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1. INTRODUCTION 

Most sedimentary soils are inherently ansiotropic. Their response to loading will depend on 

the directions of the principal stresses. In most geotechnical problems the principal stresses 

gradually rotate during loading. As a consequence, deformations occur due to both change in 

the magnitude and change in the direction of the principal stresses. 

 

The Hollow Cylinder Apparatus (HCA) is the only soil test device that can facilitate 

independent control of both the magnitude and the direction of the principal stresses. The 

stress history and loading conditions at a point in a soil deposit can be reproduced on a hollow 

cylindrical specimen and its constitute behaviour and pore pressure response measured.  

 

This paper is divided into two sections: First, an example showing the influence of the 

principal stresses on the strength and deformation characteristics of a soil is discussed. 

Second, an overview of a unique HCA currently being commissioned in the Department of 

Civil Engineering, University College Dublin (UCD) is presented. The operating principles 

and the instrumentation used to load the sample and measure its deformational response are 

discussed.  

 

 

2. AN EXAMPLE OF THE ROTATION OF THE PRINCIPAL STRESSES 

The stresses on a soil element can involve rotation of the principal stresses during both 

construction and performance of a structure. In addition, the principal stress directions may 

vary from element to element in the soil mass. Embankment loading is one example where 

gradual rotation of the principal stresses occurs. Figure 1 shows a potential slip surface 

                                                 
 



through the side slope of an embankment with the stress state at four locations on the slip 

surface shown. At Location A the major principal stress, 1, acts vertically, the minor 

principal stress, 3, acts horizontally and the intermediate principal stress, 2, acts into the 

page. The strength and deformation characteristics of the soil can be determined from a 

conventional triaxial compression test with the limitation that the intermediate principal stress 

must equal the minor principal stress. 

 

 

Figure 1. Limiting equilibrium stress states underneath an embankment (after Uthayakumar & 

Vaid, 1998). 

 

Between Locations A and D a gradual rotation of the principal stresses occurs. The major 

principal stress rotates through an angle  from the vertical with the minor principal stress 

rotating through an angle  from the horizontal. In this example it is assumed that the 

intermediate principal stresses is acting into the page and does not rotate. Between Locations 

A and D the principal stresses will gradual rotate from  = 0
0
 to  = 90

0
. Location B in Figure 

1 shows a typical stress state where the principal stresses have rotated. In this region it is not 

possible to determine the strength and deformation characteristics of the soil using 

conventional triaxial testing methods.  

 

The HCA can be used to determine the strength and deformation characteristics of the soil at 

various angles, . Figure 2 (a) shows the resultant stress paths after rotating the principal 

stresses through various angles. As the principal stresses rotate the strength and deformation 

characteristics of the soil change. The HCA also allows the determination of the strength and 

deformation characteristics of the soil for various values of the intermediate principal stress. 

Figure 2 (b) shows the results of following the same stress path as Figure 2 (a) but increasing 

 

 



the value of the intermediate principal stress. Comparing Figures 2 (a) and (b) it is seen that 

the strength and deformation characteristics of the soil are a function of both the magnitude of 

the rotation of the principal stresses and the magnitude of the intermediate principal stress. 

 

  

(a) (b) 

Figure 2. Deviator stress – maximum shear strain and stress path response with (a) 2 = 3 

and (b) 2 = ( 1+ 3)/2 for Fraser River sand (after Uthayakumar & Vaid, 1998). 

 

Location C corresponds to the minimum point of the potential slip surface. The soil strength 

can be determined from simple shear testing in the laboratory. This can be performed in a 

simple shear device or in the HCA. Location D is where the potential slip surface emerges at 

existing ground level. The major principal stress is now acting horizontally and the minor 

principal stress acts vertically. The strength and deformation characteristics of the soil can be 

determined from conventional trixaxial extension tests with the limitation that the 

intermediate principal stress must equal the major principal stress. 

 

In determining the strength and deformation characteristics of soil the HCA offers two 

primary advantages over conventional triaxial tests; firstly, the principal stresses can be 

rotated and secondly the magnitude of the intermediate principal stress can be varied. 

 

 



3. THE UCDHCA 

The UCDHCA subjects a 100 mm outer diameter x 71 mm inner diameter x 200 mm high 

hollow cylindrical sample to an inner bore pressure, and outer cell pressure, an axial load and 

a torque. In addition the pore pressure response of a soil specimen can be measured. 

 

The general arrangement of the UCDHCA is shown schematically in Figure 3. The test 

specimen is contained within a cell that is mounted on a mobile table. The sample is enclosed 

within inner and outer rubber membranes that are clamped on the loading and reaction 

platens. Both platens are in constant contact with the ends of the sample. Mechanics to 

displace and rotate the piston that applies the axial load and torque to the sample are secured 

to the reaction frame located beneath the cell. Sample load, torque, pressure and deformation 

instruments are located both inside and outside the cell. 

 

This central unit is flanked to the left by a hydraulic control panel and three GDS controllers 

and to the right by the electrical hardware. The apparatus is located in a constant temperature 

room. Samples of reconstituted sand can be formed by wet pluviation using a technique 

developed by O’Kelly (2000). 

 

 

Figure 3. A schematic of the UCDHCA 

 



3.1. Application of pressures, axial load and torque to the sample 

Three GDS pressure digital controllers apply the bore pressure, Pi, the cell pressure, Po and 

measure the pore pressure response of the sample. The controllers are commercially available 

and consist of deaired water in a cylinder that is pressured by the movement of a piston in the 

cylinder. A ball screw turned by a stepper motor actuates the piston. The pressure is measured 

by a solid state transducer and on board algorithms allow the controller target a pressure 

(GDS, 2000).  

 

O’Kelly (2000) designed a novel loading mechanisms for applying the axial load, M, and the 

torque, T, to the sample. The mechanism consists of two stepper motors, a piston and a 

linkage system. The piston passes through the base of the cell and is connected to the loading 

platen. The system is designed to ensure zero backlash when the direction of motion changes. 

This is particularly important in dynamic and cyclic testing. The loading mechanism and a 

combined torque thrust transducer are linked in a closed loop algorithm to target the axial load 

and torque applied to the specimen.  

 

Figure 4 shows (a) the applied sample loadings, (b) the sample normal stresses and (c) the 

principal stresses in the sample. The applied loadings can be related to the sample normal 

stresses by assuming a linear elastic constitutive model for the soil. The principal stresses and 

angle of rotation of the principal stresses can be determined from plotting Mohr’s circles. The 

loading mechanism and GDS controllers can control the sample normal stresses to a 

resolution of 0.25 kPa.  

 

Figure 4. Stress states in a HCA sample 

(a) (b) 

(c) 



3.2. Measurement of strain in the UCDHCA 

In the UCDHCA the deformational response of the sample in measured using both internal 

and external instrumentation. As described by Atkinson (2000) the stress strain response of 

soil is nonlinear and anisotropic. Local small strain stiffness measurements are made using 

instruments attached directly to the specimen. Measurements make external to the sample are 

prone to seating, alignment, bedding and compliance errors. 

 

The internal instrumentation in the UCDHCA consists of two noncontact proximity 

transducers for measuring the radial deformation of the inner and outer specimen walls at mid 

height, two double axis Imperial College (IC) electrolevels that measure the axial and 

circumferential shear deformations and one single axis IC electrolevel that measures 

circumferential shear deformation. The IC electrolevels are attached to the specimen at mid 

height and at 120
0
 to each other on the perimeter of the sample. 

 

The external instrumentation determines the deformational response of the sample by 

measuring the movement of the piston and volume changes taking place in the bore and in the 

sample. A hollow shaft rotary encoder and two LDVT’s measure the circumferential shear 

and axial deformations respectively of the piston. The GDS controllers measure the volume 

changes taking place in the bore and in the specimen itself. In addition a volume change 

apparatus is used inline with the bore GDS controller to improve the accuracy of the volume 

change measurements. The volume changes are related directly to the inner and outer sample 

radii by assuming the sample deforms as a right angled cylinder.  

 

Figure 5 shows the resultant deformations in the sample, ui and uo are the inner and outer wall 

deformation respectively, w is the axial deformation and  the circumferential shear 

deformation of the sample. Both the internal and external instrumentation can resolve each 

strain component to 5 x 10
-5

 strain. 



 

Figure 5. Measured deformations of a HCA sample. 

 

3.3. Closed loop control of the UCDHCA 

Generalised stress path testing in a HCA requires simultaneous variation of the four sample 

normal stresses. In order to follow a desired stress path an automatic closed loop control 

system is desirable. The system should be able to measure the current stress state and 

command the control system to alter the sample stresses to arrive at the final stress state.  

 

A closed loop control system has been developed for the UCDHCA. The principle test 

capabilities of the system are: 

1. Saturation of the specimen, 

2. Consolidation in general stress space, 

3. K0 consolidation, 

4. Loading to failure in general stress space including rotation of the principal 

stresses, 

5. Simple shear. 

 

The control programs interface with the instrumentation through a data acquisition system 

(DAQ). The DAQ acquires the outputs of the measurement instrumentation and controls both 

the stepper motors, applying the axial load and torque, and the GDS controllers, applying the 

bore and cell pressures and measuring the pore pressure response. 

 

In each test small incremental changes are made to the controlling parameters to arrive at a 

desired stress state or in following a stress path. Frequent readings of the applied pressures 



axial load and torque along with the resultant deformations allow the small strain stiffness in 

the weak elastic - plastic region to be determined. 

 

 

4. SUMMARY 

An example is presented which illustrated the importance of the principal stresses in 

determining the strength and deformation characteristics of a soil along a potential slip surface 

under an embankment. An overview of the new UCDHCA is presented including a discussion 

of the loading mechanism and measurement instrumentation. 
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