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Static liquefaction case history: Analysis and field observations 

Un cas de liquefaction statique: analyse et observations sur le terrain

H. Puebla & P.M. Byrne -  Department of Civil Engineering, University of British Columbia, Vancouver, B.C., Canada

ABSTRACT: A major aim of the Canadian Liquefaction Experiment was to verify our ability to predict liquefaction phenomena. Towards 

this purpose, a field event comprising a storage impoundment was constructed at the Syncrude site at Fort McMurray, Alberta, Canada, 
and loaded in an attempt to induce a static liquefaction failure. Sophisticated stress deformation analyses were carried out to predict the 
response of the impoundment structure. Drainage was a very important factor during the loading and was directly incorporated in the 
analysis procedure. The predicted results are in good agreement with the measurements.

RESUME: Un des objectifs principaux de l’Experience Canadienne sur la Liquefaction etait de verifier notre capacite de predire le 

phenomene de la liquefaction. Dans la poursuite de cet objectif, un essai sur le terrain comprenant un pare de residus fut construit sur le 
site Syncrude a Fort McMurray, en Alberta, Canada. Un chargement fut applique dans l’espoir de creer une rupture de liquefaction 
statique. Des analyses sophistiquees des contraintes et deformations fiirent entreprises dans le but de predire la reponse du systeme. Le 
drainage etait un aspect important durant le chargement et fut incorpore directement a la procedure d’analyse. Une bonne correlation fut 
etablie entre les resultats ainsi predits et les mesures experimentales.

1 INTRODUCTION

The three major aspects involved in the Canadian Liquefaction 
Experiment (CANLEX) were: the characterization of sand in 
order to predict its liquefaction response; a full scale liquefaction 
event at the Syncrude site, near Fort McMurray, Alberta; and 
the calibration of numerical models to predict liquefaction 
phenomena.

This paper presents the predicted response in terms of 
deformations and porewater pressures of the full scale 
liquefaction event using a numerical modelling procedure. The 
numerical model first was calibrated by comparison with 
laboratory element tests and the analysis procedure verified by 
comparison with centrifuge tests. The proposed field event was 

then analyzed with the calibrated numerical model.

2 PROPOSED LIQUEFACTION EVENT

The purpose of the full scale field event was to statically trigger 
a liquefaction flow slide by rapidly loading a loose saturated 
sand deposit. This event is described in detail by Byme et al. 
(1995b) and involved the construction of a test embankment 
over the loose target layer as shown in Fig. 1.

An abandoned pit, J-Pit, was used to cany out the field event. 
The foundation sand (BBW-sand) was placed hydraulically into
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Fig. 1. Field event geometry.

standing water up to Elevation 318m. By placing tailings sand 
above the water (BAW-sand) a level platform was then formed 
at Elevation 321 m. A clay dyke 8 m high with sideslopes of 
2.5:1 (hor:vert) was constructed slowly over the tailings so as to 
allow full drainage of the sand to occur. A 10 m high compacted 
sand cell containment structure was then constructed to form an 
enclosure. Rapid loading was brought about by pumping tailing 
(contained sand) behind the clay dyke. The site was 
characterized and instrumented as discussed by Byme et al
(1995).

3. ELASTIC-PLASTIC STRESS-STRAIN MODEL AND 
ANALYSIS PROCEDURE

The stress-strain model used to simulate the foundation sand 
behaviour has been presented by Byme et al. (1995a). It is an 

elastic-plastic model with the plastic shear strain as the hardener 
that allows the yield locus to expand. The yield loci are lines of 
constant stress ratio or friction angle. Yield with strain 
hardening occurs when the stress ratio or developed friction 
angle increases as plastic shear strain occurs. The shape of the 
stress ratio (r|) v s . plastic shear strain (yp) is assumed to be 
hyperbolic. The slope of this curve gives the tangent plastic 
shear modulus, Gip, and allows the plastic shear strain increment, 
Ayp, to be computed for any stress ratio increment, At|:

A / = (1/G,p)A t1 (1)

Plastic volume changes are based on a non-associated flow 
rule:

Aevp = (sin'F) A /  (2)

where 'F is the dilation angle, which in turn is related to the 
constant volume friction angle (<t>cv) and the developed friction 
angle (4>d)by:

sinvy = (sinij>cv - sin4>d) (3)
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The yield function f is defined by: 

f=  ct’i - ct’ 3 N* ( 4 )

where a ’i = major principal effective stress, CT’ 3 = minor 
principal effective stress, N* = ( 1 +sin4>d)/( 1 -sinĉ j)■

The plastic potential function that corresponds to the non
associated flow rule can be written as:

g = ct’i - a ’ 3 Nv

where Nv = (l+sinv)/)/(l-sinv).
The plastic strain increments are given by:

Aeip = X(3g/9ai) for 1=1,3

( 5 )

(6)

and the total strain increment is the sum of the elastic and the 
plastic increments:

Ae = As' + Aep ( 7 )

The model captures the drained or skeleton behaviour of sand as 
shown schematically in Fig. 2. The undrained behaviour is 
captured by imposing the volumetric constraint caused by the 

fluid stiffness.
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Fig. 2. Schematic drained behaviour of sand.
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Fig. 3. Undrained response of element tests.

principal compressive stress (ct’i), i.e., anisotropic plastic 
response.

The rest of the materials were modelled as elastic-perfectly 
plastic and their parameters based on Duncan et al. (1980) and 
Byrne et al. (1987).

5 ANALYSIS OF FIELD EVENT

The analyses were carried out using the computer code FLAC - 
Fast Lagrangian Analysis of Continua, version 3.3 (P. Cundall,

1995) with the stress-strain model described above. This 

program uses a finite difference method and establishes dynamic 
equilibrium using a step by step explicit time domain procedure. 
Large displacements and strains are approximated by updating 
the nodal coordinates of the grid.

4 NUMERICAL SIMULATION OF LABORATORY TESTS

The undrained response of the foundation sand observed in 
triaxial compression, extension and simple shear tests was 
captured using the stress-strain model and the FLAC code 
described above. A comparison between the observed and the 

predicted response for a confining stress of 100 kPa is shown in 
Fig. 3. The model parameters were obtained by back analysis of 

the laboratory curves and the same parameters were used over a 
range of confining stresses.

As can be seen in Fig. 3 the sand response is strain-hardening 
in triaxial compression, while in triaxial extension, as well as in 
simple shear, it is strain-softening. The response is different due 
to the direction of loading and it is essential for the numerical 
model to capture this difference. This is achieved by making the 
plastic shear modulus a function of the direction of the major

The construction sequence described in the proposed 
liquefaction event section was followed in the analysis. It was 
assumed that all materials behaved in a drained manner during 
placement, except the contained sand (Fig. 1). It was assumed 
that this material behaved as a heavy fluid.

The rapid placement of the contained sand slurry comprised 
the “loading”. Under this loading, two different assumptions 

were made regarding the drainage conditions of the target sand 
(foundation sand): 1) undrained, and 2 ) coupled stress-flow. 
This led to two separate analyses. An additional analysis was 
also carried out for an undrained hypothetical case in which the 
embankment would have been 16 m high instead of 8 m.

The predicted contours of total porewater pressure, and the 
displacement pattern obtained by numerical simulation under 
undrained conditions, are presented in Fig. 4.

The coupled stress-flow was simulated by allowing seepage 
from the water boundary overlaying the contained sand. Results 
of this analysis are shown in Fig. 5.

The maximum predicted displacement occurred in the toe 
area and was about 10 cm for the undrained condition and 5 cm 
for the coupled stress-flow condition.

The measured and the predicted values of excess porewater 

pressure were compared. Figure 6  shows the locations at which 
the measurements were taken. This comparison and the

178



Pore pressure contours 

Contour intervals 2.50E+01
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Fig. 4. Embankment response to loading under undrained 
conditions.
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Fig. 5. Embankment response to loading under coupled stress- 

flow conditions.
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displacements at the toe of the embankment, for the undrained 
and coupled stress-flow analyses, are shown in Table 1. The 
predicted values and the field observations compare very well.

Table 1. Values of excess porewater and displacements

Location Measured Coupled stress- 
flow

Undrained

P14-A Pore 38.3 37.6 40.3

P10-A Pressure 14.7 21.3 25.7

P06-A [kPa] 9 3 7.2 7.3

Toe Displ. fcml 5 5 10

Figure 7 shows predicted contours of total porewater 
pressure and the displacement pattern for the hypothetical case 
in which the embankment would have been 16 m high instead of
8 m. Predicted displacements in excess of 2.5 m occur for this 
case.

Pore pressure contours 

Contour intervals 5.00E+01

Displacement vectors 

Max Vector = 2.749E+00 
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Fig. 6. Location of piezometers in the field.

Fig. 7. Response of 16 m high embankment to undrained 

loading.

6 CONCLUSIONS

The results of the analyses show:
1) The predicted displacements and porewater pressures were in 

reasonable agreement with those measured in the field event.

2) The reason for small displacements beyond the toe was the 
lack of excess porewater pressure in this region.

3) Analysis shows that had the embankment been 16 m high 
instead of 8 m, then rapid undrained loading would have 
triggered large movements due to widespread static 
liquefaction.
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