View metadata, citation and similar papers at core.ac.uk

brought to yo

provided by Publications of

A simulation of earthquake induced undrained pore
pressure changes with bearing on some soil liquefaction
observations following the 2001 Bhuj earthquake
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The Bhuj earthquake of January 26th, 2001, induced wide spread liquefaction within the Kachch
peninsula. It has been pointed out that inundation due to soil liquefaction was short lived in some
parts than in others in the affected region. Several geological, seismological and hydrological factors
would have cumulatively contributed to these observed changes.

We simulate in this article, undrained or short-term change in pore pressure in a poroelastic half
space, in response to a simplified model of the Bhuj earthquake source. We find that the regions
of relatively shorter lived inundation due to soil liquefaction may fall in the region where pore
pressure responsible for soil liquefaction attributable to strong ground shaking was counteracted
by pore pressure changes due to undrained poroelastic effect and vice versa.

1. Introduction

The large magnitude (M, = 7.7) Bhuj earthquake
which occurred on January 26th, 2001, within the
Kachch peninsula in Gujarat, was accompanied
by wide spread liquefaction. Aerial and field sur-
veys reported soil liquefaction and associated phe-
nomena in the Great Rann, Little Rann, Banni
Plains, Kandla River and Gulf of Kachch, between
69.75°E and 70.75°E at 23.97°N, (71.45°E, 23.3°N),
(70.37°E, 22.72°N) and (69.67°E, 23.5°N), covering
an area of tens of thousands of kilometers (Hengesh
and Lettis 2001).

Seismological literature includes numerous
instances occurring worldwide (see for example
Seed 1970) of similar coseismic effects of large
and moderate earthquakes on the local hydrolo-
gical regime. In the Indian context, in particular,
the comprehensive reports of Oldham (1899) and
Dunn (1939) on the damage induced by the great
Indian earthquakes of 1897 and 1934 respectively
are significant. These reports mention widespread
incidence of intense soil liquefaction in the lower

Brahmaputra valley and north Bihar plains fol-
lowing the earthquakes.

In the case of both of these earthquakes, the
reports of liquefaction are based only on field
observations. But for the Bhuj earthquake case,
along with field observations, satellite images of
soil liquefaction and induced water surges, are also
available. These pre- and post-earthquake remote-
sensing images of regions where such earthquake
induced phenomena occurred help in systematic
monitoring in real time of possible patterns in the
ground water release. Clear recognition and inves-
tigations of such patterns should prove useful in the
enhancement of our understanding of the seismo-
logical processes associated with the Bhuj earth-
quake.

Mohanty et al (2001) and Singh et al (2001) doc-
ument incidence of soil liquefaction in parts of the
Rann of Kachch during the 2001 Bhuj earthquake
from remote sensing observations. From a compari-
son of satellite imageries taken three days after the
Bhuj earthquake with the pre-earthquake imageries
(figure 1) Mohanty et al (2001) have identified
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areas of pervasive inundation. They have also
observed from the post-earthquake satellite
imageries that over some areas these soil lique-
faction effects were short lived. The imageries
taken on February 4th, 2001, soon after the earth-
quake occurrence, show that the water had dried
up at the surface over a large part of the inun-
dated area (figure 1). In contrast, Singh et al
(2001) observed that at Lodai village the inun-
dation persisted even twelve to sixteen days after
the earthquake. It thus transpires that while in
some parts of Kachch area, the extruded water
dried up very soon, it persisted for several days at
others.

Different geological, seismological and hydro-
logical factors could be responsible for these
observations of the Bhuj earthquake-induced soil
liquefaction effects. In this article we examine one
possible factor viz., the short-term response of the
shallow subsurface poroelastic rocks to the buried
Bhuj earthquake dislocation.

2. Method

Our estimate of the short-term poroelastic effects
induced by the Bhuj earthquake is based on the fol-
lowing considerations. The drying up phenomena
were observed soon after the earthquake occurred
i.e., during the period of short time response of
the poroelastic earth to the earthquake-induced
stresses, when the poroelastic subsurface rocks
experienced undrained deformation. Since such
type of deformation of a poroelastic medium is
mathematically analogous to the elastic deforma-
tion of a linear isotropic medium, the undrained
perturbations to the ambient pore pressure field,
induced by the Bhuj earthquake immediately after
its occurrence can be estimated in the manner
explained below.

Several closed analytical expressions for internal
and surficial displacement fields, due to different
types of slip mechanisms on finite shear or tensile
faults in a homogeneous, isotropic earth medium
are available in literature (Mansinha and Smylie
1971; Ericson 1986; Okada, 1992 etc.). We use the
theory of Mansinha and Smylie (1971) to estimate
changes in the static elastic stress field in a solid
half space, due to an earthquake source represented
by a rectangular dip-slip rupture in the causative
fault. The quasi-static poroelastic response (Ap)
can be estimated from the relation

Ap = —BAo,,

where Ao, is the quasi-static perturbing mean
stress field and B is Skempton’s coefficient.

For purpose of calculations, we assume the fol-
lowing rupture model for the Bhuj earthquake.
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(a) The causative fault has
e a dip of 45° due south (Bodin et al 2001;

Chiu et al 2001; Saikia et al 2001)

e is rectangular, with dimensions 35 km along and

40 km across the fault dip direction and
e terminates at a depth of 10 km below the ground

surface.

(b) The hanging wall of the fault slipped uniformly
by 5m over the entire ruptured section in the direc-
tion of dip. We further assume that

(c) the epicentre is at 23.419°N, 70.232°E, as per
the revised estimates provided by US Geological
Survey and

(d) that the shear modulus (G), undrained Pois-
son’s ratio (v,) and Skempton’s coefficient (B)
have values 2.3 x 10* MPa (Jaeger 1969), 0.25 and
0.5 (Detournay and Cheng 1993) respectively. The
values of the fault rupture dimensions, fault slip
and G are together consistent (Aki and Richards
1980) with the seismic moment of 2.3 x 10*° Nm
estimated by USGS for the Bhuj earthquake.

The estimated regions of increased and decreased
pore pressure due to wundrained behavior of
poroelastic material located at a depth of 0.5 km in
the earth medium in response to the Bhuj earth-
quake are demarcated in figure 2. In the figure,
some of those localities where the inundation due
to soil liquefaction had dried up by the ninth day
have been identified. Note that these localities lie in
the estimated region of decreased undrained pore
pressure. Also shown in the figure is the site at
Lodai, where inundation persisted even twelve to
sixteen days after the earthquake. This lies in the
estimated region of increased undrained pore pres-
sure. We discuss the implications of these observa-
tions in the paragraphs below.

3. Discussion

We consider the role of induced pore pressure
changes in the undrained state of deformation.
Biot’s (1941) quasi-static theory of poroelasticity
suggests that after deformation of a water satu-
rated poroelastic medium, changes in pore pres-
sure may arise rapidly due to changes in elastic
stresses and more slowly due to diffusion effects.
The rapid pore pressure changes have been var-
iedly refered to as pore pressure changes in the
undrained state (Detournay and Cheng 1993) and
also pore pressure changes due to compression
(Rice and Cleary 1976). The time scale over
which pore pressure changes due to liquefaction
and undrained poroelastic behaviour may manifest
themselves must depend on earth medium proper-
ties. However, the liquefaction related pore pres-
sure changes due to earthquake induced ground
vibrations may be expected to arise more rapidly
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A map showing the estimated regions where pore pressure due to compression (see text) may have increased

(plus signs) and decreased (minus signs) in response to undrained stress changes induced by the Bhuj earthquake. The
pore pressure changes are estimated on a plane half a kilometre below and parallel to the surface of the poroelastic half
space. Zero value contours (marked with 0s) separating regions of increased and decreased pore pressure on this plane are
indicated. The projected position of the assumed causative rupture of the earthquake is represented by the dashed rectangle
while the star marks the projected location of the Bhuj earthquake epicentre as estimated by US Geological Survey. The
major water channels that appeared immediately after the earthquake but dried up within the ninth day, identified by
two red arrows in the lower half of figure 1, lie in the zone of estimated reduced pore pressure. The other regions where
inundated fields dried up by 4th February, as identified by red arrows in the upper regions of figure 1 fall outside the range
of figure 2. The solid circle identified by L in the zone of increased pore pressure is the projected position of Lodai village.

The location of Kachch Mainland Fault (KMF) is adapted from Karanth (2001).

than pore pressure changes due to undrained
poroelastic response of the medium after the
earthquake.

Thus a possible implication of observing local-
ities of short-lived inundation to lie in regions of
decreased undrained pore pressure (figure 2) could
be the following. Here the effect on water flow
due to initial increase in pore pressure because
of liquefaction has been overcome, at least par-
tially, by the subsequent decrease in pore pres-
sure because of undrained poroelastic behaviour.
In contrast, at Lodai, which is located within
a region of increased undrained pore pressure,

the effect on water flow due to initial increase
in pore pressure due to liquefaction has per-
haps been further enhanced by the increase
in pore pressure due to undrained poroelastic
behaviour.

To assess the importance of our estimated pat-
tern of quasi-static poroelastic response of the
earth medium in the characteristic liquefaction
effects observed in the Kachch peninsula after the
Bhuj earthquake, we note the following.

Controlled laboratory experiments have con-
firmed that vibration can effectively compact cohe-
sionless soils. When water saturated cohesionless
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soil is subjected to strong ground vibrations due
to large earthquakes, the tendency to compact
will be accompanied also by an increase in pore
water pressure in the soil and result in an out-
ward movement of water from the voids. Devel-
opment of sufficiently high pore water pressures
during large earthquake-induced ground vibrations
can cause liquefaction of such water-saturated
soils.

Several soil and water table related factors
existing in the shallow surface control the site-
dependent characteristics of such earthquake-
induced soil liquefaction processes. These
include:

e the nature of the sediments, the grain size and
intragranular packing (Seed 1970; Holzer 1989),

e regional topography (Seed 1970),

e nature and thickness of the cap rock,

e carthquake hypocentral distance (Papadopoulos
and Lefkopoulos 1993),

e depth of the water table (Seed 1970; Roeloffs
1998 etc.),

e degree of water saturation of the soil (Seed 1970;
Roeloffs 1998 etc.), and

e carthquake-induced changes in the pore water
pressure (Ishihara et al 1981).

Thus the effects of seismic vibrations can be ampli-

fied in regions where there is

e abrupt topographic relief,

e shallow water table or,

e well sealed clayey soil overlying thick liquefiable
sediments and cause the released water to persist
on the earth surface for several days after the
main shock.

Occurrence of large aftershocks in the region can

further influence the flow of water. In contrast, in

regions where the amount of ejected sand is far
more than the amount of ejected water, the flow
may cease within a few hours of the earthquake

(see for example Seed 1970).

We are not in a position to assess the overall sig-
nificance of poroelastic effects relative to other pore
pressure generating or influencing factors. But our
calculations suggest though that spatial variation
of undrained pore pressure changes are in the same
sense relative to soil liquefaction pore pressure as
would help explain the observations under consid-
eration logically.

4. Conclusion

For a detailed understanding of the site-specific
characteristics of soil liquefaction that were
observed during the Bhuj earthquake several fac-
tors related to near surface conditions of the soil
and water table need to be considered. Our study
based on estimates of the short term pore pressure
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changes induced by the earthquake suggest that
the quasi-static poroelastic response of the under-
lying rocks of the region may also have a role in
these observed patterns.
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