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Abstract
A methodology is described for predicting the possible development of ground liquefaction. The

calculation of the foreseeable pore pressures is based only on borehole data.

The calculations have been carried out with ABAQUS/Standard, which has proved to be perfectly
adequate for dealing with the various types of equations governing the mechanisms involved in the
process. They include the evaluation of the seismic demand, described by the profile of peak shear

stresses expected in the ground during the earthquake, the determination of the corresponding pore

pressure increments and their dissipation within the ground.

The comparison of the calculated pore pressures with the existing effective pressures allows

estimating the liquefaction potential of the soil profile considered.

1. INTRODUCTION

The methodology generally used for evaluating the liquefaction potential of granular deposits is
essentiailly based on the publications that H. Bolton Seed and his coauthors issued starting in the
late sixties (see, for example Seed et al 1975; Seed and Idriss, 1982; Seed et al, 1985). This
methodology has been incor[;orated in most current norms and guidelines: Eurocode 8 (CEN,

1994), Methodology for Assessment of Nuclear Power Plants Seismic Margin (EPRI, 1991),
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Recommendations for the Design of Ports and Maritime Works (Puertos del Estado, 1994). It also

appears to be supported in most of the specialized literature (Prakash, 1981; Fang, 1991).

The procedure characterises the seismic demand in terms of the peak shear stress that would be
developed at each point. The strength capacity of the ground is described by its dynamic
penetration resistance, quantified by the SPT blowcount. Empirical correlations are then used to
decide whether the demand will exceed the capacity and liquefaction is likely to occur as a

consequence.

An advantage of this methodology is that its application is very simple and that the geotechnical
information required is essentially that provided by the in-situ penetration tests. This allows

conducting a rapid screeening of the potentially liquefiable strata.

The heterogeneity of the ground cross-section may be responsible for situations where only some,
or part of some, of the strata are potentially liquefiable. In these circumstances, the drainage
afforded by the permeability of the adjacent strata may help to alleviate the problem; however, the
inclusion of this effect makes the calculations rather more complex. The present paper describes
the methodology followed for evaluating the dynamic response of the ground taking this effect

into account.

This has been conducted using ABAQUS/Standard (HKS, 1996). The scheme of the calculations

consists of the following steps:

- evaluation of the seismic demand in terms of the peak shear stresses induced
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- evaluation of the pore pressure excursions caused: this includes the generation by

shaking and the dissipation by diffusion

- assessment of the liquefaction potential in view of the excess pore pressures

genérated and the preexisting level of effective confining pressures.
2. METHODOLOGY

If the pore pressures generated during the earthquake were to reach the preexisting levels of
effective stresses, it is clear that the soil would lose its shear strength and liquefaction would

OCCUI.

The problem has three different, although interrelated, aspects. First of all, there will be seismic
vibrations, which will lead to shear stresses being developed in the ground. These are generally
handled in a normalised form by dividing them by the local value of the effective vertical stress.
’I"he level of shear stress developed is a function of the size of the earthquake, as well as of the

ground geometry and mechanical properties. i

Second, if the ground is sufficiently loose and the vibration sufficiently intense, the ground will
tend to densify. In this process, pore pressures will temporarily grow at the expense of the
effective pressures. This aspect is related to the ability of the ground to densify and that of the

applied seismic loads to trigger that compaction.

Finally the pore pressures generated by the earthquake will evolve, governed by a diffusion

mechanism, until the hydrostatic gradient is eventually restablished.
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All three of the above aspects have been taken into account here. Specific details are given below.

a) Seismic demand

A one dimensional wave propagation analysis has been conducted, using a synthetic accelerogram
consistent with the design response spectrum. This allowed calculating the vertical distribution of
peak shear stresses generated during the earthquake. As the calculations progress by direct time
integration, there is no difficulty in tracing fairly precisely the non-linear behaviour of the soil

from the viewpoints of both stiffness and hysteretic energy dissipation.

The constitutive model used in the ABAQUS analysis corresponds to that of an elastoplastic
material with strain hardening. The hardening curve is obtained from that which describes the
degradatiorr of the secant shear modulus as a function of strain level (Fig. 1). The resulting
hardening curve is that shown in Fig. 2. The vertical coordinate represents the ratio of yield stress

divided by the initial shear modulus; the horizontal axis is the plastic strain.

In a von Mises yield model, these magnitudes are related to the shear stress T and the shear strain y

by the following expressions.

o. =3t 1)
(2)

b) Pore pressure generation

The vibration of a loose granular deposit may exceed the energy barrier which leads to the
repacking of the grains in a denser configuration. This would Cecrease the volume available for

interstitial fluids. If sufficient air is present, such volume changes will be accomodated without
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significant pore pressure changes. In saturated deposits, the volume changes will usually entail

~ considerable changes in pore pressures.

It is generally assumed that the transfer from effective to pore pressure is governed by the
instantaneous or cumulative value of some stress or strain counter. Since the earthquake is not
made of uniform cycles, some equivaIenc_e must be established between the seismic action and an
equivalent number of load cycles N.. No single procedure has received universal acceptance for
determining this equivalent number of cycles. One possibility consists in counting the number of
times that 65% of the peak stress is exceeded (Prakash, 1981); however, this and other procedures
of the same type are too dependent on the specific accelerogram adopted and its time
discretisation. Seed et al (1975) proposed, based on statistical studies, assigning an equivalent

number of cycles to each earthquake magnitude, as shown in table 1.

In the present work, it was decided to relate the pore pressure increments induced to the effective
plastic deformations taking place. Thus, the transfer from effective to pore pressures is assumed to

take place gradually, in proportion to the accumulated effective plastic strain.

Au 3 N
- —_ P " € (3)
o 0 z-"Jr;',maix N i
where £ is the effective plastic strain: £, = J' \/ de’; - de”;
€, max 18 the peak effective plastic strain that the earthquake will develop at that point in

the ground.
N, is a function of the earthquake magnitude as described by Table 1. For the design
earthquake, the number of equivalent cycles adopted is that corresponding to a

7.5 magnitude earthquake
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The number of cycles needed to induce soil liquefaction can be determined by means of cyclic
tests conducted on undisturbed samples. However, the difficulty of obtaining undisturbed samples
in granular deposits is well known. Hence, as an alternative, it was decided to evaluate the
liquefaction resistance using existing empirical correlations. These have the advantage of being

derived from actual experiences of liquefaction in the field.

The methodology used describes the liquefaction resistance of the ground by means of SPT
blowcounts. From historical earthquake data, it is possible to establish a threshold for the dynamic
shear stress; exceeding this threshold implies that liquefaction will occur. An example of such

correlation, produced by Seed et al (1985), is shown in Fig. 3.

The curve given in Fig. 3 represents measurements taken during earthquakes with magnitude 7.5.
Following the indications given by Seed and Idriss (1982), it is possible to adapt this type of
curves to other earthquake magnitudes. This is achieved by multiplying the abscissa by the

correction factor indicated in Table 2.

The above ideas allow establishing a relationship between the value of the shear stresses and the
number of cyclic applications needed to induce liquefaction. This relationship is obviously a
function of thé earthquake magnitude, which is an indication of the earthquake duration and,
therefore, of the number of load cycles applied. Having done this, Fig. 4 shows the

characterisation of the cyclic strengths of the sands and granular fills present at the site.

The procedure followed for calculating the pore pressure increments during the earthquake can be

summarised as follows:
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1. From a non-linear wave propagation analysis, the peak value of the normalised

deviator stress T/0’, is determined at all the locations of interest.

2. Based on stresses equal to 2/3 of the peak value, the number of cycles to

liquefaction Ny is then calculated.

3.  The plastic strain accumulated during the complete earthquake is computed.

4. The generation of pore pressures is obtained using the assumption of proportionality
between the accumulated plastic deformation and the ratio of number of equivalent

cycles experienced to number of cycles to liquefaction.

c) Pore pressure dissipation

The pore pressure increments calculated with the methodology described in the previous section
are those which the soil would experience in the absence of drainage. Obviously, pore pressure

distributions other than the hydrostatic one would generate flows governed by Darcy’s law:

v, =k, u, @
where V; is the flow velocity
kij is the hydraulic conductivity tensor, often taken to be isotropic k,.j =ké i
U;j is the pressure gradient

Equation (4) can be combined with that governing storage (relating changes in pore pressure with

changes in the amount of stored water). The result produces:

ou :
at—=CVAu+Q (5)
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where Q is a source term, which represents the pore pressures generated by a cyclic
loading

s is the coefficient of consolidation, which can be expressed as a function the

hydraulic conductivity & as follows

k
CV = e (6)
m,
where ¥ is the specific weight of water
my is the compressibility of the soil

Equation (5) essentially states that the pore pressures at any point will evolve as a result of two
mechanisms: a) the possitive or negative contribution of water flows from the surroundings in
response to the prevailing pressure gradients and b) the local generation of pore pressures,

-

transferred from the effective pressures as a consequence of the seismically induced densification.

The compresibility of the soil can be obtained from the specific compression index C’. from an

empirical relationship (Jiménez Salas and Justo Alpafiés, 1975):

0,434 C’,

v ’

0-0

(7)

The values of the hydraulic conductivity have been taken from Mitchell (1976) and assigned to the

materials of interest as shown in Table 3.

3. RESULTS

For an easier interpretation, we will consider first the wave propagation and stress generation
aspects of the earthquake and we will then analyse the evolution of pore pressures which results

from the above.
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a) Seismic demand

The ground profile was idealized using the mechanical properties indicated in Table 4. As a result
of the calculations conducted, Fig. 5 shows the vertical distribution of the normalised effective
stress deviators induced. The values plotted are actually the ratio T./0’ at each depth. The
effective stress T is the 65% Aof the peak shear stress developed. The stress ¢’ represents the
effective overburden. It is clear that the effective normalised stresses are highest at depth between
5 and 10 m, below the surface; the maximum value attained is 0.26. The more vulnerable depths

happen to be those where the loose clean sand deposits are located.

b) Evolution of pore pressures

The performed central case has been carried out using the hydraulic conductivity and
compressibility parameters indicated in Table 3. Pore pressures increment and its dissipation are
shown, respectively, in figures 6 and 7. The variation of the effective stress with depth is included
in both figures in order to help to the interpretation of the results. It is observed that in 5 s pore
pressures reach the same value as the effective normal stresses. From this time the dissipation rate

is greater than the generation rate.

A sensitive analysis of the results has been performed multiplying the hydraulic conductivity
indicated in table 3 by a factor of 10. The results are shown in figures 8 y 9. It is remarkable that in
this case the drainage capacity of the brown soils and the -granular fills reduces significantly the

development of liquefaction of the sands.
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4. CONCLUSIONS

The usual methodology for evaluating the ground liquefaction potential is based on comparing the
seismic demands and the cyclic strength capacity of the ground by means of empirical

correlations.

In some cases, the drainage provided by the surrounding layers may contribute significantly
towards the stability of a loose stratum. Such drainage helps to reduce the excess pore pressures
that the densification of the loose deposit would generate. However, including this effect on the

calculations makes them rather more complex.

The procedures presented in this paper allow calculating the likely evolution of the pore pressures
taking into account both the generation and the dissipation terms. The procedures described only
require for their implementation data which is produced in the course of standard site investigation
using boreholes. ABAQUS/Standard has proved to be perfectly adequate for dealing with the

various types of equations governing the mechanisms involved in the process.
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Magnitude, Equivalent cycles,
M N.
8.50 26
7.50 15
6.75 10
6.00 56
5.25 2.3

Table 1 Number of equivalent cycles

Magnitude, M Correction factor
8.50 0.89
' 7.50 1.00
6.75 1.13
6.00 1.32
5.25 1.50

Table 2 Correction factor

K m,
Material y
(cm/s) (MPa™)
Fill 0.005 0.548
Sand 0.010 1.118
Brown soils 0.005 0.174

Table 3 Hydraulic conductivity and compressibility
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Table 4 Dynamic soil properties under the design earthquake
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Figure 3 Normalised stresses inducing liquefaction as a function of SPT blowcount

(Seed et al, 1985)
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Figure 6 Increasing pore pressures
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Figure 7 Decreasing pore pressures
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Figure 8 Increasing pore pressures with higher permeability
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Figure 9 Decreasing pore pressures with higher permeability
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