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Les caractéristiques post liquéfaction d’un limon à faible plasticité 
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ABSTRACT 
Artificial islands and coastal reclamation areas are frequently constructed using silty materials. The fills are generally consolidated
under K0 conditions and then subjected to enhanced anisotropic stresses under the weight of overlying structures. Following liquefac-
tion in a severe earthquake these reclaimed areas and associated structures are usually repaired and brought back into service. It is im-
portant for designers to be able to estimate the new cyclic strength of the fill materials following seismic shakedown. In order to in-
vestigate the post-cyclic recompression and post-drainage cyclic strength of the silt, reconsolidation was allowed after samples had 
failed due to undrained cyclic triaxial loading. Subsequently, samples were subjected to further cyclic loading under undrained condi-
tions. Although samples with a greater degree of anisotropic consolidation had less volumetric strain, larger axial strains were ob-
served during reconsolidation, thus greater post-earthquake settlements are to be expected in these conditions. For isotropically con-
solidated samples liquefaction under cyclic loading resulted in a weaker soil structure more susceptible to cyclic mobility, while the 
post-drainage cyclic strength for anisotropically consolidated samples increased with increasing magnitude of initial sustained devia-
tor stress. Soils which are anisotropically consolidated by the weight of overlying structures and have been brought to cyclic failure 
are more resistant to liquefaction during seismic aftershocks. 

RÉSUMÉ
Les îles artificielles et la récupération des zones côtières sont souvent construites en utilisant des matériaux limoneux.  Le matériau de
remplissage est en général consolidé en conditions Ko et par la suite soumis à une augmentation des contraintes anisotropes sous le 
poids des structures sus-adjacentes. Suite à la liquéfaction induite par les tremblements de terre, ces zones ainsi que les structures affé-
rentes sont souvent réparées et remise en service. Il est important pour l’ingénieur de pouvoir évaluer la nouvelle résistance cyclique 
qui caractérise le matériau de remplissage après la secousse sismique. Pour pouvoir examiner la reconsolidation post-cyclique et la ré-
sistance cyclique post-drainage du limon, les échantillons ont été reconsolidés après la rupture produite sous le chargement triaxial
cyclique en conditions non drainées. Ceux-ci ont été, par la suite, soumis encore une fois à un chargement cyclique en conditions non
drainés. Bien que les échantillons avec un degré de consolidation anisotrope plus élevée soient caractérisés par des déformations vo-
lumiques moindres, des importantes déformations axiales ont été observes pendant la reconsolidation. Dans ces conditions, on pour-
rait s’attendre à des tassements plus importants après le tremblement de terre. Dans le cas des échantillons consolides en conditions
isotropes, la liquéfaction apparues sous chargement cyclique se traduit par une structure du sol plus faible, plus susceptible à la mobi-
lité cyclique, alors que la résistance cyclique post-drainage pour les échantillons consolides en conditions anisotropes augmente avec
l’augmentation de la valeur initiale de la contrainte déviatorique appliquée. Les sols qui sont consolides en conditions anisotropes
sous le poids des constructions et qui ont été amenés à la rupture cyclique sont moins affectes par la liquéfaction pendant les répliques
sismiques. 

1 INTRODUCTION 

The mechanical properties of low plasticity silts are similar to 
those of sand and they are recognised as a liquefiable material. 
Silts subjected to cyclic loading will develop permanent pore 
pressures that will be dissipated during a rest period after the 
loading. The dissipation of pore pressures will be accompanied 
by volumetric compression of the soil and corresponding set-
tlement of the foundation (Shibata et al. 1996; Yasuhara et al.
1997; Murakami et al. 2000). For liquefiable soils the excess 
pore pressure can increase to equal the effective confining pres-
sure, thus, causing large settlements. In recent large earth-
quakes, such as the Hyogoken-nanbu earthquake in 1995 in Ja-
pan, large post-earthquake settlements were reported to have 
occurred in reclaimed fill areas and river embankments that 
were composed of silty materials (JSCE 1995). The dissipation 
of pore pressures and the consequent volumetric strains after an 
earthquake densify a soil and potentially make it more resistant 
to further monotonic or cyclic shearing. However, it is still pos-
sible for soil to be liquefied by aftershocks after reconsolidation. 
The placing of fills under K0 conditions combined with the sub-
sequent weight of overlying structures results in anisotropic 

stress distributions. Vaid and Chern (1985), Sladen et al. (1985) 
and Mohamad and Dobry (1986) found the initial sustained 
shear stress due to anisotropic consolidation to be an important 
factor in differentiating between contractive and dilative behav-
iour of sands. Vaid and Chern (1983) and Hyodo et al. (1989; 
1991; 1994a) suggested that the cyclic shear strength of loose 
sand tended to decrease with increasing initial sustained shear 
stress, while that of denser sand showed the opposite tendency.  

In order to investigate the post-cyclic recompression and 
post-drainage monotonic and cyclic strength of silt a triaxial 
testing programme was carried out on a powdered limestone 
containing 69.2 % silt sized particles. (Gs = 2.71; wL = 24 %; wP

= 18 %; PI = 6%) According to the Unified Soil Classification 
System it was classified as ML, a silt of low compressibility and 
plasticity. A simple sedimentation technique (Hyde et al. 2004) 
was developed for the preparation of 38mm x 76mm loose sam-
ples with a liquefiable deposition structure. Samples were ini-
tially isotropically and anisotropically consolidated under a 
mean normal effective stress p'c = 100 kPa with various initial 
sustained deviator stress ratios qs/p'c = 0, 0.25, 0.5, 0.75 and 1. 
Undrained cyclic loading tests were then performed using a 
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computer controlled closed-loop pneumatic triaxial testing sys-
tem. The frequency of the cyclic loading was 0.1 Hz. Failure 
due to cyclic loading was defined as either a double amplitude 
axial strain �a,DA = 5% for stress reversal conditions or axial 
plastic strain �a,P = 5% for non-reversal. Once the failure oc-
curred, the cyclic loading was terminated and the samples were 
allowed to reconsolidate during a rest-period in order to simu-
late a calm period after shaking. This was followed by further 
monotonic or cyclic tests to determine post-cyclic strengths. 

2 POST-CYCLIC VOLUMETRIC AND AXIAL STRAINS  

Formulating the post-cyclic volumetric recompression behav-
iour of soil is useful for the prediction of earthquake-induced 
settlements in soil strata. Generally, for clays the excess pore 
pressure accumulated during cyclic loading is used as the main 
parameter to model post-cyclic recompression (e.g., Yasuhara et 
al. 1992; Yasuhara and Andersen 1991; Hyodo et al. 1994b). 
For sands which have not liquefied the modelling is associated 
with the excess pore pressures in a similar way to that for clays 
(e.g., Lee and Albraisa 1974; Nagase and Ishihara 1987). How-
ever, for a liquefied sand the volumetric strain model is often 
formulated using the shear strain developed as a result of lique-
faction (e.g., Tatsuoka et al. 1984; Ishihara and Yoshimine 
1992). 

Because of their initial loose structure a marked densification 
was expected during the dissipation of excess pore pressures for 
the samples prepared using the sedimentation method. The na-
ture of the recompression for anisotropically consolidated sam-
ples during the drained rest-period depended on the magnitude 
of the initial sustained deviator stress ratio qs/p'c and, it was 
thought that the anisotropically consolidated samples became 
more anisotropic as a result of drainage after cyclic loading. 
Such structural anisotropy can be investigated by plotting the 
post-cyclic volumetric strain �v,PC against post-cyclic axial 
strain �a,PC as shown in Figure 1.  
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Figure 1 Relationship between post-cyclic volumetric strain and post-
cyclic axial strain for isotropically and anisotropically consolidated 
samples 

For a fully isotropic sample the points should appear on a 
line passing through the origin with a slope of 3. It can be ob-
served that the plots for isotropically consolidated samples were 
close to this line, however, the anisotropically consolidated 
samples appeared far from the line to the right. The ratio of �v,PC

to �a,PC decreased with the degree of anisotropic consolidation 
qs/p'c and the relationship between �v,PC and �a,PC for anisotropi-
cally consolidated samples could be expressed as: 
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Samples with a greater qs/p'c had less volumetric strain but 
larger axial strains during the drained rest-period, and thus, had 
more anisotropic particle structures. Considering the fact that 
samples with greater strength anisotropy were more resistant to 
compressive stress, it was therefore thought that the anisotropi-
cally consolidated samples after the post-cyclic recompression 
could show a strong resistance to non-reversal cyclic loading.  

It can be seen that the post-cyclic axial strains for anisotropi-
cally consolidated samples were 2 ~ 3 times greater than for 
isotropically consolidated samples. Although it is generally ac-
cepted that the ground settlement can be estimated by character-
ising the post-cyclic volumetric strain (e.g., Yasuhara et al. 
1992; Hyodo et al. 1994b; Marto 1996; Hyde et al. 1997), the 
axial strain would directly contribute more to the total ground 
settlement than the volumetric strain. Therefore, it should be 
noted in design that the greater the magnitude of anisotropic 
consolidation, the greater the post cyclic settlement to be ex-
pected. 

3 POST-CYCLIC STIFFNESS 

To examine the effect of post-cyclic recompression on the stiff-
ness of the samples the ratio of initial elastic modulus for sam-
ples with post-cyclic recompression Ei,PC to that for samples 
without a loading history Ei,NC was plotted against qs/p'c as 
shown in Figure 2. Little difference was observed between 
compression and extension tests. Although isotropically con-
solidated samples showed a large increase in strength due to 
post-cyclic recompression, the post-drainage initial stiffness of 
the isotropically consolidated samples decreased. On the other 
hand, the initial stiffness for all anisotropically consolidated 
samples increased. 
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Figure 2 Comparison of initial elastic modulus for samples with/without 
post-cyclic recompression 

4 UNDRAINED CYCLIC RE-LOADING  

During the rest-period samples that had already failed after ini-
tial cyclic loading, were reconsolidated with various initial sus-
tained deviator stress ratios qs/p'c (= 0, 0.25, 0.5, 0.75 and 1) but 
under the same mean normal effective stress of p'c = 100 kPa. 
At this point the samples were subjected to a second undrained 
cyclic loading ("CCPC" series), in order to investigate the effect 
of the post-cyclic volumetric compression. 
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4.1 Cyclic Shear Strength 

The relationship between first and second periods of loading, 
"CC" and "CCPC" test series, under reversal conditions can be 
examined in Figure 3. Sample notation in Figures 3 and 4 indi-
cates the magnitude of qs/p'c and whether data was for second 
loading e.g. CC25PC implies qs/p'c = 0.25, second loading. For 
isotropically consolidated samples (qs/p'c = 0) the cyclic 
strength ratio qcyc/p'c for second loading dropped about 0.04 in 
spite of densification of the samples due to the post-cyclic re-
compression. This indicated that the total liquefaction under re-
versal cyclic loading results in a weaker isotropic soil structure 
even after reconsolidation. On the other hand, the cyclic 
strength increased after post-cyclic recompression for anisot-
ropically consolidated samples(qs/p'c = 0.25).  
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Figure 3 Comparison of first loading and post drainage second loading 
cyclic strength for reversal tests 

Although the post-cyclic volumetric strain for the samples with 
qs/p'c = 0.25 was smaller than that for isotropically consolidated 
samples, the anisotropic samples had 3 ~ 4 times greater axial 
strain during the rest-period as shown in Figure 1. Such anisot-
ropic rearrangement of particles made samples more resistant to 
further axial strains. 
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Figure 4 Comparison of first loading and post drainage second loading 
cyclic strength for non-reversal tests (qs/p'c = 0.25, 0.5, 0.75 and 1) 

Figure 4 compares the cyclic shear strength of first and sec-
ond periods of loading under non-reversal conditions. The cy-
clic strength of second loading for samples with qs/p'c � 0.5 was 
much higher than that for first loading. This was again because 
the structure of these samples became more anisotropic with a 

larger axial strain but less volumetric strain developed during 
the rest-period (Figure 1). The nature of the structure retained 
more resistance to further cyclic compressive deformation.  

In earthquakes, liquefaction occurs after only a few cycles of 
loading (Hyodo et al. 1998). A useful way of defining the sus-
ceptibility of a soil to cyclic failure, is the level of qcyc/p'c re-
quired to cause failure Nf after 20 cycles. To examine the effect 
of post-cyclic recompression on the cyclic strength of the sam-
ples, the ratio of  (qcyc/p'c)N=20 for the post-drainage second load-
ing to that for first loading, [(qcyc/p'c)N=20]PC/[(qcyc/p'c)N=20]NC,
are plotted against qs/p'c as shown in Figure 5. It can be seen 
that the cyclic strength of samples with qs/p'c � 0.5 after recon-
solidation increased about 2.5 ~ 3 times and showed a peak at 
qs/p'c = 0.75, while there was less effect of post-cyclic recom-
pression on samples consolidated at qs/p'c � 0.25. This has sig-
nificant practical implications and suggests that soils which are 
anisotropically consolidated by the weight of overlying struc-
ture and have been brought to cyclic failure are subsequently 
more resistant to seismic aftershocks.  
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elastic modulus ratio for samples consolidated with various qs/p'c

The variation of [(qcyc/p'c)N=20]PC/[(qcyc/p'c)N=20]NC in Figure 5 
was similar to that for the initial elastic modulus ratio 
Ei,PC/Ei,NC, obtained from the undrained monotonic tests and 
presented in Figure 3. The values of Ei,PC/Ei,NC for the compres-
sion and extension tests were averaged and plotted with 
[(qcyc/p'c)N=20]PC/[(qcyc/p'c)N=20]NC in Figure 6. A linear relation-
ship was observed, simply indicating that the stiffer samples 
had the greater cyclic strength after the post-cyclic recompres-
sion. 

2661



5 CONCLUSIONS 

Samples with a greater qs/p'c had less volumetric strain but lar-
ger axial strains during a post cyclic drained rest-period, and 
thus, had more anisotropic particle structures. The post-cyclic 
axial strains for anisotropically consolidated samples were 2 ~ 3 
times greater than those for isotropically consolidated samples. 
Axial strains would directly contribute more to the total ground 
settlement than volumetric strains. Therefore, it should be noted 
for seismic foundation design that the greater the magnitude of 
anisotropic consolidation, the greater the post cyclic settlement 
to be expected. 

Little difference was observed for the post-cyclic recompres-
sion stiffness ratio between compression and extension tests. 
The post-drainage initial stiffness of the isotropically consoli-
dated samples decreased. On the other hand, the initial stiffness 
for all anisotropically consolidated samples increased. 

For isotropically consolidated samples under stress reversal 
conditions, the cyclic strength ratio qcyc/p'c for second loading 
dropped about 0.04 in spite of densification of the samples due 
to post-cyclic recompression. This indicated that the total lique-
faction occurring under reversal cyclic loading results in a 
weaker isotropic soil structure even after reconsolidation. In 
contrast to this the cyclic strength after post-cyclic recompres-
sion increased for anisotropically consolidated samples. Under 
non-reversal conditions the cyclic strength of samples with 
qs/p'c � 0.5 after reconsolidation increased about 2.5 ~ 3 times 
and showed a peak at qs/p'c = 0.75, while there was less effect of 
post-cyclic recompression on samples consolidated at qs/p'c �
0.25. This has significant practical implications and suggests 
that soils which are anisotropically consolidated by the weight 
of overlying structure and have been brought to cyclic failure 
are subsequently more resistant to seismic aftershocks.  
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