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ABSTRACT: Soil liquefaction is a large loss of strength and stiffness induced by pore pressure build up often 

triggered by cyclic motions such as earthquakes. Its occurrence has historically created major collapses and life 

losses worldwide. Different laboratory techniques have been employed to estimate the cyclic stress ratio to 

produce soil liquefaction, imposing variation of either shear and normal stresses. However, rotation of principal 

stress axes invariably occurs during cyclic earthquake motion but this aspect, which has been noted to have a 

major effect, has not been yet appropriately investigated. Using the Hollow Cylinder Torsional Apparatus, this 

research has investigated how varying the orientation of principal stress axes (with respect to the material axes) 

can affect the liquefaction potential of soils. The results of experimental programme demonstrate that there is a 

critical orientation of principal stress axes, different from the commonly employed triaxial or simple shear con-

ditions, for which a minimum cyclic stress ratio is obtained. 

 

RÉSUMÉ:  La liquéfaction du sol est une perte importante de résistance et de rigidité induite par une aug-

mentation de la pression interstitielle, souvent déclenchée par des mouvements cycliques tels que les tremble-

ments de terre. Son apparition a historiquement provoqué des effondrements majeurs et des pertes de vies dans 

le monde entier. Différentes techniques de laboratoire ont été utilisées pour estimer le rapport de contrainte cy-

clique afin de produire une liquéfaction du sol, imposant une variation des contraintes de cisaillement et nor-

males. Cependant, la rotation des principaux axes de contrainte se produit invariablement pendant le mouve-

ment sismique cyclique, mais cet aspect, qui a été noté comme ayant un effet majeur, n'a pas encore été étudié 

de manière appropriée. À l’aide de l’appareil de torsion à cylindre creux, cette recherche a permis de déter-

miner dans quelle mesure la modification de l’orientation des principaux axes de contrainte (par rapport aux 

axes des matériaux) peut affecter le potentiel de liquéfaction des sols. Les résultats du programme expérimental 

démontrent qu'il existe une orientation critique des principaux axes de contrainte, différente des conditions de 

cisaillement triaxial ou simple couramment utilisées, pour laquelle un rapport de contrainte cyclique minimal 

est obtenu. 
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1 INTRODUCTION 

Soil liquefaction is a large loss of strength and 

stiffness induced by pore pressure build-up often 

triggered by earthquakes. Its occurrence has 

historically created major collapses and life 

losses worldwide. Both laboratory and in-situ 

investigation techniques have been employed to 

determine the soil susceptibility to liquefaction 

and to estimate the triggering stress conditions. 

The laboratory-based techniques make use of 

different cyclic testing methods. The two most 

commonly employed methods are the cyclic 

triaxial test and the cyclic torsional shear test. 

However, actual earthquake actions on soil 

deposits are more complex than the stress 

conditions that these laboratory apparatuses can 

apply. The main difference stands on the so-

called rotation of principal stress axes caused by 

the combination of cyclic vertical and horizontal 

stresses during the ground motion. Neither 

cyclic triaxial test nor cyclic torsional shear test 

are able to reproduce the re-orientation of 

principal stress axes during the cyclic motion. 

Initial studies of the problem have been 

carried out by Ishihara et al. (1985) and 

Sivathayalan et al. (2014) showing that the 

direction and rotation of principal stress axes 

with respect to material axis (i.e. direction of 

soil deposition) have a marked influence on the 

number of cycles to attain the liquefied state. 

Ishihara et al. (1985) found that the cyclic stress 

ratio to cause liquefaction is significantly 

reduced if continuous rotation of principal stress 

axes is applied (i.e. a circular stress path in 

which the triaxial mode and the torsional mode 

are cyclically applied with a phase difference of 

90˚). Sivathayalan et al. (2014) found that 

continuous rotation of principal stress is more 

detrimental than a sudden jump of principal 

stress direction. The authors observed the lowest 

cyclic resistance for tests where the continuous 

rotation of principal stress axes has a magnitude 

between ±45˚ and ±60˚. 

This research will complement the scarcity of 

the available data on this important issue 

governing the liquefaction susceptibility of 

granular soils by providing new laboratory 

experimental data. The paper will show how the 

liquefaction susceptibility is affected by the 

orientation of the principal stress axes with 

respect to the material depositional bedding. 

Experimental tests have been performed using 

the Hollow Cylinder Torsional Apparatus 

(HCTA) at the University of Bristol. The 

experimental results will also show that the use 

of conventional cyclic triaxial test and torsional 

shear tests may not lead to a safe estimation of 

the liquefaction potential: there are particular 

orientations of principal stress axes for which a 

lower cyclic liquefaction resistance was 

observed. 

2 MATERIAL 

Red Hill 110 silica sand was used in this 

investigation. The sand is generally 

characterised by sub-rounded particle shape. 

The grain size distribution is provided in Figure. 

1. Its physical properties are as follows: mean 

grain size D50=0.17 mm, coefficient of 

uniformity Cu=2.25, coefficient of gradation 

Cg=1.17, specific gravity Gs=2.65 and 

minimum and maximum void ratios, 

respectively emin= 0.608 and emax= 1.035. 

 

 
 

Figure 1. Particle size distribution fort Red Hill 

110 silica sand. 
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3 EQUIPMENT  

The HCTA provides a great freedom to ex-

plore general stress and strain soil behaviour and 

it is particularly suited for the investigation of 

the mechanical response under cyclic loading 

conditions. The apparatus has the capability to 

control axial load (W), torque load (T) and inter-

nal and external pressure (Pi and Po) inde-

pendently (Figure 2a). The application of these 

enables the control of all the stress components: 

axial (σz), radial (σr), circumferential (σθ) and 

shear stress (τθz = τzθ) on an element of the hol-

low cylindrical specimen (Figure 2b). Under un-

drained conditions, changes in stresses builds up 

excess of pore pressure (µ). The stress path can 

be characterised by four independent parame-

ters, such as the mean principal effective stress 

p’ (1), generalised deviatoric component of 

stress qg (2), intermediate principal stress pa-

rameter b (3) and the angle ασ (4) between the 

major principal stress σ1 and the vertical direc-

tion (Figure 2c), defined as: 

 

𝑝´ =
𝜎𝑧+𝜎𝜃+𝜎𝑟

 3
− 𝜇 =

𝜎1+𝜎2+𝜎3

3
− 𝜇 (1) 

𝑞𝑔 = √
(𝜎𝑧−𝜎𝑟)2+(𝜎𝑟−𝜎𝜃)2+(𝜎𝜃−𝜎𝑧)2 

2
+ 3𝜏𝜃𝑧

2 (2) 

b =
σ2-σ3

σ1-σ3
 (3) 

𝛼𝜎 =
1

2
 𝑡𝑎𝑛−1  (

2𝜏𝜃𝑧

𝜎𝑧−𝜎𝜃

) (4) 

Variations in the stress state produces defor-

mations of the specimen, which can be ex-

pressed in terms of axial (εz), radial (εr), circum-

ferential (εθ), and shear (γθz) strains. The 

deviatoric strain (εq), which is related to defor-

mation at constant volume can be computed as: 

 

𝜀𝑞 =
1

3
√4(𝜀𝑧 − 𝜀𝑟)2 + 3𝛾𝜃𝑧

2 (5) 

Soil samples tested in the HCTA have a typi-

cal hollow cylindrical shape. The specimens 

have an outer radius (ro) of 50mm, inner radius 

(ri) of 30mm and 200mm height (H) as shown in 

Figure. 2a. The geometry helps minimizing the 

degree of stress and strain non-uniformities, in-

evitable in a hollow cylinder specimen as a re-

sult of the sample curvature and the restraint at 

its ends (Sayão and Vaid, 1991; Hight et al., 

1983). Further details of the testing apparatus 

can be found in Mandolini et al. (2018). 
 

 
 

Figure 2. Stress state in hollow cylinder torsional 

sample (a). Details of the element in the wall: the (b) 

stress components and (c) main principal stresses. 

 

4 SAMPLE PREPARATION 

Specimens of sand were prepared by dry 

pluviation (similarly to Escribano et al. 2018).  

Oven-dried Red hill 110 sand was gently poured 

into the mould through a funnel. The pouring tip 

was continuously moved up with the surface of 

the deposit maintaining a constant zero fall 

height. Small vibration was finally applied to the 

sample if the denser target density has to be 

achieved. The samples were tested in fully 

saturated conditions which were ensured by CO2 

flushing method together with employment of 

water back pressure up to 300 kPa. Once 

saturated, the specimen was subjected to an 

isotropic consolidation performed by manually 

increasing the cell confining pressure. A picture 
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of a prepared hollow cylindrical sample is 

provided in Figure 3. 

 

 
 

Figure 3. Image of prepared hollow cylindrical 

sample. 

5 TESTING PROGRAM 

The experimental testing programme 

consisted in the performance of eight cyclic 

undrained tests imposing different values of the 

orientation of the major principal stress 

direction, ασ, at two different value of cyclic 

stress ratio (CSR). The cyclic stress ratio is 

defined here as: 

 

𝐶𝑆𝑅 =
𝑞𝑐𝑦𝑐

𝑝′
0

 (6) 

 

where qcyc is the length of the cycles in the τθz, q 

plane where q is the difference between the axial 

and radial stress in the sample: 

 

𝑞 = 𝜎𝑧 − 𝜎𝑟 (7) 

 

The cyclic tests have a symmetric shape with 

respect to the origin of the τθz-q stress plane, as it 

will be shown in the stress paths in the following 

section 6. 

The tests have been carried out on samples 

with a nominal relative density of about 50% 

and under an effective cell confining pressure of 

50 kPa, to which the samples have been 

consolidated prior to cycling.  Specific details of 

the performed tests are reported in Table 1 

where the number of cycles to reach liquefaction 

is also shown. Liquefaction is reached when the 

excess pore pressure rises so much that the 

effective average stress becomes zero. 

The number of cycles to liquefaction has been 

determined taking into account the compliance 

due to the membrane stiffness (Tokimatsu and 

Nakamura, 1987). 

The cyclic tests have been carried out at a 

frequency of 0.1 Hz. Axial and torque loads 

follow a sinusoidal waveform and when 

simultaneously applied, they are in phase (i.e. 

maximum amplitudes are reached at the same 

time). 

 

 

 

 
Table 1.List of tests performed in the experimental 

programme 

Name CSR 2ασ Dr  

(%) 

No. cycles 

T0.12_00 0.12 0˚ 49 83 

T0.12_30 0.12 30˚ 51 26 

T0.12_60 0.12 60˚ 50 43 

T0.12_90 0.12 90˚ 59 132 

T0.16_00 0.16 0˚ 49 12 

T0.16_30 0.16 30˚ 48 7 

T0.16_60 0.16 60˚ 49 14 

T0.16_90 0.16 90˚ 60 27 
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6 TEST RESULTS 

The typical stress paths applied to the samples 

are shown in Figure 4 for the series of tests at 

both CSR=0.12 and CSR=0.16. Slight deviation 

from a perfectly linear stress paths are obviously 

due to minor inaccuracies in the simultaneous 

control of torque and axial force. Nevertheless, 

the samples followed quite closely the desired 

stress paths.  

 

 
Figure 4. Stress paths followed by samples tested 

at CSR=0.12 and CSR=0.16 in the τθz -q plane. 

 

Typical deviatoric stress-strain behaviour 

recorded during the undrained cyclic loading is 

reported in Figure 5. The behaviour is 

characterised by an initial stiff response with 

limited accumulation of plastic deviatoric strain 

(εq) up until the triggering of liquefaction 

conditions. This is in agreement with both 

experimental and theoretical findings (e.g. Seed 

and Lee 1966, Corti et al. 2016, Liu et al. 2018) 

 

 
Figure 5. Generalised deviatoric stress-strain be-

haviour for samples T0.16_60. 

 

As expected, progressive pore water pressure 

build up occurred during the undrained cyclic 

stage for all the tests. The typical effective stress 

paths followed in the τθz -p’ for a sample tested 

at 2ασ =90˚ is shown in Figure 6. A larger accu-

mulation of pore water pressures takes place in 

the first and second cycle, followed by very 

close cycles with limited decrease of mean ef-

fective stress up to about two three cycles before 

liquefaction, when larger pore water pressure 

build-up can be recorded. 

 

 
Figure 6. Stress path in the τ-p’ stress plane fol-

lowed by sample T0.16_60 

 

The progressive accumulation of excess pore 

water pressure with the increasing number of 

cycles can be better visualised in Figure 7. Such 

figure can be conveniently used to determine the 

number of cycles to trigger liquefaction, at the 

net of corrections due to the membrane 

compliance.  
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Figure 7. Evolution of excess pore water pressure 

for all the samples tested in the experimental pro-

gramme.  

 

The number of cycles to trigger liquefaction 

are plotted in Figure 8 versus the inclination 2ασ 

of the principal stress axes. Despite some 

limited differences in the relative density of the 

sample, it is clear that orientations of principal 

stress axis different from pure compression 

(2ασ=0˚) and pure torsion (2ασ=90˚) lead to an 

anticipated occurrence of liquefaction – i.e. 

liquefaction is attained at a lower number of 

cycles. The lowest resistance is observed at 

around 15˚ inclination of the major principal 

stress axis with vertical axis, which is the axis 

perpendicular to the soil depositional bedding. 

The maximum resistance appears to be related to 

pure torsional loading mode, although it should 

be noted that these samples were slightly denser 

than the others.  

If the number of cycles is normalised with 

respect to the number of cycles for pure torsion, 

the trends in Figure 9 can be obtained. It appears 

that the cycles for triggering liquefaction at 

2ασ=30˚ are about 1/5 of those for the pure 

torsional mode. While this measure can be 

affected by the differences in density, the ratio 

with the pure compressive mode would still be 

in the order of 2 to 3. 

 

 
Figure 8. Variation of number of cycles versus the 

orientation of principal stress axes 2ασ. 

 

 
 
Figure 9. Variation of normalised number of cycles 

(defined as the ratio between the No. cycles divide by 

the No cycles for the pure torsional mode) versus the 

orientation of principal stress axes 2ασ. 
 

 

The related CSR curves with the number of 

cycles for the different values of orientation of 

principal stress axes 2ασ are shown in Figure 10. 

Variations of the principal stress orientation 

cause a leftward shift to the curves, with the 

lowest resistance curve observed for the 
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orientation of 30˚. Indeed, further confirmation 

testing sample for a larger range of CSRs is 

required to complete these curves and to identify 

whether the required critical stress ratio can be 

extrapolated beyond the testing conditions of 

this experimental programme. 

 

 
 
Figure 10. CSR curves versus number of cycles to 

trigger liquefaction for different orientation of prin-

cipal stress axes 2ασ. 

7 CONCLUSIONS 

This paper has presented some experimental 

results to investigate the cyclic liquefaction 

susceptibility of granular soil in the multiaxial 

stress space. Particular emphasis has been 

directed towards the investigation of the effect 

of the direction of principal stress axis with 

respect to material depositional bedding. It was 

found that common procedures to demine the 

liquefaction resistance using pure compressional 

or torsional cycling do not lead to conservative 

estimations of the number of cycles to 

liquefaction. In this investigation, it was found 

that the lower resistance to liquefaction was 

observed around 15˚ inclination of the principal 

stress axes from the axes of material 

depositional bedding.   

Further tests should be carried out to extend 

the loading conditions of this research and to 

investigate whether a unique relationship 

between normalised number of cycles and 

orientation for principal stress axes can be 

identified.  
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