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Prédictions of pore pressure under undrained cyclic principal stress rotation 

Prévision de la pression interstitielle due à la rotation cyclique non drainée des contraintes principales

S.SHIBUYA, Research Assistant, Instituto of Industrial Science (IIS), University of Tokyo (formeriy Impérial College of Science and
Technology, London, UK) 

D.W.HIGHT, Principal, Geotechnical Consulting Group, London, UK

SYNOPSIS: The subject of pore pressure accumulation under undrained irregular cyclic loading with principal stress 

rotation is addressed. A model, incorporating Miner's rule of superposition, is proposed for predicting the 

accumulation of positive pressure under this form of loading. Results from undrained hollow cylinder tests on loose 

sand are used to generate the data required for the model and to provide the yardstick against which predictions from 

the model can be compared. Within the range of small shear strains, and therefore of small strain induced anisotropy, 

the model is shown to be capable of predicting pore pressure build-up when cyclic principal stress rotation is randomly 

imposed.

1 INTRODUCTION

Cyclic principal stress rotation is involved in several 

field problems in which there is soil liquefaction. In 

these events the stress rotation generally occurs 

randomly rather than uniformly. This paper considers 

how to predict the accumulation of positive pore 

pressure in soil subject to undrained random cyclic 

stress rotation, using the pore pressure response to 

uniform stress rotations, observed in the laboratory.

2 TESTS PERFORMED

The laboratory tests to investigate pore pressure 

build-up under undrained cyclic principal stress 

rotation were run in the Imperial College hollow 

cylinder apparatus (HCA) (Hight et al, 1983). The 

experimental techniques are described by Shibuya (1986). 

Loose Ham river sand specimens (e0 = 0.79, Dr - 24%) 

were prepared by pluviating the sand grains through 

water; these specimens were isotropically consolidated 

to an effective stress of 200 kN/m2 against a back 

pressure of 400 kN/m2, which ensured full saturation.

The HCA enables a specimen to be subject to a wide 

range of stress conditions, Including continuous 

rotation of principal stress directions. The direction 

of Oj relative to the vertical (= deposition direction) 

is defined using a (Fig. 1). For the undrained tests to 

be described in this paper, the specimens were first 

sheared to a level of shear stress. q{= (o, - o3)} of 20 

kN/m2 with a = 0 ’ and b{= {o2 - o3)/ (o, - o3)} = 0.5: 

then a was cyclically changed under the conditions of 

constant q = 20 kN/m?, b = 0.5 and p{= (o! + o? + oa)/3} 

= 600 kN/m2. As shown in Fig. 1, the total stress 

components that varied during principal stress rotation 

were tzq, az , oq. With b = 0.5. the specimens deformed 

under conditions approximating to plane strain. For 

this quasi two-dimensional mode of deformation, the 

increment of each total stress component is expressed 

as:

(dTzQ/dcc) = 2q cos (2a)

(doz/da), (dog/doc) = -2q sin (2<x) , 2q sin (2cc)

The excess pore water pressure due purely to the cyclic 

changes of a is denoted as Au.

Co - o rd inate

N.B. In itial back pressure : 400 kN /m *

P =  200 kN /m 2

Au

Figure 1. Definition of stresses.

Two parameters are introduced herein to describe the 

cyclic principal stress rotation. In Fig. 2. ec and am 

represent the amplitude of the principal stress rotation 

and the angle made between the central axis of each 

sweep of principal stress direction and the vertical, 

respectively. If soil is initially isotropic and if 

remains unchanged during shear, it is unnecessary to 

introduce am ; this parameter may be considered, 

therefore, to be one which depicts the anisotropy of the 

soil. The value of 6C can be in the range between O' 

and 18 0* : the value of am can be in the range between 

0* and 90*.

Using q-a. coordinates, Fig. 3 shows the patterns of 

cyclic principal stress rotation for six tests. Tests 

C12. C13 and C14 had a common constant value for of 

180*, whereas am was 0* for C12 and 90* for C13 and C14. 

Tests C7 and Cll share a common 0C of 90*: however am 

was held constant at 0* in C? and at 45' in Cll. Test 

C15 is the only test in which both ^  and were varied 

during shear, i.e. the cyclic principal stress rotation
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Figure 4. Accumulation of pore pressure with cycles of 

principal stress rotation. Tests C7. Cll and C12.

Figure 2. Parameters describing cyclic principal stress 

rotation.

N e

0 2 A G 8 10 12 14 

Ne

Figure 5. Accumulation of octahedral shear strain with 

cycles of principal stress rotation. Tests C7, Cll and 

C12.

Figure 3. Patterns of cyclic principal stress rotation 

in hollow cylinder tests.

was applied in a non-uniform fashion in terms of ec and

an . In this test, ec was changed, cycle by cycle, in

the sequence of 15‘, 30'. 45’, 60', 75’ and 90',

associated with a corresponding variation In of 7.5‘, 

15-, 22.5*, 30', 37.5' and 45'.

3 PRESENTATION OF TEST RESULTS

It has been reported that in three tests, C12. C13 and 

C14. the accumulation of positive pore pressure was 

almost the same with respect to the number of cycles of 

principal stress rotation (Shibuya and Hight, 19871. 

This means that the build-up of pore pressure is not 

influenced by the pattern of the applied principal 

stress rotation; i.e. Au is independent of the value of 

<rm for the case of 9C = 180’

The accumulation of pore pressure in tests C7, Cll and 

Cl 2 Is compared in Fig. 4, in which Au is plotted 

against Ne. With reference to Fig. 2, Ne is defined as:

The corresponding shear strain behaviour is shown in 

Fig. S, in which octahedral shear strains, root- are 

plotted against Nq. From these figures, it may be noted 

that both Au and roct are dependent on a,. ec and Ne . 

In detail, it may be observed that:

(i) the rate of pore pressure increase, dAu/dlfe 

(>0), was larger for the larger , irrespective of the 

value of Au (tests Cll and C7),

(11) dAu/dNg was larger for the larger 9C (teats C12 

and C7), and

(Hi) for a fixed combination of am and Oc . dAu/dNg 

varied with Au, especially for the initial and final 

parts of the Au versus N q  relationship.

Note that r0ct “hich developed was at most 0.4% for 

these tests.

The relationship between Au and a for test C15 is 

shown in Fig. 6. At an early stage of the test, pore 

pressure developed due to a temporary system breakdown: 

this is depicted In the figure using Au*.
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Accumulcted pore pressure, Lu IkN/m *)

0 50 100 150 200

= pore pressure occumuloled due to temporary system fcreskdcwn

Figure 6. Accumulation of pore pressure in Test C15.

4 A MODEL FOR PREDICTING PORE PRESSURE ACCUMULATION

UNDER RANDOM CYCLIC PRINCIPAL STRESS ROTATION

A simple model is proposed for evaluating the cumulative 

development of positive pore pressure under cyclic 

principal stress rotation with different combinations of 

ocjy, and 9 C . From Fig. 4 ,  it may be said that

dAu/dNe = f(<xm, 9C, Au) (> = 0) (2)

An assumption is then introduced that the cumulative 

effect of cycles is independent of the order in which 

individual cycles occur. This implies that Miner's rule 

of superposition (Van Eekelen and Potts, 1978) or the 

cumulative damage concept (Valera and Donovan, 1976; 

Tatsuoka et al, 1982) is adopted to explain the pore 

pressure accumulation under cyclic principal stress 

rotation.

Suppose that the relationships between Au and Nq for 

fixed, but different, combinations of am and oc are 

known (Fig. 7). Then consider that random cyclic 

principal stress rotations are applied in the order of 

1 i' , for combinations of a Nq | , and eCi . As

illustrated in Fig. 7, the cumulative positive pore 

pressure, which is EAu^, is assumed to be calculated by 

following the path 0-A-A1 -B-B1 -C for the change of ' i' 

from 1 to 3.

A u

Figure 7. Relationships between Au and for different 

patterns of uniform cyclic principal stress rotation and 

application of Miner's rule.

5 PREDICTION OF PORE PRESSURE ACCUMULATION IN TEST Cl5

The accumulated pore pressure in test C15 is predicted 

by using the model described above. In test C15. and 

9C varied between O’ and 45* and between 0* and 90’ , 

respectively. To predict the pore pressure behaviour 

precisely, the relationship between Au and N© should be 

known in detail inside the hatched zone shown in Fig. 

8(a). Figure 8(b) shows equi-N© planes in a three 

dimensional space using am , 0C and Au. As shown in this 

figure, a simplification is made such that:

(i) for a constant am , dAu/dN0 increases linearly 

with increasing ec . and

(ii) for a constant ec , dAu/dN© changes linearly with 

Gc-

It is assumed, therefore, that the equi-N© planes shown 

in Fig. 8(b) remain unchanged in shape, no matter how 

the cyclic principal stress rotation occurs.

( a )

( b )

Figure 8. Assumptions for predictions of cumulative 

positive pore pressure.
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The predicted pore pressure accumulation is compared 

with that measured in Fig. 9. Considering that Au* 

developed in the test, the prediction method appears to 

work well. Note that only two tests with uniform cyclic 

principal stress rotation (i.e. tests C7 and Cll) were 

needed for the prediction.

It should be mentioned that the shear strain developed 

in test CIS was again very small, with roct being less 

than 0.4%. Thus, it may be surmised that this simple 

model can be powerful when limited to the range of small 

shear strain. The validity of equation (2) may be 

questionable at large shear strains as a result of 

strain induced anisotropy.
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Figure 9. Comparison of predicted and observed pore 

pressure accumulation in Test C15.

6 CONCLUSIONS

In a hollow cylinder apparatus, loose sand specimens 

were subject to cyclic principal stress rotation with q 

and b held constant. In these tests, positive pore 

pressure accumulation under various types of cyclic 

principal stress rotation was examined. The increment 

of positive pore pressure was found to be expressed by 

equation (2) . A simple model is proposed by which the 

accumulation of pore pressure. when cyclic principal 

stress rotation is randomly imposed, can be predicted 

using the results of tests with uniform cycles of 

principal stress rotation. The validity of this model, 

which incorporates the concept of Miner's rule of 

superposition, is verified, but the applicability may be 

limited to the range of small shear strains.
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