during undrained shearing could depend on both 
the shear stiffness and the volumetric tendency of the soil.  
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stiffness on po’, as was shown by the shear stress-strain relationships in Figure 
8. The normalized effective stress paths of NC clay show a decreasing trend as 
po’ inc d for both compression and extension loading conditions, and 
therefore, the effective stress paths were not linearly dependent on po’. The 
normal d effective stress paths for HOC clay did not show significant variation 
with re ctive 
cell pr ned 
earlie  at 
higher strain levels; however, effective stress paths for HOC clay tend to go 
away 

ntal data from the current study 
and the values are listed in Table 2a. Undrained shear strength for extension 

 significantly smaller than that for compression 
hearing due to soil’s dilative or less contractive nature during extension testing 

er 

 higher than that for compression testing. For NC and HOC clay, the 
ffectiv th 

clay could be assumed to be zero. 
herefore, the tests performed at differe

overco

extension stress paths. It is important to note that effective 
iction angle for compression shearing was observed to be significantly smaller 
an that for extension shearing; and this is true for both the analysis; i) using 

Hvorslev approach, ii) considering no aging effect. 

rease

ize
spect to the change in po’ values due to the small difference of effe
essure (Δσc’=7 kPa) applied during HOC stress state, as was explai

r. For NC clay, effective stress paths tend to shift towards the origin

from the origin. This behaviour could also be interpreted as the normally 
consolidated clay being contractive and overconsolidated clay being dilative in 
nature during shearing. This behaviour was observed to be the same for both 
compression and extension loading conditions. 

Shear Strength Parameters 
      

Table 2 presents a summary of the shear strength parameters obtained 
from various triaxial undrained tests performed on Kaolinite clay specimens with 
different stress histories for two different stress paths; compression and 
extension. 
    

Hvorslev (1960) reported that “the values of ce’ and φe’ are not the actual 
cohesion or angle of internal friction but merely mathematical components”. 
Using Hvorslev’s approach the values of apparent cohesion and angle of 
internal friction were calculated for the experime

shearing was observed to be
s
und lubricated boundary conditions.  
       

The effective friction angle for extension testing was observed to be 
ignificantlys

e e friction angle (φe’) was found to decrease wi an increase in the po’ for 
both compression and extension tests. HOC clay also showed a marked 
increase in the apparent cohesion (ce’) of Kaolinite clay with the rise in po’ value, 
and this indicates that the effective cohesion is a function of po’, as reported by 
Hvorslev (1960).  
      

Since the clay specimens used in the current study were slurry 
consolidated in the laboratory and did not experience aging before triaxial 

sting; therefore, the true cohesion for this te
T nt confining pressure at the same 

nsolidation level can be analyzed using no cohesion (c’=0) for 
determining the Mohr-Coulomb’s failure parameters. Based on this approach, 
the values of φ’ were calculated at different confining pressures for HOC clay, as 
shown in Table 2b. Within the range of effective confining pressure used in this 
study, the effective friction angle (φ’) for overconsolidated specimens showed a 
marked increase with increasing pre-consolidation pressure (po’) values for both 
compression and 
fr
th
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The effective friction angle of NC specimens of Kaolinite clay (LL = 62%, 

PI = 30%, activity = 0.44) from this study was observed to be in the range of 
29.5°  to 31.7°  during compression shearing at various effective confining 
pressure levels (207, 276, and 345 kPa).  Seed and Mitchell (1960) reported 24°  
of φ’ value for Kaolinite clay (LL = 47%, PI = 16%) by performing compression 
tests on NC specimens using frictional ends at 98 kPa of confining pressure. 
Broms and Ratnam (1963) performed frictional end triaxial compression tests on 
NC specimens (slenderness ratio=2) of Kaolinite clay (LL = 48%, PI = 15%, 
activity = 0.38) at the effective confining pressure of 637 kPa, and obtained the 
φ’ value of 24.5° . Sridharan et al. (1971) observed φ’ = 25.5°  for Kaolinite clay 
(LL = 49%, PI = 20%) by performing compression tests on NC clay specimens 
(slenderness ratio=2) at 207 kPa of confining pressure using lubricated ends. 
The current research showed the largest value of φ’ for Kaolinite clay using 
microprocessor controlled automated lubricated end boundary triaxial system in 
comparison to the reported values in previous studies using conventional triaxial 
system or old lubricated end triaxial system. Other reasons could be that the 
Kaolinite clay used in the current study has comparatively higher liquid limit and 
plasticity index than the clay used previously, and the use of clay specimens 
with slenderness ratio 1 possibly providing the higher value of effective friction 
angle. 

The shear stress ratio (ηf), which is the ratio of deviator stress q and 
mean effective stress p’ at failure (Equation 1 and 2), was calculated for various 
triaxial tests. The ηf value decreased for NC clay and increased for HOC clay as 
the po’ increased for both the compression and the extension stress paths. 
Having a relationship with shear stress ratio (ηf), the effective stress ratio 
(σ1’/σ3’) at failure showed a similar pattern for NC and HOC clay, as listed in 
Table 1. Skempton and Bishop (1954) pore pressure parameters (Af) is used in 
practice to estimate the pore pressure response of soil at failure conditions. Af 
can be calculated by using Equation 3. The parameter B was assumed to be 1 
for saturated clay specimens in this research. Pore pressure parameter (Af) was 
found to be significantly higher for extension tests than for compression tests. 
Pore pressure parameter (Af) was observed to be fairly stable with the variation 
in po’ for all cases; triaxial compression and extension tests on Kaolinite clay 
with OCR values 1 and 10. The average value of Af at three different confining 
pressures was obtained to be 1.25 for compression tests and 1.55 for extension 
tests indicating the significant impact of stress paths. 

3

1 3

- .
-  

f f
f

f f

u B
A

σ
σ σ

Δ Δ
=

Δ Δ
 (3)  

Mayne (1979) introduced an empirical relationship (Eq. 4) for normalizing 
the undrained shear strength of over-consolidated (OC) clay and normally 
consolidated (NC) clay. 

0
( / ')
( / ')

u o OC

u o NC

s pOCR
s p

Λ =  (4)  

 0Λ  

ayne

The parameter was reported to be constant for a particular soil in the 

study performed by M  (1979). As shown in Table 2, the value of 0Λ  did 
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not ch ly ange significant for the variation of po’ (69 kPa) at certain type of 
anisotropic loading conditions. The approximate value of 0Λ  for comp
and extension testing were determined to be 0.82 and 0.77 respectively.  

Conclusions 

ression 

A microprocessor controlled automated lubricated e oundary triaxial 
ith high resolution pore pressure tra ducers, cell-volume 

d volume change measurement devic as used in this 
resear

 
perfor

essure evolution for 
HOC 

for compression tests not indicate well-
define

ion stress path was observed to nificantly smaller 
than t

on and extension stress paths.   

sor at 
University of Tennessee, Knoxville, USA for his uidance, and 
encouragement during this study. Financial Supp nal Science 

nd b
ns

e w

did 

be sig

help, g
ort from Natio

system facilitated w
control device, an

ch with the facility of providing high saturation value (B-value) up to 0.99 
and pore pressure & cell pressure measurements with high accuracy (0.5 kPa). 

Using this automated lubricated end triaxial system, a series of undrained 
compression and extension tests were performed on NC and HOC specimens of 
Kaolinite clay at different confining stress levels. A comparative study was also

med for evaluating the impact of stress paths on the shear behavior of soil 
at different stress states (NC, HOC) considering the values of shear strength, 
effective friction angle, cohesion, stress ratio, and pore pressure parameter at 
failure for the tests performed at three different confining pressure values. The 
presented data could be valuable for the purpose of mathematical modeling 
such as constitutive model, artificial neural network model.  

The normalized excess pore pressure evolution for NC clay was 
observed to be much stronger for compression shearing than that for extension 
shearing at given confining stress level. However, pore pr

clay exhibited significantly lower values for compression shearing in 
comparison to extension shearing.  

For all the compression and extension tests, the excess pore pressure 
response was observed to be a linear function of pre-consolidation pressures 
(po’). The stress-strain relationships 

d peaks as those were observed in extension tests due to the instability 
generated within the specimen induced by extension shearing. The normalized 
stress-strain relationships and effective stress paths for NC clay were observed 
to have a decreasing trend with increasing po’ values for both compression and 
extension stress paths.  

The HOC clay showed a similar trend for normalized stress-strain 
relationships and effective stress paths as observed for NC clay. Undrained 
shear strength for extens

hat for compression stress path. The effective friction angle (φe’) was 
observed to be significantly higher for extension shearing than for compression 
shearing for both NC and HOC clay.  

HOC clay exhibited an increasing trend of apparent cohesion (ce’) and a 
decreasing trend of effective friction angle (φe’) as po’ increased (using 
Hvorslev’s approach) for both compressi
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Notations 

B = Saturation Value 

ce’ 
φ’
C = Heavily Overcons
ηf = Shear Stress Ratio (q/p’) 

NC = Normally Consolidated 
OCR = Overconsolidation Ratio 

op′  = Pre-consolidation pressure 

q , p′  = Deviator stress and mean effective stress in invariant form 
 

σ1

σ3 σ σ
σ1 ’

Δ tress at failure conditions 
Δ l stress at failure c

e 1979) 
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