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ABSTRACT 
This paper presents a 3-D numerical investigation regarding the response of piles in laterally spreading ground, for the 
common case where the liquefied soil is covered by a non-liquefiable clay crust. Emphasis is given to two basic issues: 
(a) the kinematic interaction between the pile and the overlying crust, and (b) crust effects on excess pore pressure 
generation and subgrade reaction of the liquefied soil. Interpretation of the numerical predictions with respect to the first 
issue revealed that the mode of pile deformation depends on the relative pile-crust stiffness: for a strong crust and/or a 
flexible pile, the response resembles that of a "fixed (at both ends) beam", while for a weak crust and/or a stiff pile the 
response resembles that of a "cantilever". The above deformation modes can be readily foreseen with the aid of either of 
two proposed response indices, one rotational and the other translational, which are defined in terms of common crust 
and pile properties. In addition, with regard to the second issue, it is shown that the presence of the crust affects the 
subgrade reaction (ultimate pressures) of the liquefied soil, by controlling the excess pore pressure generation. More 
specifically, the severe dilation that may be observed in soil profiles without a crust is now suppressed, while excess 
pore pressures below the crust may be up to 50% different (larger or lower) than those for the reference (no crust) case. 
Nevertheless, additional pseudo-static p-y analyses revealed that the above differences in liquefied soil pressures are 
overshadowed by the kinematic pile-crust interaction, so that their overall effect on computed pile head displacements 
and associated maximum bending moments is minor (10% or less). 
 
1 INTRODUCTION 
 
Liquefaction-induced lateral spreading still remains one of 
the most prominent hazards regarding pile foundations. 
Severe damages observed in recent earthquakes (e.g. 
Christchurch, 2010; Chile, 2010 etc.), suggest that current 
design practice does not ensure the seismic resilience of 
such structures. In fact, recent experimental and 
numerical studies (Chaloulos et al. 2014; González et al. 
2009; Lombardi et al. 2016; Rollins et al. 2007; Tokimatsu 
and Suzuki 2009) indicate that existing methodologies 
may miss critical pile-soil interaction mechanisms with an 
overall detrimental effect on pile response. More 
specifically, González et al. (2009) performed centrifuge 
tests and demonstrated that for typical soil permeability 
values, soil pressures substantially increase near the 
head of the pile, leading to increased bending moments 
and shear forces. The authors attributed that behavior to 
the significant negative excess pore pressures recorded 
in that area. 

These findings were further corroborated by the 
numerical study of Chaloulos et al. (2014), who confirmed 
that the subgrade reaction is indeed related uniquely to 
the excess pore pressure generation near the pile. The 
latter is not solely controlled by the initial state of the soil 
and the drainage conditions, but most prominently by the 
relative soil-to-pile displacement. As a result, near the pile 
head, where relative displacements are large, shear-
induced dilation prevails leading to the aforementioned 
increase in soil pressures. Dilation phenomena are more 
pronounced for low permeability soils and/or stiff 
foundations. Still, even for typical soil and foundation 
conditions, soil pressures may exceed those predicted by 
conventional methodologies up to an order of magnitude, 
leading to similarly increased pile displacements and 
bending moments. 

All above studies focus on the fundamental, for the 
overall understanding of the problem, case where the 
liquefiable sand layer extends to the surface of the soil. 
However, in practice it is also quite common to deal with 
soil profiles where a non-liquefiable crust (e.g., clay, 
dense sand and gravel or low water table) covers the 
liquefiable layer. In this context, the scope of the present 
study is to investigate the response of pile foundations 
under lateral spreading in such two-layered soil 
formations, and, ultimately, provide guidance regarding 
pile design with simplified pseudo-static methods. The 
emphasis is placed on two basic aspects of pile response: 
(a) the kinematic interaction between the pile, the 
liquefied soil and the overlying crust, and (b) crust effects 
on excess pore pressure generation and subgrade 
reaction.  
 
2 NUMERICAL METHODOLOGY 
 
The 3-D mesh built to simulate the problem is shown in 
Figure 1: a single pile is installed in a uniform, fully 

saturated and slightly inclined layer of Nevada sand, 
overlaid by a non-liquefiable clay crust.  

 

 
Figure 1. Finite difference mesh and basic input 
parameters 



 

 

 
The lower part of the pile is embedded within an 

elastic layer of shear wave velocity Vs=100m/s to ensure 
adequate rotational constraint. The relative density and 
the permeability of the Nevada sand layer were equal to 
Dr=50% and ks=6.1x10

-5 
m/s respectively, the diameter of 

the pile was D=0.60m, while a sinusoidal motion of N=14 
cycles with amplitude amax=0.20g and period T=0.30sec 
was applied at the base of the model. 

In total 35 parametric analyses were performed for the 
following crust and pile characteristics: undrained shear 
strength cu=3.5–140kPa, crust permeability kcr=6.1x10

-5
 & 

1.0x10
-8

 m/s (a uniformly permeable crust attempts to 
simulate the formation of tensile cracks within the clay), 
pile bending stiffness EI=1.3x10

5
-9.75x10

6
 kNm

2
, pile 

length Lpile=Hs+Hcr=8–14m, where Hs and Hcr the 
thickness of the sand and the crust layer respectively. 
Note that the part of the pile within the elastic base layer 
is excluded from Lpile, while variation of Lpile was 
performed by varying either Hcr or Hs or both, in order to 
investigate the relative effect. In addition, for each 
analysis involving a crust, a conjugate analysis without a 
crust was in parallel performed so that the effects of the 
crust can be directly evaluated. 

Further on, the numerical simulation builds upon the 
methodology for the analysis of piles in laterally spreading 
soils developed by Chaloulos et al. (2013), with the key 
features summarized below: 

(a) All analyses are performed with the finite 
difference code FLAC3D v5.0 (Itasca 2012). This code 
allows coupling between effective stress analyses and 
pore fluid flow, while it employs an explicit computational 
scheme which is more suitable for highly nonlinear 
problems (like liquefaction) and advanced constitutive 
models. This is because no iterative procedure is 
performed in order to achieve global equilibrium within 
each time step. Thus, the formulation and the time-
consuming inversion of a global stiffness matrix is 
avoided. 

 (b) The sand response, under seismic loading and 
liquefaction, is simulated via NTUA Sand constitutive 
model (Andrianopoulos et al. 2010; Papadimitriou and 
Bouckovalas 2002), calibrated against monotonic and 
cyclic tests performed on specimens of Nevada Sand. 
NTUA Sand incorporates the critical state theory of soil 
mechanics and properly simulates shake-down effects 
and liquefaction-induced softening by quantifying the 
effect of fabric evolution. 

(c) Contact (slip and separation) elements are 
attached to the pile-soil interface. The use of such 
interface elements is essential to accurately capture the 
relative soil-pile movement which largely controls the 
aforementioned development of negative excess pore 
pressures near the pile head. Note that, the FLAC 3D 
interface elements exhibit elastic-perfectly plastic 
response, defined by the following properties: the elastic 
stiffness, the cohesion and the friction angle to control 
sliding, as well as the tensile strength to control 
separation and gap development. Selection of proper 
values for these parameters is based both on physical 
and on numerical criteria. For instance, the elastic 
stiffness should be large enough to avoid excessive 

deformations before yielding, but at the same time it 
should remain lower than a certain limit so that the system 
does not become dysfunctional and unstable. Hence, a 
number of sensitivity analyses are required in order to 
select a proper stiffness value so that the error in 
computed soil pressures is minimized and, at the same 
time, the time step of the analysis is maintained at 
reasonable levels. Furthermore, for piles in sand, it is 
reasonable to assume that the interface has zero 
cohesion, while its friction angle varies between 1/2φ and 
φ (the friction angle of the sand) for steel and concrete 
piles respectively.   

(d) The ground surface inclination is modeled by 
introducing a horizontal component to the gravity 
acceleration vector. The lateral constraints of the 
saturated infinite slope are simulated through a novel type 
of boundaries (reference), which draw upon the well-
known tied-nodes method and are properly modified to 
account for the special kinematic conditions of submerged 
infinite inclined layers under a horizontal phreatic surface. 

 Note that the overall performance of the above 
numerical methodology has been verified against the 
centrifuge test results of González et al. (2009). 

 
 

3 PILE – CRUST - LIQUEFIED SOIL INTERACTION 
 

Figure 2 shows the deformed shape and the associated 

excess pore pressure ratio contours at the end of shaking 
for three typical analyses: without a crust (Figure 2a), 
with a weak crust with cu=3.5kPa (Figure 2b) and with a 
strong crust with cu=60kPa (Figure 2c). All three analyses 

correspond to a pile of D=0.6m and EI=190000kNm
2
, 

installed in a liquefiable sand layer with Dr=50% and 
ks=6.1x10

-5
 m/s. In the first case the thickness of the sand 

is Hs=10m, while in the remaining two cases the sand and 
the crust thicknesses are Hs=8m and Hcr=2m respectively. 

As discussed in the introduction, when there is no 
crust, the pile acts as a cantilever beam. In addition, the 
large pile-soil relative displacements and the small 
confining stresses near the ground surface lead to 
significant dilation and negative excess pore pressure 
development around the pile (ru,pile<-0.5). This contradicts 
the basic premise of current design methodologies, which 
assume complete soil liquefaction, and it increases design 
demands for the foundation.  

When the sand is confined by a surface crust layer, 
two patterns may be observed. A weak crust pushes the 
pile downstream yielding a deformation pattern which 
resembles that of a cantilever beam, with little restraint of 
the pile head rotation (Figure 2b). On the other hand, a 

strong crust provides considerable restraint of the pile 
head rotation, and consequently the deformed shape of 
the pile approaches that of a fixed beam (Figure 2c). As it 

will be demonstrated in the following, the deformation 
mode is not only affected by the crust strength and 
thickness, but it is also a function of the pile stiffness. 

Another observation in Figure 2 is that dilation 
phenomena and negative excess pore pressure 
generation around the pile head are significantly 
suppressed in the presence of the non-liquefiable crust, 
presumably due to larger confinement and smaller soil-



 

 

pile displacements which prevail below the crust. Still, the 
soil around the pile, and especially at the sand-crust 
interface, is not liquefied, as the excess pore pressure 
ratio does not exceed ru,pile=0.0-0.5. The response is very 
similar for the weak and the strong crust cases, although 
the latter seems to allow slightly more dilation. Note that 
the analysis, as every numerical methodology based on 
the simulation of the soil as a continuum, cannot capture 
the possible formation of a thin water film between the 
crust and the sand, a mechanism that has been observed 
both experimentally as well as in actual cases studies 
(e.g. Brandenberg et al, 2005; Franke and Rollins, 2017), 
however, it does incorporate the effects of crust-sand 
relative slip through excessive shear deformation of the 
soil elements around the interface.  

 
 

 
Figure 2. Typical deformed shape and excess pore 
pressure ratio contours for geometries (a) without a crust, 
(b) for “soft” crusts and/or “stiff” piles and (c) for “stiff” 
crusts and/or “flexible” piles 
 

Thus, the presence of the crust has a double impact 
on the overall response: (a) it affects the deformation 
mode of the pile and (b) it suppresses extreme dilation of 
the liquefiable sand below the crust and modifies the 
excess pore pressure pattern and the associated 
subgrade reaction along the pile. In the following, crust 
effects on pile mode of deformation and excess pore 
pressure build-up are examined separately, and they are 
quantitatively evaluated described in terms of common 
engineering soil and pile parameters.  

 
 

 

4 MODE OF PILE DEFORMATION 
 
4.1 Factors affecting pile response 
 
Figure 3 compares the response of the pile in terms of 

horizontal displacements, bending moments and rotation 
vs the normalized depth z/Lpile, for a weak (black line) and 
a strong (gray line) crust with cu=3.5kPa and cu=60kPa 
respectively. The dotted line denotes the crust-sand 
interface. Following the previous discussion, it is shown 
that the stronger crust impedes pile displacement within 
the crust, decreases pile head rotation and induces 
negative bending moments at the crust-sand interface.  
 

 
Figure 3. Effect of crust strength on pile displacements, 
rotations and bending moments (EI=1.9x10

5
 kNm

2
, 

Lpile=10m) 
 

 
Figure 4. Effect of pile inertia on pile displacements, 
rotations and bending moments (cu=15kPa, Lpile=10m) 
 

Crust effects on pile response are further explored in 
Figures 4 and 5, which compare the response between 

piles of different bending stiffness and length respectively. 
It is thus shown that, in crusts of the same strength, stiff 
and short piles will deform more as a cantilever, whereas 
more flexible and longer piles will deform as (partially) 
fixed beams. The underlying mechanism behind these 
patterns can be explained as follows: Similarly to beams, 
stiffer and shorter piles are characterized by larger 
rotational and translational rigidity. As a result, they are 
pushed downwards by the much weaker (relative to the 
pile) crust, yielding the cantilever type of response. On the 
contrary, more flexible and longer piles are more prone to 
rotational and translational movement, they develop larger 
displacements by the much stronger (relative to the pile) 



 

 

crust, which in turn pushes them upwards. Finally, it is 
also noteworthy that for the case of the long pile (Figure 
5) the minimum negative bending moment does not occur 

at the sand-crust interface, but at lower depths along the 
pile. 
 

 
Figure 5. Effect of pile length on pile displacements, 
rotations and bending moments (cu=15kPa, EI=1.9x10

5
 

kNm
2
) 

 
4.2 Pile deformation indices 
 
The previous discussion showed that the deformation 
mode of the pile is governed by the combined 
characteristics of both the crust and the foundation. In 
order to quantify these effects, the following two non-
dimensional indices were introduced (the symbols are 
explained in Figure 1): 
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 (Translational Index)  [2] 

 
For the rotational index, the numerator represents the 

moment applied to the pile by the crust, while the 
denominator expresses the moment reaction to applied 
rotation at one end of a fixed beam. On the other hand, 
the nominator of the translational index represents the 
shear force applied by the crust, and the denominator 
expresses the moment reaction to transverse 
displacement applied at one end of a fixed beam. Note 
that in both cases, the rigidity of the pile is expressed in 
terms of the thickness of the sand Hs instead of Lpile which 
also includes the thickness of the crust Hcr. In other 
words, it is assumed that the free length of the pile is that 
inside the sand, while the crust serves a confining layer 
which provides certain kinematic constraints at the top 
end of the pile. 

Small values of the above indices imply that the crust 
is weak relative to the pile, or that the pile is stiff relative 
to the crust, so that the “cantilever” mode of response 
should be expected. On the contrary, large index values 
would imply that the crust is strong relative to the pile, or 
that the pile is flexible relative to the crust, and 
consequently lateral displacements would follow the 
“fixed-beam” deformation mode. 

In quantitative terms, the performance of both indices is 
evaluated in Figures 6a and 6b, which relate their values 

to the variation of the normalized pile bending moment at 
the crust-sand interface, Mcr/Mmax,o, for the whole set of 
numerical data. Mmax,o corresponds to the maximum 
bending moment at the base of the same pile, in the 
absence of the crust. The specific normalization was used 
in order to eliminate any sand effects and capture more 
effectively the crust effects on pile response. The 
following are observed in this figure: 

(a) The data points in both figures form a relative 

narrow band, despite the wide range of the input 
parameters that was used for the numerical analyses. 
This observation suggests that both indices were correctly 
chosen to describe the effect of crust on pile response, as 
it is quantified by the bending moment at the crust-sand 
interface, and thus the transition from a “cantilever” to a 
“fixed-beam" mode of response.  

 

 

 
 
Figure 6. Use of the (a) Rotational Index, Irot, and (b) 
Translational Index, Itrans, for the description of the 
response mechanism of the pile 
 

(b) There is a threshold value of Irot and Itrans below 

which the Mcr/Mmax,o ratio remains close to zero, 
suggesting that the part of the pile within the crust is not 
constrained (“cantilever” response). This threshold value 
can be approximately defined at Irot=1.5x10

-3
 and 

Itrans=5.0x10
-3

 for the rotational and the translational 



 

 

indices respectively. As the index value exceeds these 
thresholds, negative Mcr values start to develop, 
suggesting that the crust constrains more and more the 
deformation of the pile head and its response shifts 
gradually to that of a "fixed-beam”.  

(c) For Irot>1.5x10
-2

 and Itrans>5.0x10
-2

, i.e. for a tenfold 

increase above the previously defined threshold limits, 
very small changes in Irot and Itrans yield disproportionally 
large changes in the developed Mcr. This might suggest 
that, at these high values of the response indices, Mcr is 
not sensitive anymore to either Irot or Itrans because the 
pile-crust connection has become practically rigid. 
 
5 LIQUEFIED SOIL PRESSURES 
 
According to Chaloulos et al (2014), in the absence of a 
non-liquefiable crust, the subgrade reaction of the 
liquefied soil (pult) is uniquely related to the excess pore 
pressure ratio at the vicinity of the pile (ru,pile). The 
numerical analyses of the present study show that the 
same applies to geometries including crusts. This is 
demonstrated in Figure 7, where the normalized ultimate 

pressure pult/(σ’voD) is related to 1-ru,pile, both for the 
analyses with and without crust (grey and black symbols 
respectively). Despite the scatter of the data points, it 
becomes clear that a unique relation exists between soil 
pressures and excess pore pressure ratio.  

It is also interesting to observe that there is no 
differentiation in the general trend followed by the data 
points for the cases without and without crust. However, 
the former reach substantially lower pult/(σ’voD) and 1-ru,pile 
values, indicating that excessive dilation is suppressed 
below the crust, and consequently the associated 
liquefied soil pressures are not as large as in the absence 
of the crust. This can be attributed to, (a) the increase of 
confinement within the sand layer, and (b) the decrease of 
relative pile-sand displacements. For the case of a 
permeable crust, excess pore pressures further decrease 
within the sand, although without affecting the unique 
relationship between ru,pile and pult. 
 

 
Figure 7. Variation of normalized ultimate pressures with 
excess pore pressure ratio near the pile for the whole set 
of data 
 

The effect of the crust on the development of soil 
subgrade reaction is more thoroughly demonstrated in 
Figure 8 which compares the variation with normalized 

depth of the excess pore pressure ratio near the pile, and 
the corresponding normalized ultimate resistance, for two 
analyses differing only in the presence of crust. Note that 
the analysis with the crust corresponds to Irot=4x10

-4
 and 

Itrans=1.4x10
-3

 and exhibits a “cantilever” mode of pile 
deformation. The comparison shows that differences are 
insignificant for the lower half of the pile (i.e. z/Lpile>0.5) 
indicating that crust effects are not felt at large depths. 
However, closer to the crust (i.e.  z/Lpile<0.5), excess pore 
pressures become larger and soil pressures become 
smaller in the presence of the crust. 
 

 
Figure 8. Variation of excess pore pressure ratio near the 
pile and normalized ultimate pressure with depth 
 

The above analysis provides insight  for understanding 
the pile-soil interaction mechanisms, but it cannot be 
directly applied for the computation of pult  as excess pore 
pressures in the vicinity of the pile (unlike excess pore 
pressures in the free-field) cannot be evaluated 
analytically. For this reason, Chaloulos et al (2014), 
developed independent empirical relations for the 
estimation of dilation affected pult, for liquefied soil without 
a crust, in terms of readily available (pile, soil and 
excitation) input properties. It will be shown next, that 
these relations can also be used in presence of a non-
liquefiable crust, with negligible loss in overall accuracy. 

More specifically, the overall effect of the crust on 
excess pore pressures and soil reactions, for the whole 
set of data, is illustrated in Figure 9. The two top boxes 

present the variation with Irot and Itrans of ru,pile/ru,pile,o where  
ru,pile and ru,pile,o denote the pore pressure ratios near the 
pile for the analyses with and without crust. In the same 
fashion, the two boxes in the bottom present the 
corresponding variation of ultimate soil pressures, 
pult/pult,o. Note that the data shown in this figure 
correspond to the upper half of the pile (i.e. z/Lpile<0.5), 
which is affected by the crust.  

Despite the observed scatter, a clear dependence of 
sand pressures on the relative crust-pile stiffness can be 



 

 

identified. Namely, for “cantilever” type configurations, the 
presence of the crust results in up to 1.8 times higher 
excess pore pressure ratio and as much as 50% lower 
soil pressures. On the other hand, for “fixed-beam” 
configurations, the presence of the crust decreases 
excess pore pressures up to 1.4 times and increases soil 
pressures by as much as 50%.  
 

 
Figure 9. Effect of crust on excess pore pressure ratios 
and ultimate soil pressures along the upper part of the pile 
(z/Lpile<0.50) 
 

Following the above findings, it was next questioned 
whether the observed crust effects on liquefied sand 
pressures are also important for the pile response itself. 
This is because, although the pult/pult,o ratios are relatively 
high, pult and pult,o are low per se, and definitely much 
lower than the loads imposed by the non-liquefied crust. 
Thus, the effect of the loads imposed by the laterally 
spreading sand on the overall response of the pile was 
investigated by means of pseudo-static p-y analyses with 
the finite element code Ansys v12.1 (Ansys 2009). 
Namely, 9 cases were selected from the database of the 
parametric analyses with FLAC3D, covering a wide range 
of pile and crust properties for Irot=0.5x10

-3
 to 9x10

-3
 and 

Itrans=0.2x10
-2

 to 4x10
-2

. In order to isolate the effect of 
liquefied sand pressures, each analysis was performed 
twice: (a) First, with the actual ultimate sand pressures, in 
the presence of the superficial crust, and (b) with the 
ultimate liquefied sand pressures obtained in absence of 
the crust.  

The soil profile, i.e. non-liquefiable crust over 
liquefiable sand, was identical in both analyses. More 
specifically, only the part of the pile within the sand was 
considered, while the loads transferred from the crust 
were imposed as a concentrated force and moment at the 
head of the pile, as they were directly obtained from the 
corresponding analysis with FLAC3D. Similarly, the 
interaction with the bottom elastic layer was simulated 
through a rotational spring, again properly calibrated from 
the numerical analyses. The pile was discretized into 
beam elements of Δl=0.5m, while ultimate loads from the 
liquefied sand were directly applied to the pile.  
 

 
Figure 11. Effect of liquefied sand pressures calculation 
on pile response for weak crusts or stiff piles (Irot=0.002 & 
Itrans=0.006). 
 

 
Figure 12. Effect of liquefied sand pressures calculation 
on pile response for strong crusts or flexible piles 
(Irot=0.008 & Itrans=0.032). 
 

Figures 11 and 12 compare pile displacements and 

bending moments, at the end of shaking, for two typical 
cases, one with large and the other for small crust index, 
while Figure 13 shows the corresponding one-to-one 

comparison and the relative error for all nine (9) pairs of 
p-y analyses, in terms of pile displacement and bending 
momenta at the crust-sand interface. It is thus shown 
clearly that consideration of crust effects on the loads 
imposed by the liquefied soil has a minor effect on the 
overall pile response, as the observed differences with 
and without considering crust effects does not exceed 
10%. 
 



 

 

 
Figure 13. Effect of liquefied sand pressures calculation 
on pile response: One-to-one comparison and relative 
error of the maximum (a) Bending moment and (b) pile 
displacement 
 
6 CONCLUSIONS 
 
The kinematic interaction between piles and laterally 
spreading soil, for the common case where the liquefiable 
layer is overlaid by a non-liquefiable clay crust, has been 
analyzed by 3D dynamic, (effective stress) numerical 
analyses. The main findings of this study are summarized 
below: 

(a) The presence of the crust affects the deformation 
mode of the pile. Namely for weak crusts and/or stiff piles, 
the pile deforms as a cantilever beam, while for strong 
crusts and/or flexible piles, pile deformation resembles 
that of a fixed beam.  

(b) The above deformation modes can be readily 
predicted in advance of any analytical or numerical 
analysis of the pile response with the aid of either of two 
response indices, one rotational and one translational, 
defined in terms of common crust and pile properties. 

(c) In addition to (a) above, it was shown that the 
presence of the crust affects the subgrade reaction 
(ultimate pressures) of the liquefied soil, by controlling the 
excess pore pressure generation. More specifically, the 
severe dilation observed in soil profiles not including a 
crust is now suppressed. Furthermore, excess pore 
pressures below the crust may be up to 50% different that 
those for the reference (no crust) case, increased for the 
“fixed-beam” deformation mode and decreased for the 
"cantilever beam" mode.  

(d) Additional pseudo-static p-y analyses revealed that 
the above differences in liquefied soil pressures have a 
minor overall effect (10% or less) on computed pile head 
displacements and maximum bending moments. 

The above findings can be used in practice to facilitate 
a more accurate, still preliminary, evaluation of pile 
response under liquefaction-induced lateral spreading 
using pseudo-static methods. More specifically, for 

rotational index Irot<1.5x10
-3

 and/or translational index 
Itrans< 5.0x10

-3 
the pile may be simulated as a free-head 

cantilever, while for larger Irot and Itrans values it may be 
simulated as fixed at both ends. In both cases, the p-y 
curves of the laterally spreading soil (p-y Method) or the 
corresponding ultimate soil pressures pult (for the Limit 
Equilibrium Method) can be readily evaluated by applying 
methodologies developed for liquefiable soil profiles 
without a crust, with a negligible loss in overall accuracy. 
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