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SYNOPSIS Laboratory techniques utilizing modern experimental apparatuses, such as the
directional shear cell, have become an important feature in investigating issues related to stress 
induced anisotropy, rotating principal stress directions, and changes in principal stress magnitudes 
in soil. This paper describes the operation of a newly developed directional shear cell that can 
simulate such states and typical experimental results obtained thereof. It is clearly demonstrated 
that stiffness moduli for both cohesive and cohesionless soils are significantly influenced by dis
crete and continuously changing principal stress directions and magnitudes. It is observed that very 
few constitutive models can capture such events and new models should be validated based on experi
mental evidence obtained in modern apparatuses.

INTRODUCTION

Significant rotation of principal stress direct
ions as well as changes in principal stress mag
nitudes are common in ground affected by engine
ering activity and natural processes. Pronounced 
stiffness anisotropy and changes in the moduli 
have been observed in laboratory experiments 
where soil specimens have been loaded by uniform 
stress states and where the principal stress dir
ections rotate in a controlled manner with res
pect to the soil fabric (Arthur et al., 1980, 
1981; Saada et al., 1981; Mould, et al., 1982; 
Mould, 1983). This anisotropy is stress induced 
and it varies in intensity depending on whether 
the soil is initially isotropic or anisotropic 
and whether the initial porosity is small or 
large (Arthur et al., 1980; Mould, 1983). These 
experiments have been conducted in directional 
shear cells (Arthur et al., 1980, 1981), hollow 
cylinder triaxial torsion apparatuses (Saada et 
al., 1981) and in multiaxial cubical apparatuses, 
although the latter can only provide 90 jump 
rotations for the principal stress directions in 
relation to the soil fabric (Mould et al., 1982).

At present many important constructed facilities 
are planned for which the designer needs increas
ingly more accurate knowledge about soil deform
ation behavior. Given the information obtained 
from new laboratory apparatuses and testing tech
niques, the salient features must be captured by 
constitutive models that in turn can thrive on 
information obtained from the same devices. Vali
dation of new and complex constitutive models 
that incorporate isotropic as well as anisotropic 
formulations may also best be conducted in a con
trolled laboratory environment which can mimic 
realistic field processes, such as stress induced 
anisotropy in conjunction with rotations of the 
principal stress directions while these vary in 
magnitude or remain constant.

This paper describes the development of a new 
plane strain directional shear apparatus which is

based on the general principles forwarded by 
Arthur et al. (1980, 1981). It receives large 
size (17.8 cm) cubical specimens, and the appa
ratus support mechanisms and instrumentation are 
quite extensive and elaborate compared to the 
University College London and M.I.T. devices. Yet 
its basic operation features are similar and it 
yields comparable test results. The apparatus has 
been in operation since 1982 and is currently be
ing used to devise constitutive models for a cohe
sionless soil (Leighton Buzzard sand) and a cohe
sive soil. Typical experimental results from 
these two test programs will be discussed.

EXPERIMENTAL APPARATUS

The directional shear cell which has been under 
development during the past three years at the 
University of Colorado is illustrated in Figs. 1 
and 2. Plane strain conditions are maintained by 
two lubricated parallel stiff Lexan plates tied 
together by four rods at the corners. Strain ga
ges on these stiff rods measure the out-of-plane 
normal stress. In-plane loading is applied by a 
system of flexible cushions and shear pads made 
of silicone rubber (Dow C.-E-RTV and J-RTV) cast 
by conventional pressure molding processes. On 
each side of the specimen, the normal stresses 
are applied through flexible cushions which are 
confined by rotatable cups that can be moved 
longitudinally in the direction of the applied 
stress and transversely in order to follow the 
normal and shear deformations on the specimen. 
Shear pads are inserted between the cushions and 
the specimen's surfaces. The side of the pad in 
contact with the specimen is serrated so as to 
transmit the applied shear force. This shear force 
is applied through a set of 49 (7x7) pulling 
strips that are cast into the shear pad. The sys
tem of pulling strips is designed so that uniform 
shear stress states are transmitted to the speci
men surfaces by pulling at the ends of the strips 
through anchoring plates. The stretch of the
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Fig. 4 Stress-Strain 
Response Curves for Arti
ficial Soil. Reloading 
Jump Rotation and Initial 
Loading Curves.
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Fig. 1 Directional Shear Cell. Top View

Fig. 3 Strain Ratio vs. Rotation 
Angle for Dense Sand with 
Induced Anisotropy 
(Arthur et al., 1981) 
reprinted with permission 
from American society for 
Testing and Materials, 1916 
Rau Street, Phil. iiA 19103

Fig. 2 Directional Shear Cell. 
Cutaway Side View
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Fig. 5 Stress-Strain Response Curves for Artificial Soil. Continuous Rotations
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strips is nearly 100% at full load. The pulling 
forces on all four faces are generated by Bello- 
fram, rolling diaphragm air cylinders mounted on 
transverse screw rods, which, like the support 
for the normal pressure flexible cushions, can 
be continuously adjusted in position so as to 
follow the specimen deformation.

The supports for both the normal and shear stress 
application systems just mentioned are mounted 
inside a stiff, 2m square frame assembled from 
structural aluminum components. Updating of the 
geometry of the support system to follow the chan
ging size and shape of the soil specimen is faci
litated by manually operating screw mechanisms. 
Viewing of the specimen in the vertical direction 
is achieved by a mirror. The apparatus is capable 
of transmitting maximum 110 kPa shear stresses 
and 450 kPa normal stresses to soil specimens.

The specimen's deformations are monitored by 8 
Kaman proximity transducers, 2 of which are moun
ted within each normal pressure cup, and they de
tect the movement of target aluminum foils on the 
specimen's surfaces. With two transducers on each 
side, both normal and shear strains in the plane 
of loading can be computed. In order to correct 
for the flexibility of the support system and the 
external reaction frame, 12 LVDT's are placed on 
a stand that is fixed to ground and attached to 
various locations on the apparatus. Calibration 
of the system flexibility is achieved by testing 
a dummy, rigid aluminum cube with the same size 
as the soil specimen, and the reproducibility is 
excellent. The signals from the proximity trans
ducers and the LVDT's are monitored directly by 
a data acquisition system controlled by an Apple 
H e  micro-computer. At each loading step, the 
previously computed stress increments are applied 
by manually operating the controls. During speci
men deformation, the system geometry is adjusted 
if necessary and one set of data is then recorded. 
The Apple computer system is equipped with dual 
floppy disk drives, a printer and a plotter, that 
allow for convenient real-time display of select
ed stress-strain features, data storage and sub
sequent manipulation of the experimental results.

EXPERIMENTAL PROGRAM AND RESULTS

Experiments were conducted in the directional 
shear cell on two soils. Dense (D =95%) Leighton 
Buzzard sand (LBS), which is a suE-rounded sand 
with a U.S. Sieve 20-30 size and specific gravity 
of 2.66, was used to validate equipment perform
ance and to compare with previous experimental 
results. This soil was considered quite stiff and 
strong, as opposed to the second, soft and weak 
soil which was an artificial mixture of 43% Kao
lin, 43% uniform sand and 14% SAE 5 oil (Sture 
et al., 1979). These tests were undrained and the 
degree of saturation'never exceeded 40%. The mat
erial exhibited nearly time-independent behavior 
at test temperature (20°C). It resembles a porous 
children 'play-clay'. LBS specimens were prepared 
by raining in the vertical direction to ensure 
initial isotropic behavior in the plane of load
ing. A specimen jacket made of dental dam natu
ral latex sheets was used in conjunction with 
vacuum to facilitate handling of the specimen. 
With the artificial soil, the undercompaction 
method was employed to prepare the 17.8 cm cubi-, 
cal specimen to the uniform density of 1.25 g/cm. 
(Sture et al., 1980).

The first group of experiments on both soil types 
were conducted in the same manner as reported by 
Arthur, et al. (1980, 1981). An initial, equal 
horizontal stress state of 13.8 kPa was applied, 
followed by an increase in one of the normal 
stresses along the specimen axes until a princi
pal stress ratio R (=0-/0,) of 6 was reached.
After unloading to the equal lateral stress sta
te, reloading took place with a jump rotation of 
the principal stresses which was effected by act
ivating the shear pads in addition to the normal 
stress cushions. The orientation of the applied 
major principal stress, defined by the angle ¥ 
with respect to the direction of a during pre- 
loading, was selected at 10° increments for this 
group of tests, but was kept constant during each 
test in the group. In Fig. 4, the results on the 
artificial soil for the reloading part of the 
tests are shown to illustrate the effects of the 
anisotropic fabric induced by the reloading. The 
monotonic loading curves to R=6 are also shown, 
and all reloading curves were adjusted to start 
from the same e . The scatter amongst the tests 
was minor. A dramatic difference in the stiffness 
moduli of these specimens is noticed from the re
sults. However, at large strain it seems as if 
the peak strength is not affected. The results of 
the LBS tests have similar qualitative features, 
but the strain magnitudes are three to four times 
smaller. The results are comparable to those ob
tained by Arthur et al. (1980, 1981) as shown in 
Fig. 3.

The second group of experiments reported herein 
were performed on the artificial soil to investi
gate the effects of continuous principal stress 
rotation. The test specimen was loaded at a con
stant principal stress direction, until preselec
ted R=2,2.5,3,3.5,4, and 4.5 were reached. Then 
the loading scheme was changed in order to keep 
the principal stress magnitude constant, but to 
rotate the direction of the major principal 
stress a. from 0° to 90° in 10° increments. When
4,= 90° was reached, a. was increased at that value 
of T until the test was terminated. The results 
are shown in Fig. 5. The trace from R=1 to 4 
shows erratic behavior due to specimen instability. 
Along the portions of curves where R is constant, 
values of corresponding V values are marked. Loci 
of constant ¥ are interpolated and inserted in 
Fig. 5, and are comparable to the curves in Fig.
4 for each value of y. The artificial soil seems 
to exhibit unusual behavior in that R vs. e is 
nearly independent of prior stress-strain history. 
The criterion for changing stress direction was 
based solely on reaching the R values above. Con
stant speed of rotation was maintained in all 
tests; 10 per 3 min. The creep was minimal.

The third group of experiments to be reported 
here were performed on the LBS. The only differ
ence from the first group of tests is that the 
preloading was taken to different values of R, 
equal to 3,4,5, and 6. For each level of preload
ing, the reloading was again carried out with 
jump rotations of the applied principal stresses 
at 10° increments. The composite results from 
this group of tests are shown in Fig. 6. The ref
erence curves shown in full line represent the 
virgin loading behavior of the LBS followed by 
unloading and reloading at different stress ratios, 
but without any stress rotation, i.e. V always 
equal to 0? The ¥ > 0 tests were only unloaded 
once. At the end of each unloading, the results 
of the tests with principal stress jump rotation 
are superimposed, but only the results at
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Fig.6 Stress-Strain Response Curves for Leighton Buzzard Sand. Loading and Reloading Jump Rotations

41 = 0°, 0° monotonic loading, 30°, 60°, and 90° 
are shown to avoid confusion. In spite of some 
initial irregularities it can be seen that the 
degree of stress induced anisotropy is a function 
of the preloading stress, and the corresponding 
integrated shear strain, level. By comparing the 
last set of curves, which is attached to the un
loading state from R=6, with Fig. 4 for the arti
ficial soil, the previous statement regarding the 
strain magnitude difference between the two test 
soils can be better appreciated.
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CONCLUSIONS

It has been demonstrated that significant stiff
ness anisotropy is induced in both stiff and soft 
soils during the course of discretely jumping and 
continuously rotating principal stress directions 
during loading and unloading sequences as well as 
instances when load magnitudes are held constant.

The directional shear cell constitutes an 
excellent tool for investigating these issues in 
geotechnical engineering.
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