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Abstract

Seabed Instability due to Flow Liquefaction in the Fraser River Delta

AnnajiRao V. Chillarige, N.R. Morgenstern, P.K. Robertson, H.A. Christian

Liquefaction failures of loose sand deposits can be a major concern for the stability of
coastal structures. An investigation to evaluate the possible contributions of different
triggering mechanisms in a major liquefaction failure that occurred in 1985 at the mouth

of the Main Channel of the Fraser River has been carried out using steady state concepts.

Potential triggering mechanisms for initiating the 1985 liquefaction flow slide, such as
sedimentation, surface waves and low tides are evaluated. The analysis shows that rapid
sedimentation generates shear stresses on the slope but may not initiate flow liquefaction
failures. The evaluation of the effect of surface waves in causing deep seated liquefaction
flow slides indicates that no significant porewater pressures accumulate due to the surface
waves in the region. Low tides cannot initiate failure in submerged, fully saturated sands.
However, gas induces desaturation of the sediment which can induce residual pore
pressures in the sediments during low tides. It is postulated that the combination of loose
sediments, small amounts of gas and low tides contribute to the triggering of flow

liquefaction failures in the delta. These failures lead to retrogressive flow slides.

Key words: Liquefaction, steady state, rapid sedimentation, surface waves, low tides,

gaseous sediments.



Introduction

Liquefaction flow slides are recurrent phenomena in active river deltas. These flow slides
can be triggered by dynamic effects, such as earthquakes, surface waves, blasting and
vibrations due to pile driving operations and by static effects such as tidal changes, and
sedimentation. The occurrence of flow slides due to static effects has usually been
unexpected. Terzaghi (1956) referred to the phenomenon of sudden or static liquefaction
of loose sands by minor triggering mechanisms as spontaneous liquefaction. Several
cases of reported flow slides in coastal marine deposits have been presented in a
companion paper by Chillarige et al. (1997). The spontaneous liquefaction flow slides in
coastal sediments generally occurred in fine silty sands during low tide conditions. While
explaining the causes of coastal flow slides in the Netherlands that occurred regularly
over many years, Terzaghi (1956) suggested that the collapse of the metastable structure
of the fine silty sands was caused by the seepage pressure of the ground water which
returned to the ocean during the receding tide. However, an explanation for static
liquefaction flow slides in coastal zones is not altogether accepted and additional trigger
actions have been suggested. Different environmental processes such as rapid
sedimentation, low tides, surface waves, gas in the sediments, currents, dredging
operations and loading from ship’s propellers may trigger or contribute to the initiation of
liquefaction flow slides in river deltas. Researchers studying the causes of triggering of
flow slides in river deltas have not quantified the contributions of the triggering

mechanisms.

Five known liquefaction flow slides occurred near Sand Heads in the Fraser River Delta
(FRD) on the west coast of Canada between 1970-1985 (McKenna et al., 1992). The
mechanisms that are mentioned above are believed to contribute to the triggering of these

failures. An investigation has been carried out using steady state concepts to quantify the



contributions of the triggering mechanisms for a liquefaction flow slide that occurred in

1985 in the FRD.

This paper presents a review of steady state concepts in explaining the liquefaction
phenomenon. It also evaluates the contributions of different environmental processes in
triggering the flow slide and provides a rational and quantitative explanation for the 1985
liquefaction flow slide in the FRD. Companion papers (Christian et al., 1997; Chillarige
et al., 1997) describe the field investigation and subsequent characterization of the loose

sandy sediments at the mouth of the Main Channel of the Fraser River.

Background for Liquefaction Phenomenon

An approach developed by Castro (1969) improves our understanding of the phenomenon
of liquefaction. He defined liquefaction as the strain softening and collapse in undrained
shear of a loose sand to an ultimate state, called steady state. While differentiating
different mechanisms of liquefaction, Robertson (1994) referred to this aspect of
liquefaction as flow liquefaction. If the gravitational shear stresses of a soil deposit are
larger than the steady state resistance of the deposit, liquefaction leading to flow
deformations can occur. When the flow deformation occurs on a slope, a flow slide can

develop. In level ground conditions, the soil can lose its bearing capacity.

At the steady state of deformation, a mass of soil deforms at constant volume, constant
shear stress, and constant velocity (Poulos, 1981). The void ratio at steady state is the
critical void ratio as defined by Casagrande (1936) and Koppejan et al. (1948).
Liquefaction can take place in loose saturated or near saturated sands with the void ratio

higher than the critical void ratio.



The steady state of any sand can be represented by a curve in the void ratio - effective
confining stress - deviatoric stress space (e -p' -q space) where:

1, . \ . . .
p‘=—3-(<5l + 0, +03)andq=((51 —63).

The in-situ state of a soil deposit can be described in the e-p'-q space, and the response of
the soil deposit can be obtained by following the appropriate stress path in that space. In
normal practice, a steady state line (SSL) is represented by the projections of the curve on
to the e -p' plane and the p'-q plane (Figure 1). The projection of the SSL in the e-p' plane
can be approximated as a straight line on a logarithmic abscissa. The SSL in the p'-q
plane is also a straight line passing through the zero coordinate. The SSL in the e-p'
plane separates the in-situ state of sand into regions which are loose and contractant at
large strains from those which are dense and dilatant at large strains. Ishihara (1993)
presented results of undrained tests on very loose Toyoura sand samples, exhibiting
essentially zero residual undrained shear strength (steady state strength). The void ratio
corresponding to the zero residual strength is called the " Threshold Void Ratio". This
void ratio marks essentially the beginning of the steady state line. The in-situ void ratio
at very shallow depths of a very loose sand deposit may correspond to this threshold void

ratio. During undrained shear loading, this soil can have zero steady state strength.

The shear behavior of the soil is very much influenced by the effective confining
pressure. A soil of low relative density can behave in a contractant manner at higher
confining pressures or in a dilatant manner at low confining pressures (Kramer and Seed,
1988). Castro and Poulos (1977) state that the position of the steady state line is a
fundamental soil property. Been et al. (1991) also state that the steady state line for a
given sand is independent of stress path, sample preparation and initial density, implying
that the steady state is unique for a void ratio regardless of whether it is reached by

drained or undrained loading.



Morgenstern (1967) indicated that the initiation of flow liquefaction failures was
consistent with the mobilization of the undrained shear strength of the loose soils. For a
contractant sand at large strains whose in-situ driving shear stresses are higher than the
available undrained shear strength, there exists a potential for flow liquefaction of the
sand which may lead to a catastrophic failure. However, for a dilatant sand where the
undrained shear strength is greater than the driving shear stress, flow liquefaction may not

be a concern.

As mentioned previously, flow liquefaction is due to the collapse and strain softening in
undrained shear of the metastable soil structure resulting in the generation of large pore
pressures. During the collapse of the contractant material, the permeability of the
material must be sufficiently low to impede the drainage of the excess pore pressures for
flow liquefaction to occur. Hence, coarse grained gravelly deposits may not be subjected
to flow liquefaction. However, some percentage of fine material in the gravel deposits
may impede drainage during collapse. Lade (1993) indicated that no statically triggered
liquefaction flow slides are observed in saturated cohesionless soils with permeabilities
greater than 104 m/sec. Dawson et al. (1992) observed that liquefaction flow slides

occurred in mine waste dumps with permeabilities of about 104 m/sec.

Collapse Surface Concept

From the results of laboratory tests on different sands, Sladen et al. (1985a) introduced
the concept of a collapse surface to serve as a triggering criterion for flow liquefaction.
They state that the necessary condition to trigger flow liquefaction is that the soil state
must reach the collapse surface. The undrained effective stress paths of contractant
(loose) sand samples which are consolidated to the same void ratio, but sheared at

different initial confining pressures converge to the same ultimate steady state at large



strains. The peak deviatoric stress of all the stress paths fall on an approximate straight
line that passes through the steady state strength of the samples. Sladen et al. (1985a)
referred to this line as the collapse line (see Figure 2). Different undrained stress paths of
the same material tested at different initial void ratios yield collapse lines of
approximately the same slope, but terminate at different ultimate states on the steady state
line. All these collapse lines in the e-p'-q space generate a collapse surface at which the
collapse of a loose saturated material is initiated by undrained loading. The collapse
surface constitutes a trigger criterion regardless of whether it is approached by monotonic
or cyclic loading. There is a potential risk for a soil to liquefy when its in-situ state is
close to the collapse surface. Any small disturbance could lead to flow liquefaction, if
the soil is sufficiently loose, its in-situ state is close to collapse and the in-situ shear

stresses are larger than the ultimate undrained shear strength.

Contractant State Boundary (CSB)

Later studies on sands have revealed a state boundary surface which controls the behavior
of purely contractant sands at large strains (Alarcon-Guzman et al., 1988; Ishihara et al.,
1991). The state boundary surface is the surface enveloping all the undrained effective
stress paths of the contractant soil, irrespective of their consolidation stresses and void
ratios. A sandy soil cannot exist above the state boundary. Sasitharan (1994) indicated
that for triaxial compression the surface can be approximated by parallel straight lines in
the p'-q plane for different void ratios and observed that soils are less brittle at higher
stress states as the state boundary appears to flatten at higher stresses. Since the state
boundary controls the behavior of contractant soils, it can be identified as a Contractant

State Boundary (CSB



Sasitharan et al. (1993) presented results from q - constant tests in which the stress path
of a loose saturated sand remained in a constant shear stress plane in e-p'-q space and the
specimen was brought to failure under fully drained conditions (Figure 3). During the
test, the drained stress path attempted to cross the CSB resulting in collapse of the soil
structure and the rapid generation of pore pressures. The shear resistance fell along the
CSB to the steady state, that is, flow liquefaction. This stress path simulates a rise of the
water table in loose sands. During the rise, changes in the stress state of the soil can be
induced under drained conditions. However, the deformations associated with the soil
collapse increase pore pressures, the soil response becomes undrained and the soil
liquefies. This phenomenon has been observed in laboratory modeled flow slides in coal
stock piles by Eckersley (1990). The g-constant test path also explains the failures that
have occurred in coal mine waste dumps (Dawson et al., 1992). These results

demonstrate that undrained loading is not a pre-requisite for flow liquefaction to occur.

Sasitharan (1994) demonstrated in another laboratory test the existence of the CSB. A p'
- constant stress path (constant effective mean normal stress path) test was conducted on a
loose saturated sand sample with its stress state on the post peak portion of the undrained
effective stress path, that is, the sample is on its CSB. The stress path tried to cross the
CSB vertically in the p'-q plane (Figure 3), but the stress path stayed on the CSBdue to a

decrease in void ratio (e) and reached its steady state at a different void ratio.

The existence of the CSB is also evident from tests on dry sand samples in a constant
shear stress plane (Skopek et al., 1993). The stress path is similar to that described by
Sasitharan et al. (1993). During the test the shear stress was unchanged (q-constant test)
while p’ was reducing. The stress path was forced to deflect to remain on the CSB
(Figure 3) to accommodate the structural changes (decrease in void ratio) due to the

loading and the sample experienced rapid structural collapse on the CSB. The contractant



behavior of the dry sand is consistent with the behavior of loose saturated sand. A
saturated sample collapses on the CSB along the g-constant test path, resulting in
vigorous generation of pore pressures and flow liquefaction. If the pore pressures are
released during the collapse, the stress path re-positions to a more stable stress state either
on the state boundary or away from the boundary. An instability exists on the CSB
whenever a soil attempts to cross it. All the above tests illustrate that a loose sand cannot

exist beyond the contractant state boundary surface.

Application of CSB Concept

Sladen et al. (1985b) explained the flow liquefaction failures of the Nerlerk berms in the
Beaufort Sea using the collapse surface concept. The construction of the berm by
hydraulic filling brought the in-situ state of the soil to the collapse surface. Additional
dumping of the fill resulted in undrained flow slides. Similar observations were made by
Lade (1993) for the berm failures. Lade proposed an instability line in the p'-q plane
passing through the peaks of undrained stress paths of samples at the same void ratio and
through the origin. He concluded that the state of soil in the berms was in the region of
instability and undrained failures were initiated due to dumping of berm material. The
two arguments by Sladen et al., (1985b) and Lade (1993) agree with the conclusion that
the state of the soil in the berms was on the verge of collapse. The building of the berms
increased shear stresses and confining pressures in the berms bringing the state of the soil
very close to the CSB and further additions of the material in the berm brought the state
of soil on to the CSB in an undrained manner. There was insufficient time for the
dissipation of the pore pressures, which triggered the flow slides. Kramer and Seed
(1988) observed that for a loose sand consolidated to Ko - conditions, only a small
undrained increment of load is sufficient to trigger flow liquefaction. The tests by

Kramer and Seed (1988) simulate the undrained failures in the Beaufort sea.



Physical Setting of the Fraser River Delta

The Fraser River delta front is fed by a network of active and relict distributory channels.
The most conspicuous feature of the delta is a broad intertidal flat with a gradient of
approximately 0.05 degrees, forming a platform approximately 5 to 10 km wide
extending from the edge of the dykes to the break in slope at approximately 9 m below
the lowest normal tide (Luternauer, 1980). Figure 4 shows a plan of the Fraser River
Delta and shows that the lower part of the delta foreslope has an average gradient of
approximately 1.5 degrees (Mathews and Shepard, 1962), but may be inclined as steeply
as 23 degrees along its upper reaches (Scotton, 1977). The delta is in a seismically active
region, but no local earthquakes were reported at the time of the large liquefaction
submarine flow slide in 1985 (McKenna and Luternauer, 1987). Marine geophysical
mapping has identified a number of slope instability events in recent sediments and has
demonstrated that flow slides occurring in the river mouth incise deep debris flow

channels into the delta foreslope (Christian et al, 1997).

The main channel of the Fraser River carries approximately 88% of the sediment-laden
water discharged by the Fraser River into the Strait of Georgia (Mckenna et al., 1992).
The snow melt freshet (May to July) carries 80% of the total sediment load. Over 50% of
the sediment load is comprised of sand which is deposited at the mouth of the Main
Channel at Sand Heads. The progradation rate of the delta at a depth of 9m is
approximately 9 m/year in the vicinity of the river mouth (Mathews and Shepard, 1962)
and builds in thickness at about 12 cm/year (Barrie, pers.comm., 1994). The average

sedimentation rate in the prodelta region is 2.16 cm/year (Moslow et al., 1991).

Northwest winds have the longest effective fetch (approximately 50km) and

consequently generate the highest waves (Thomson, 1981). Average wave height at the
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delta front is about 0.6 m and maximum significant wave height is about 2.7 m during
winter storms (Luternauer and Finn, 1983). Mean tidal range is 2.6 m with a maximum

tidal range of 5.4 m.

Geophysical surveys show that the distributary mouth bar deposit at Sand Heads is
incised by a series of deep gullies that coalesce downslope into a single large canyon
(Kostaschuk et al., 1991, Hart et al., 1992). Heads of submarine canyons provide a
favorable environment for slumping because of their steeper inclinations and their action
as sediment traps (Morgenstern, 1967, Christian et al., 1997). The sea valley system has
upslope tributary channels joining a single sinuous channel which splits into distributary
channels at the base of the delta front (Kostaschuk et al., 1991). These distributary
channels terminate in a submarine debris fan at the base of the slope. The tributary
channel gradients vary from 23 degrees locally in the upper reaches of the tributaries at
the river mouth to 2 degrees at 45 m depth. The major gullies were formed as a result of
mass wasting events transforming to debris flows and are maintained by the sliding of
accumulated gully bottom sediments and flushing action of tidal currents (Mathews and
Shepard, 1962; Terzaghi, 1962; Scotton, 1977; Shepard and Milliman, 1978, Hart et al.,
1992). Christian et al. (1997) concluded that the western margins of these debris canyons
exhibited slopes in excess of 40 degrees which was attributed to undercutting and

recurrent oversteepening by debris flows.

Five known major mass wasting events have occurred between 1970-1985 on the upper
delta slopes at the mouth of the Main Channel of the Fraser River (McKenna et al., 1992).
An investigation of the conditions leading to failure that occurred in 1985 is the objective
of this paper. The following describes the evaluation of different triggering mechanisms

responsible for this and other, similar events.
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Steady State Characteristics of the Fraser River Delta Sand

Laboratory tests have been performed on FRD sand samples to establish steady state
characteristics of the sand. Samples were prepared to different densities using both moist
tamping methods and water pluviation techniques. Field tests including cone penetration
tests (CPT) and seismic cone penetration tests (SCPT) have also been performed in the
Delta . Laboratory and field test results are used to characterize the delta front sand
deposits and are reported in a companion paper by Chillarige et al. (1997). A typical
undrained triaxial compression stress path and a drained triaxial compression stress path
of tests on FRD sand are shown in Figure 5. The undrained path in the e-p' plane
remained horizontal without any changes in void ratio. The change in the void ratio can
be seen in the drained path. The undrained stress path in the p'-q plane represents very
brittle behavior and strain softening response of the sample to its steady state value at low
stresses. The slope of the drained stress path in the p'-q plane is a straight line with a
slope of 3:1. The ultimate points of the test paths for the FRD sand are on the steady
state line. The slope of the collapse surface, 't' is determined as the slope of the line
Jjoining the peak shear stress to the steady state of the undrained stress path. The slope of
the contractant state boundary surface (CSB), 's', can also be determined as the slope of a
tangent drawn to the post peak portion of undrained stress path at steady state in the p'-q
plane. From the laboratory test results, the steady state parameters are determined,

following Sasitharan (1994), as

I' =1.11 (Ordinate of the steady state line at p' = 1 kPa in the e-In p' plane)

Aln = 0.029 (Slope of the steady state line in the e-In p' plane)

M = 1.4 (Angle of shearing resistance at steady state ® ' = 359)
t = 0.8 (Slope of collapse surface in the p'-q plane)

s = 1.00 (Slope of contractant state boundary in the p'-q plane)
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Evaluation of Sedimentation Effects

The shift in the position of the delta-front crest (10 m contour) was used as a base for
reporting the liquefaction failures of the sediments in the FRD (McKenna et al., 1992).
Figure 6 presents the bathymetric contours of the foreslope of the FRD in the area
adjacent to Sand Heads and also shows the areal extent of the flow slide that occurred at
10 m depth between 27 June and 11 July 1985 (McKenna and Luternauer, 1987). The
volume of the sediment involved in the flow slide is very extensive (greater than one
million cubic meters). Bathymetric soundings at the area of the failure provided the post-
event changes of the contours. Figure 7 shows the cross-section of the slope (Section 1-1
in Figure 6) obtained from the contours of the foreslope. The foreslope had a maximum
angle of inclination of 23 degrees before the failure. The post-event head scarp had a
relatively steep slope with vertical relief of about 15 m and intersects basal planes which
are subparallel to the original seafloor, dipping at angles of about 6 degrees. The
foreslope constitutes the extreme configuration of the slope before a liquefaction failure
could occur. When flow liquefaction is initiated in the slope, the failure retrogresses
towards its upper reaches, developing a flow slide. The retrogression continues until a
stable or dense sand in the head scarp is encountered. The state of stress in the slope
before failure brings the state of the sediments in the slope to the verge of collapse. To
determine whether the slope becomes unstable, it is necessary to establish the state of
stress in the slope and locate this state relative to the collapse surface/contractant state
boundary in stress space. A correct stress analysis should be performed by finite element
calculations incorporating a realistic constitutive model to describe the stress-strain

behavior of the soil.

In the FRD, when slope failures occur in the fresh deposits of silty sands, the scar is

replenished by the sediments of the Fraser River. Thus, in reality, the slope in the FRD is
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built up in parallel layers by the sediments from the backscarp of a previous failure. It is
realistic to use a model simulating the sequential construction of the slope for estimating
the stress state in the slope. The deposition of sediments occurs with thin lenses of silty
material in sands. Sand interbeds typically can be characterized as minute gravity-flow
events, as drill hole samples invariably show silt inclusions within a clean sand matrix,
separated by silty intervals corresponding to tidal sedimentation (couplets), as described
by Christian et al. (1997). It can be precluded that no excess pore pressures exist in the
thin lenses of silt. An incremental finite element stress analysis, duplicating the building
of the slope while incorporating drained linear elastic effective stress parameters, would
be useful in simulating deposition in the delta. A finite element based program

SIGMA/W handles such analysis very well and has been used.

The slope was discretized into a number of finite elements. The boundary conditions are
such that the displacements at the base were constrained in either direction and the
displacement behind the backscarp of the failure line was laterally constrained.
Robertson and Campanella (1983) presented a method of interpretation of CPT results for
sands for estimating stiffness properties. Based on the CPT results of the fresh deposits
in the FRD (Chillarige et al., 1994), the Young's Modulus has been estimated as 15 MPa.
A Poisson's ratio of 0.3 and a Ko value of 0.43, that is, (1- sin ¢'), are additional
parameters used in the analysis. SIGMA/W simulates the process of accretion of the
slope by the addition of finite elements in parallel layers to the backscarp of the prvious
failure having the same properties. In the analysis, the stress file obtained from the

preceding layer becomes the initial condition for the succeeding layer.
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Stress path evaluation due to sedimentation

The stress state in the slope of the FRD before failure can be estimated from the extreme
configuration of the slope. Figure 8 shows contours of effective vertical stress based on
the finite element analysis with a vertical exaggeration of 10. The maximum values of
the vertical effective stress along the final failure plane occurs at a depth of about 36 m
(node 616). The stress path of the elements in the p'-q plane can be evaluated due to
sediment deposition (accretion of the finite elements) by plotting the calculated effective

confining stresses (p') and the corresponding deviatoric stresses (q) at Gaussian points of

the finite element mesh, where p' = J1'/3 and deviatoric stress q = A(3]J,); in which J;' is

the first stress invariant, (01'+07'+03'), and Jp is the second stress invariant,

1 2 2 2 . .
7—6— ((51 - 02) + (0‘2 - (53) + (03 - 0‘1) . Figure 9 illustrates the stress path of the

elements due to the sediment deposition. Small magnitudes of tensile stresses are

observed at the surface of slope. All the stresses are determined for a Kg value of 0.43

and they appear to follow the K¢ line in the stress space. It can be observed that the the

shear stresses increase due to the building of the slope. Also shown in Figure 9 is the
steady state line which has been established from laboratory tests on reconstituted

samples of FRD sand.

The development of the high shear stresses within the slope is an important component
that can explain the observed instability. However, to understand the potential for
instability it is necessary to relate the in-situ stress state to that of the contractant state
boundary (CSB), since instability will result when the in-situ stress state is moved to the
CSB. Figure 9 shows all the stress states of the soil elements within the failure mass.
However, it is difficult to compare all these stress states with the CSB since the CSB will
change with soil density. To assist in the comparison between in-situ states and the

relevant CSB, the stress path of the maximum shear stresses along the assumed failure
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plane (from node 1800 to node 616) is shown in Figure 10b. Figure 10a shows the
estimated in-situ state of the sand within the failure mass in terms of void ratio, e, and
mean normal effective stress, p'. This estimated in-situ state was based on the in-situ
shear wave velocity measurements (Chillarige et al., 1997). The estimated in-situ states
in e-p' space are above the steady state line for the same Fraser River sand. This implies
that the sand is very loose and could strain soften to steady state during undrained shear
loading. Based on the estimated in-situ state, the steady state undrained shear strength is

very small. At a depth of about 16 m on the failure plane (node 1800, Figure 8) the mean

normal effective stress at steady state p'ss will be about 10 kPa. At a depth of 36 m (node
616) p'ss will be about 75 kpa. These values represent undrained shear strength ratio
(sy/oy') amounts of about 0.1, which are consistent with published back analysis values.
Figure 10b shows the in-situ stress state of node 1800 to 616 compared to the different
CSB's. It is clear from Figure 10b that the in-situ stress states of the sand along the
assumed failure plane are very close to the estimated CSB. However, provided the

sedimentation process is drained the stress state is marginally stable.

It appears that the sedimentation process develops high shear stresses within parts of the
potential failure mass and the in-situ states are very close to the contractant state
boundary (CSB). Hence, the freshly deposited sediments have a potential for flow
liquefaction. However, the sedimentation process itself is unlikely to trigger instability.
The following sections describe and evaluate the possible trigger mechanisms that could

push the stress states onto the CSB and cause instability and flow.

Evaluation of Surface-wave Effects

The effect of surface waves in causing deep seated liquefaction flow slides in the FRD

has been presented in detail by Chillarige et al., (1994). A theoretical investigation was
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carried out to evaluate the effect of surface waves as a triggering mechanism and was also
supported by a field investigation of in-situ porewater pressures for surface waves. Two
probes were designed, constructed and installed to monitor pore pressures for the surface
waves. Results from the field study suggested that the pore pressures were not significant
enough to cause any deep seated failures. The theoretical investigation was based on the
concept of threshold shear strain. Surface waves can cause both transient and residual
pore pressures. The two types of pore pressures can be distinguished by the concept of
the threshold shear strain. Residual pore pressures start building up when the shear strain
associated with a wave exceeds a value of about 10-2%. Wave conditions at the time of
the 1985 failure were predicted using wind data and hindcasting. A maximum significant
wave height of 2.7 m with a period of 5.32 sec and a wave length of 40 m was obtained.
The shear strain associated with the maximum wave was calculated and observed to be
less than the threshold shear strain. It was concluded that the surface waves in the Fraser
River Delta cannot develop significant residual pore pressures. However, small
magnitudes of transient pore pressures can be created by the waves in the deposits. The
consequence of these small pore pressures is that the surface waves could only trigger
instability of the sediments in the upper few meters of depth. This theoretical study was
supported by field observations that wave induced pore pressures are significant only in
the upper 2 to 3 m of sediments. Luternauer and Finn (1983) also concluded that wave

loading could not initiate deep-seated failures in delta front sands.

Evaluation of Tidal Effects

It was believed that excess pore pressures in low permeability materials during low tides
triggered liquefaction flow slides in Kitimat Fjord, Canada in 1975 (Johns et al., 1986).
However, the influence of tidal drawdown on the stability of the sand deposits has not

been quantified. Koppejan et al. (1948) and Terzaghi (1956) speculated that seepage
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pressures during low tides were triggering flow liquefaction in submarine deposits.
Seepage pressures are created during low tides due to the storage of pore water in the
aquifers. Kramer (1988) assumed that flow liquefaction may be triggered in shoreline
sand deposits for very small changes in shear stress under undrained conditions during
low tides. He also identified that if the sand is in equilibrium initially under shear
stresses higher than the steady state strength of the soil, the triggering of flow liquefaction
may lead to flow sliding. However, this explanation lacks sufficient evidence since deep
deposits will not experience shear stress changes due to tidal drawdown. Hence, the

theory does not explain the initiation of flow liquefaction in deep deposits.

Gas generation is a natural phenomenon in river deltas. Organic material is deposited
along with the river borne clastics in estuaries. Burial of some marine organisms may
also occur during deposition. Consequent decay of the organics results primarily in
methane gas generation. Methane gas is relatively insoluble in sea water and readily
comes out of solution if total stress is reduced. Gas generation in occluded form in the
pore water desaturates the sediments. It is also known that the effective stress state of
sediments is very much influenced by the presence of gas in the sediments. The effect of
tidal drawdown on gaseous sediments and its consequences on the liquefaction stability
of sediments has not been studied in the past. The following section investigates the

effect of tidal drawdown on both saturated sediments and unsaturated FRD sediments.

Tides are surface waves with long periods and impose periodic loading on the seabed.
When tides propagate over a porous bed, such as a sand bed, water flows into and out of
the porous medium. The phenomenon has been studied by several researchers as pore
water pressure variations in the ground due to tide changes for a variety of boundary

conditions (Ferris, 1951; Money, 1986; Pontin, 1986; Farrel, 1994). However, most of
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these studies addressed the generation of pore pressures in the deposits due to tidal
variations only in intertidal areas.
Tide loading can cause deformation of the seabed due to changes in total vertical stress.
When the tidal wave length is large compared with the thickness of the permeable sea
bed, the flow of water can be treated as a one-dimensional boundary value problem. The
changes in pore water pressure are expressed in terms of the conservation principle
applied to the mass of water in the pores of the sediment during its deformation. The net
rate of flow of water expelled from an element of soil has to be equal to the net change of
volume of the pores of the sediment. The modeling equation was given by Vuez and
Rahal (1994) and can be expressed as
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in which cyg and cy are the consolidation coefficients of gaseous sediments and saturated

sediments respectively and are given by

k
[2,a] Cyy =7 and
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where

k = coefficient of permeability of soil skeleton
n = porosity of the soil structure

B = compressibility of pore fluid

my = compressibility of soil skeleton

u = pore water pressure
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Tw

o = total stress due to tidal loading = sin(wt),

in which, H is the tidal wave height and o is the frequency

Equation 2,a includes the effect of the compressibility of pore fluid. Normally an
increment of total stress on a soil is carried partly by the pore fluid as pore pressure and
partly by the soil skeleton as effective stress, depending on their relative
compressibilities. In saturated soils the compressibility of the soil skeleton is much
greater than that of the pore water, and thus essentially all of a stress increment applied to
a saturated soil is carried by the pore fluid. In partly saturated soil, a stress increment is

shared by both the pore fluid and the soil skeleton.

Tidal drawdown on saturated sediments

In saturated soils, the compressibility of the pore fluid is negligible. Hence, the
compressibility term, B, for the pore fluid is negligible in Equation 2,a. Therefore the

consolidation equation due to tidal loading on saturated sediments is of the form;

[3] —=c, =5 t—

Equation (3) describes the pore water pressure response for the propagation of tidal cycles
over a saturated porous bed. The solution of the equation results in the variation of pore
pressures in saturated sediments for tidal change in the FRD at the time of failure in 1985.
Based on the Tide Tables, published by the Department of Fisheries and Oceans, Ottawa,
Canada, the maximum tidal variations during the period of failure in 1985 were computed
to be about 5 m with a period of about 16 hr . The time span of the tide from its peak to

its low is about 8 hr. Actual field measurements of pore pressure response were made
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over a month-long period, using a seabed monitoring array (Christian et al., 1997). These
data were in agreement with predictions in the analysis described herein.

The solution of Equation 3 can be obtained using finite-difference methods. The tide-
induced pore pressures are observed to be in phase with the tidal variation. The pore
pressure response is a function of magnitude of tidal loading and permeability and
compressibility characteristics of the porous medium. No residual pore pressures remain
during low tide conditions. Hence, there are no changes in the effective stress conditions.
The one-dimensional undrained analysis demonstrates that tidal drawdown cannot trigger
flow liquefaction of deep saturated sand deposits at the mouth of the Main Channel of the

Fraser River.

Tidal drawdown on gaseous sediments

It has been observed that gases expand and come out of solution in undisturbed samples
of marine soils because of the release of the total stress. The presence of methane gas is
quite common in marine soils, as a by-product of decomposition of organics. As gas is
generated in the soils, the degree of saturation decreases. High concentrations of methane
has been observed in pore fluid samples of the FRD (Christian et al., 1997). Esrig and
Kirby (1977) have examined the relationship between the in-situ degree of saturation and
the degree of saturation which would be measured in a sample at atmospheric pressure.
Estimates of the degree of saturation in the samples showed lower values than those that
must be present in the field. They also observed that the degrees of saturation in the field

were always greater than 85%.

Fredlund and Rahardjo (1993) proposed that air bubbles are of spherical form in an
occluded zone within the pore fluid (S = 100% -80%). The pore air and pore water

pressures are assumed to be equal in the occluded zone. Hence, the normal definition of
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the effective stress principle for saturated soils remains unchanged for soils with occluded
air bubbles in the pore water. However, the presence of bubbles renders the pore fluid

much more compressible than if the pore fluid were saturated.

Fredlund and Rahardjo (1993) state that the compressibility of an air-water mixture is
predominantly influenced by the compressibility of the free air portion and also observe
that the inclusion of even 1% air in the soil is sufficient to significantly increase the pore
fluid compressibility. As the percentage of air increases to about 15% (S = 85%) the
compressibility of the pore fluid can be as much as the compressibility of the soil
skeleton. The presence of gas bubbles, such as methane, in pore water may change the
compressibility of the gas-water mixture. However, it is assumed that the compressibility
of pore air-water mixture and the compressibility of gas-water mixtures are of the same
magnitudes. This assumption is reasonable because the isothermal compressibility of

air/methane is equal to the inverse of the absolute air/methane pressure.

The mathematical model of the effect of tidal variations on gaseous sediments (Equation
1) requires the porosity of the soil skeleton and the compressibility of the pore fluid. It is
estimated previously (Figure 11a) that the in-situ void ratio of the sand deposits in the
failure zone is about 0.98 to 1.00. A lower bound value of 0.49 is used for porosity in the

present analysis.

The in-situ degree of saturation in the marine sediments is now estimated to be between
85% to 100%, based on in-situ fluid/gas testing (Christian et al., 1997). However, no
data regarding the in-situ degree of saturation is available for the time of the failure in
1985. Hence, it is reasonable to investigate the influence of pore fluid compressibilities
on the response of sediments for tidal variations over the range of degree of saturation

(100% - 85%). It was demonstrated that low tides can not initiate flow liquefaction
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failures in saturated sediments. Hence, the analysis can be carried out at different degrees
of saturation (99% - 85%). However, small percentages of gas may go into solution in
the pore fluid during flood tide. When the gas dissolves in the solution, the pore fluid can
be treated as fully saturated. Hence, the present analysis considers the degrees of

saturation of the sediments between 98% to 85%.

Table 1 presents the values of different pore fluid compressibilities over the range of
degrees of saturation, obtained from the analysis done by Fredlund and Rahardjo, (1993).
For fully saturated sediments (S = 100%), the compressibility of pore fluid is negligible.
However, the compressibility of pore fluid for the degrees of saturation between 98% to
85% is considerable relative to the compressibility of the FRD sand skeleton, which is

obtained from the laboratory testing of the sand samples.

Equation 1 describes the pore fluid response in gaseous sediments for tidal loading. As
previously discussed, the maximum tidal variation at the time of the flow slide in the
FRD was about 5 m with a period of 16 hr. The pore fluid response is obtained using
finite difference methods for a degree of saturation of 98%. Figure 11 presents the
response of the pore fluid with a gas of 2% for a depth of 36 m. It can be observed that
the tide-induced pore pressures are out of phase by about 1 hr 25 min. in gaseous
sediments. A residual pore pressure of about 13 kPa can be observed at low tide. Hence,
a partially drained condition prevails in the sediments during low tide. The amplitude
change of pore pressure is about 30% of the total stress variation. Thus, the effective
stress conditions change in the sediments due to tidal variation. During low tide

conditions, gas tries to expand and thus increases the pore pressures.

The recent deposits in the FRD have degrees of saturation ranging between 85% to 100%.

The influence of the saturation can be observed in the excess pore pressures that exist
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during low tide conditions. Over this range of saturation, the magnitude of the excess
pore pressures increase with a decrease of degree of saturation. The smaller the degree of
saturation the greater the time lag. However, the variation of the excess pore pressures
with the decrease in saturation is not pronounced. For the tide of 5 m with a period of
16 hr, excess pore pressures of about 13 kPa and 17 kPa are observed at low tide
conditions for 98% and 85% saturation, respectively. This is because the compressibility
ratio (r) of soil skeleton and pore fluid does not change significantly at lower degrees of
saturation (Table 1). Hence, a stress path evaluation for the changes in pore pressures at

S =98% is reasonably valid to embody the effect of different degrees of saturation.

Stress path evaluation due to tidal drawdown on gaseous sediments

As discussed previously, the in-situ stress states are close to the CSB before the 1985
failure occurred. The effect of the tidal variation is examined on the in-situ stress state of
sediments at a depth of 36 m (node 616) and is presented in the Figure 12. The stress
path (Figure 12b) shows that the shear stress is essentially unchanged during the tidal
drawdown. Tidal variation will not apply any additional shear stresses on the sediments.
From Figure 11, it was observed that the pore pressures are partially dissipated during the
rise of the tide. This indicates that the mean effective stress, p', increases with the rising
tide as shown in Figure 12b. The mean confining stress increases from a value of
220 kPa to 236 kPa. Figure 11 also shows that residual pore pressures remain as the tide
recedes to its low value. The stress path during this phase (Figure 12b) shows that the
mean confining stress decreases from the value of 236 kPa to about 200 kPa with a
constant shear stress value. At the extreme low tide stage, the mean confining stress

reaches its lowest value along the constant shear stress path.

24



During the partial dissipation of pore pressures, volume changes also occur in the
sediments, that is, changes in void ratio occur due to tidal variation on the gaseous
sediments (Figure 12a). It was determined previously that the void ratio of the stress
state of the sediments in the FRD at a depth of 36 m is about 0.98. During the increasing
tide, the increase in effective stress of the sediments represents a slight decrease in the
void ratio that is, a small amount of consolidation occurs in the sediments. During the
decreasing tide, the change in the void ratio indicates that the void ratio increases by a
small amount. However, the change in the void ratio is very small since, the loading and
unloading cycles are essentially elastic and do not exceed the threshold strain. Therefore,

no soil hardening is expected.

As presented previously, any attempt to cross the CSB can result in collapse of the soil
structure of the sediments and lead to rapid generation of pore pressures causing flow
liquefaction. The observed stress path from the tidal variation of 5 m on the gaseous
sediments (S = 98%) is in the constant shear stress plane. During low tide conditions, the
gas expands slightly and the stress path can reach the CSB during this phase and attempt
to cross the boundary.  Structural collapse of the sediments can then occur.
Consequently, the sediments can fail in an undrained manner. Figure 13 shows the CSB
defined for an undrained test at a void ratio of 1.0. The calculated stress path at a depth
of 36 m clearly reaches the CSB at the extreme low tide conditions and eventually, the
sediments can experience flow liquefaction. Thus, the specific stress path explains the

triggering of flow liquefaction at an extreme low tide.

Development of Flow Slides

It has been observed that the state of the fresh deposits of the FRD have a potential for

flow liquefaction. The triggering of liquefaction of gaseous sediments at the in-situ stress
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state during low tides can cause the development of an initial flow slide in the sediments.
The loss in shear strength in the liquefied material can result in an initial flow slide. A
model developed by Gu et al. (1993) describes the development of flow slides. The
initial flow slide removes support for the remaining contractant gaseous sediments.
These sediments will also be experiencing partially drained residual pore pressures during
low tides. However, these pore pressures may not be sufficient to bring the state of the
sediments on to the CSB. An undrained stress redistribution, as presented by Gu et al.
(1993), can cause strain softening of the remaining unsupported sediments, which results
in another flow slide. Progressive failure of the deposits, thus, continues generating a
retrogressive flow slide. The slides cease to progress when a dense state of deposits or a
stable back scarp is encountered. The mechanism explaining the triggering of flow
liquefaction is consistent with the occurrence of retrogressive flow slides in river deltas

during low tides.

Additional Mechanisms

Currents associated with tides and dredging are also believed to contribute to the
initiation of flow liquefaction of the sediments. Erosion due to currents may cause local
over steepening resulting in undrained local failures. Hence, it is not thought to be a
contributing mechanism for a major failure, but may be the mechanism producing
numerous small gravity flows observed in soil investigations at Sand Heads (Christian
etal., 1997). Uncontrolled dredging operations may also induce local oversteepening in
the sediments. Therefore, this may also lead to local undrained failures at shallow depths.

Dynamic loading from ship’s propellers may also initiate shallow flow slides.

The environmental conditions in the FRD suggest that the failure could have occurred on

2 July, 1985 when there was an extreme tide variation of about 5 m. The environmental
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processes, such as sedimentation, low tide conditions and gas in the sediments,
contributed to the failure. This conclusion is based on the assumption that the sediments
in the delta had degrees of saturation between 98% to 85%. Samples of pore fluid in the

Fraser River Delta have shown the presence of gas in the sediments.

Conclusions

Liquefaction flow slides are quite common in active river deltas and fjords. The flow
slides are caused by triggering of flow liquefaction in loose sandy soils. These flow
slides can be triggered either by dynamic loading or by static loading. In the Fraser River
Delta, the occurrence of flow slides appears to be spread over the whole year. An
analysis investigating the contributions of different environmental processes for a
liquefaction flow slide that occurred in 1985 in the FRD has been carried out. An
evaluation of sedimentation in the delta as a triggering mechanism shows that
sedimentation may not initiate flow liquefaction failures, but it can develop high shear
stresses that can bring the in-situ stress state of the sediments close to the collapse
surface. Surface waves in the FRD cannot initiate deep seated flow failures, however,
they can trigger shallow instability. An investigation of the effect of tidal drawdown on
saturated sediments shows that the effective stress state of sediments remains unchanged
and tidal drawdown cannot trigger flow liquefaction of the saturated sediments.
However, gas generation within the sediments of the FRD induces desaturation in the
sediments. The effect of tidal drawdown on gaseous sediments reveals that there will be
residual pore water pressures in the sediments during low tide conditions and can lead to
triggering of flow liquefaction failures during extreme low tide conditions. Progressive
failure of sediments can develop retrogressive flow slides. Currents and dredging
operations may also initiate local instability. The conclusions derived from the analysis

may be used for explaining liquefaction flow slides in other river deltas.
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Figure 10. Characterization of the stress state
in the fresh deposits of the FRD
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Figure 12. Stress path due to a tide of 5 m (when S=98%)
a). e-p’ plane b). p’-q plane
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Figure 13. Influence of tidal drawdown on contractant state boundary surface



