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Abstract: In some regions the clay banks of the St. Lawrence River along the Montreal to Lac
St. Pierre reach have recession rates of up to 1 to 3 m per year. The banks are formed of
structured marine clays of the Champlain Sea (Leda clay). In this laboratory study, undisturbed
samples of this inorganic clay of high plasticity, taken at Iles de Verchéres, were subjected to a
unidirectional current and a constant wave climate to investigate the mechanisms of erosion and
the factors influencing erosion rates. Initially surface erosion resulted in the formation and
enlargement of cracks, and the smoothing of competent surfaces. The dominant erosion process
was a mass erosion of the blocks of clay delineated by the cracks. Desiccation or weathering
significantly increased erosion rates, as tension cracks formed due to drying and, upon re-
wetting, the formation of micro-fissures resulted in disintegration into small easily erodible
flakes. The estimated critical shear stress of the samples was 6-20 Pa. For the St. Lawrence
River, these results suggest that waves are the dominant erosion mechanism, with shipping
contributing significantly to the erosion of banks close to the navigation channel. Weathering

caused by wetting and drying from changing water levels or wave run-up greatly increases

erosion rates.

Key words: Erosion, Leda clay, undisturbed clay, natural clay structure, St. Lawrence River,
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Introduction

In some regions the clay banks of the St. Lawrence River along the Montreal to Quebec City
reach have recession rates generally of up to 1 to 3 m/yr (Panasuk 1987, D’Agnolo 1978, Argus
Groupe-conseil 1991). Between 1964 and 1983, a period for which the water levels in the St.
Lawrence River were higher than those observed in recent years, rates up to 6 m/yr were
observed (Dauphin, 2000). 440 km of shoreline suffer erosion to a certain extent between
Cornwall and Montmagny (Lehoux 1996; Dauphin 2000). The most active reach is from
Montreal to Sorel, where 80% of the banks are within 800 m of the navigable channel (Lepage et
al. 2001). The suspended sediment budget between Cornwall and Quebec City shows that shore
erosion contributes between 30 to 65% of all the suspended sediment (or 1.7 to 4.5 x 10° tons/yr)

that is exported to the St. Lawrence estuary at Quebec City (Rondeau et al. 2000; Dauphin

2000).

This laboratory study investigated the mechanisms of erosion and the factors influencing erosion
rates for undisturbed samples of the Champlain Sea clay which forms the banks of the St.
Lawrence River. Samples were collected from the Iles de Verchéres in the Montreal to
Contrecceur reach of the St. Lawrence River where increased erosion rates have been found
(Figure 1). This work is a sub-project of a larger study which aims to develop a 2-D
hydrodynamic model of sediment transport, including that due to bank erosion, in the St.

Lawrence River (Lepage et al. 2001; Lepage and Richard 2001).

The erosion of cohesive sediments or clays is very complex and is a function of sediment

composition, microscopic and macroscopic clay properties, clay fabric, pore and eroding fluid
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composition, consolidation pressure, pH, thixotropy and temperature. The amount and rate of
erosion also depend on the eroding agent — waves, current, rainfall, runoff, weather and water
levels. Studies have shown that erosion of undisturbed samples of clay occurs predominately at
fissures and planes of weakness by removal of blocks and flakes of clay. Champlain Sea clay
contains many fissures and planes of weakness and is likely to erode in this manner. It is

therefore important to test undisturbed samples to take account of the effect of the natural clay

structure on its erosion characteristics.

Literature Review

Erosion of cohesive sediments on banks and shorelines can occur due to currents and wave
action exerting a shear stress on the sediment. When the shear stress exceeds the shear strength,
erosion occurs. Waves breaking on a sediment surface can exert shear stresses larger than those
exerted by most river currents, and the breaking of the waves causes oscillating shear strains in
the sediment (Vallejo 1980; Maa & Mehta 1987). Wave erosion of cohesive sediments occurs at
the zone of dominant wave breaking, with changes in water levels shifting this zone (Bishop et
al. 1992). This results in the recession of a cohesive bluff being controlled by the downcutting
of the nearshore profile (Kamphuis 1987). As the bluff recesses the foreshore erodes to maintain
its slope. Breaking and plunging breakers are much more erosive than spilling breakers (Skafel
1995). Studies on the erosion of the clay banks of the St. Lawrence River in the Montreal to
Quebec City reach have identified ship’s wakes and wind waves as the main eroding agents, with
ice effects, currents and water level fluctuations also contributing (D’Agnolo 1978; Ouellet &

Baird 1978; Panasuk 1987; Dauphin 2000).
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Shear stress over cohesive sediment beds results in several modes of erosion, which can be
roughly classified as surface erosion, mass erosion and entrainment of fluid mud in the order of
decreasing shear stress. Surface erosion occurs when flocs or particles are entrained due to
hydrodynamic lift and drag forces, which break up inter-particle bonds. For clays, surface
erosion is seen as smoothing or pitting of the surface and also occurs at discontinuities (Krone
1999). Mass erosion occurs when the sediment fails at an embedded plane and a block of
sediment is removed or brought into suspension shortly thereafter. The structure of the sediment
and strength of the planes of weakness determine sediment breakup (Lefebvre ef al. 1985).
Entrainment of fluid mud is due to flow induced destabilization resulting in entrainment and
mixing of the fluid mud with the overlying flow. This usually occurs only for freshly deposited
samples with a very high moisture content, typically found in estuaries (Mehta 1991). Increased
erosion and erosion rates occur when sand is present in the eroding fluid due to sand blasting or

milling of the cohesive sediment (Kamphuis 1983; Kamphuis ef al. 1990). In this case critical

shear stresses are in the range of the critical shear stress of the sand.

For remoulded clays, bulk geotechnical properties can be used to predict erosion rates. The
critical shear stress of the sediment varies with its shear strength, consolidation pressure or
plasticity index (Ariathurai & Arulanandan 1978; Kamphuis 1983). However, erosion of
undisturbed samples cannot be predicted by bulk soil properties (Partheniades 1965; Lefebvre et
al. 1986; Kamphuis et al.1990; Samad et al.1995) because it is the local properties that control

erosion (Zreik et al. 1998).
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The few studies on undisturbed samples have been performed in flumes (Rohan ef al. 1980,
Kamphuis et al. 1990), in a modified rotating cylinder apparatus (Chapuis 1986), by a drill hole
method (Lefebvre er al. 1985, 1986) and in a wave tank (Skafel & Bishop 1994). Table 1
summarizes the results of these tests, which give critical shear stress values ranging from 0 to
over 450 Pa depending on the source of the clay and hence its varying natural structure and
defects. Erosion of these samples began at zones of weakness such as cracks, fissures, silty
pockets and planes of weakness, and proceeded by a mass erosion process, in which blocks or
flakes of sediment were removed (Lefebvre & Rohan 1986; Kamphuis ef al. 1990; Skafel &
Bishop 1994). These tests confirm, that when undisturbed and unweathered, these clays are very
resistant to erosion (Rohan et al. 1980; Lefebvre ef al. 1985; Lefebvre 1986; Skafel & Bishop

1994) and that when weathered, having more fissures, they can have very high erosion rates

(Lefebvre et al. 1985).

The in situ moisture content affects the clay structure and is an important factor influencing
runoff erosion resistance of clayey soils. Rapid wetting of soils with low initial moisture
contents causes slaking, where entrapped air forces its way out breaking apart the aggregate.
The water brought in during rapid wetting causes differential swelling resulting in
microfissuration or the creation of planes of weakness (Panabokke & Quirk 1957; Le Bissonais
et al. 1989; Truman et al. 1990; Govers & Loch 1993). The breakup of the cohesive sediment,
and correspondingly the susceptibility to erosion, increases with lower initial moisture content,
increased rate of wetting and successive wet-dry cycles. This is relevant to cohesive river banks,
as shown by the greatly increased erosion rates of dried samples of undisturbed cohesive

sediment, which can be considered equivalent to weathered river banks (Lefebvre et al. 1985).
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Rates of erosion of cohesive river banks thus depend on the combination of the temporal

variations of in situ bank moisture content and the magnitude and duration of wave or current

action (Hooke 1979; Lawler 1992).

The effects of vegetation on the rate of erosion of cohesive sediments are complex and, while
most effects increase erosion resistance, others decrease it. The canopy of the plant protects the
ground from rain, wind and frost, and if submerged it decreases the erosive forces by decreasing
the flow velocity due to the current or waves at the soil surface. The root system strengthens the
soil by transferring the shear stress in the soil to tensile stress in roots via the skin friction of the
root (Coops ef al. 1996; Thorne 1990). However, decayed dead roots will leave voids and holes,
reducing cohesion and allowing ingress of water that can result in freeze-thaw damage (Thorne
1990). Desiccation of the soil from trees and other vegetation can occur, particularly during
droughts. There are several more subtle effects and their interaction and combined effects are

not completely understood.

Experimental Study

This study was undertaken to determine the importance of factors influencing the rates and
mechanisms of erosion of the Champlain Sea clay banks of the St. Lawrence River between
Montreal and Contrecceur. Laboratory erosion tests were performed on undisturbed samples to

model field behaviour as closely as possible.

Two sets of erosion tests were performed. In the first set, samples were subjected to a

unidirectional current and the effect of flow velocity, presence of plant root matrix, and moisture
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content was measured. In the second set, samples were subjected to a constant wave climate and

the effect of bank slope, presence of plant root matrix, and moisture content was measured.

Collection of Undisturbed Riverbank Samples

To relate the results of this study directly to the phenomena occurring in the St Lawrence River,
undisturbed samples from the study reach were used in order to have representative material
properties such as structure, moisture content, composition and vegetation levels. Fifteen
samples were collected from the south shore of Iles de Verchéres and two from the south shore
of the St. Lawrence River just upstream of Contrecceur. This was to check that the clay deposit
was similar on both sides of the channel. Samples were collected at low water levels and all
samples were taken just above the water level on the gently sloping foreshore (slope of 0.02 to
0.07) below the steep backshore bluff in the strata of gray and compact clay, which is overlain by
a thin layer of sand (Figure 2). The water level of the St. Lawrence River was fluctuating during
the sampling period (May — June, 2000) due to precipitation events and temperature changes
modifying runoff rates and hence the river discharge. As the samples were taken during low
water level periods, they did not have significant surface weathering. Vegetation on the banks is
found primarily on the backshore bluff, however as the summer progresses and the water level

decreases, seasonal vegetation is also found on the gently sloping foreshore.

The following sampling method was developed to minimize disturbance to the sample (Figure
3). A metal frame (0.4 m x 0.6 m x 0.15 m deep) was carefully pushed into the clay and the clay
around the frame removed. A metal cutting sheet cut the sample from the underlying clay. The

winch attached to the sheet ensured that the sheet could be pulled slowly and evenly through the
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clay to avoid major disturbances to the sample. The sample was transferred to a plywood sheet,
wrapped in plastic, sealed with paraffin wax and stored in a humid room until testing. Prior to
testing, the sides of the samples were trimmed using a wire cutter to 0.30 m x 0.45 m, but the top

(testing) surface was left untouched. Standard soil testing procedures were used to determine the

properties of the clay.

Flume Studies

The erosion at the bed of a channel having a unidirectional current was investigated. The test
flume used was a tilting flume with a width of 0.30 m, depth of 0.45m, length of 9 m, a slope of
up to 0.04 and a maximum flow rate of 100 I/s (Figure 4). A false floor was installed in the
flume and the sample was placed in a recessed box. The box was fitted with a lifting mechanism
so that the top of the sample could be adjusted to be flush with the false floor of the flume. Once
the sample was placed in the flume it was subjected to a constant flow velocity and its erosion
observed, its surface profile measured and its appearance recorded with a camera. Once erosion
at a given velocity had decreased to a negligible rate, the flow velocity was incrementally
increased and the procedure repeated. This continued until the maximum flow velocity of the
flume was reached. Starting with the third sample, the samples were pre-soaked for 72 hrs to
allow for swelling of the sample. This allowed erosion rates to be estimated, as volume changes
were due only to erosion rather than the combined effect of swelling and erosion. The limitation
of using an open channel flume for the experiments was the low range of possible flow

velocities.
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Wave Tank Studies

The erosion due to breaking waves at the shore was investigated. The wave tank used was of the
paddle wave generation type (Figure 5). The tank was 4 m long x 0.30 m wide x 0.50 m deep.
The sample was recessed into the bank so that the surface was flush with the bank slope of either
0.18 (10°) or 0.36 (20°). The mean water level was at the midpoint elevation of the sample and
corresponded to a water depth of 0.25 m. The paddle-generated waves had an average wave
height of 0.06 m, average wave period of 0.8 s and a wavelength of 1.0 m. The waves are
classified as transitional waves (with depth/wavelength = 0.25, USACE 1984), which were
observed in the tests to be surging waves for the 10° slope and surging-plunging waves for the
20° slope. This wave climate could result from wind action at the field site. For each
experiment, the sample was subjected to the waves for a period of time, after which
measurements were taken to determine the volume of eroded material and the sample was
photographed. This continued until either the sample was completely eroded or 7 days had

elapsed.

Results

The cohesive sediment samples from the two locations in the study reach were very similar
indicating the deposit is not a localized deposit. They were a Champlain Sea clay, which is a
pseudo-consolidated post-glacial sediment deposited in brackish water at the end of the last ice
age on the bed of a major inland arm of the ocean called the Champlain Sea (these clays are also
known as Leda clays). This is a cemented clay, in which the particles were deposited with edge
to face contact rather than the face to face contact of particles deposited in fresh water (Sangrey

1972). The soil is classified as an inorganic clay of high plasticity (CH), with 75% clay sizes,

10
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15% fine silt and 10% greater than fine silt sizes. The moisture content was 57% =£3, the liquid
limit 72% %3 and the plastic limit 20%=1.5, giving a plasticity index of 52%24. A high degree
of homogeneity was found between the samples collected. The composition of the sediment was
35 to 60% phyllosilicates, 25 to 50% quartz, feldspar and amphibole and 5 to 15% dolomite and
calcite (Lepage et al. 2001). (Note these cemented clays are a unique type of clay having a
different behaviour to that of non-cemented clays. They have water contents above the liquid
limit, have low strain rates up to the yield point where the cementation bonds rupture, and have

large strain rates and the possibility of liquifaction beyond the yield point (Sangrey 1072).)

Erosion Due to a Unidirectional Current

Six samples were subjected to an incrementally increasing unidirectional current, whose
velocities fell in the range of ~ 0.2 to 1.8 m/s. A summary of the tests is given in Table 2,
detailing the sample characteristics, velocity range, erosion period, critical velocity and estimated
critical shear stress. Mass erosion was the dominant erosion process and the 1 to 30 mm range in

size of the eroded blocks was dependent on the natural structure and fissuration of the sample.

For the samples at their natural moisture content subjected to a unidirectional current, the erosion
was minimal until the velocities reached 0.5 to 1 m/s. Once erosion had begun at a particular
velocity, the rate of erosion was initially rapid then decreased with time, becoming zero at some
point. On some of the dense uncracked or competent surface areas of the sample no significant
surface erosion was seen, but the surface became polished with time. On other competent
surfaces some pitting was seen. As the erosion progressed cracks and fissures became visible.

These enlarged with time due to preferential surface erosion along the planes of weakness due to

11
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the natural clay structure. The surface erosion was also indicated by the cloudiness of the water
due to the suspension of the eroded clay particles. The enlarged cracks delineated blocks of clay,
which were then eroded in a mass erosion process (Figure 6a). The presence of roots in the
sample had two opposing effects. First the presence of the roots resulted in a greater number of
cracks and fissures in the clay making it more susceptible to erosion. However, once a block of
clay became isolated by the cracks, the roots slowed down its removal from the sample. The
volume of clay eroded over the erosion period of 12 to 70 hrs for the samples at their natural

moisture content was visually estimated to be 0.5 to 2 liters, i.e. of the same order of magnitude

as for the wave tests. Most of the eroded volume was due to the mass erosion of the blocks.

Submitting the sample to drying before the tests, which is equivalent to weathering, resulted in
dramatically increased erosion. The effect of drying was to increase the number of tension
cracks and fissures. In addition, upon re-wetting of the sample, when it was exposed to the flow,
the very rapid water uptake resulted in differential expansion and formation of micro-fissures.
The erosion of the resulting 0.5 to 2mm flakes of clay was very rapid, with the whole sample

disintegrating and eroding in less than half an hour.

The critical velocity of the samples was defined as the point at which the erosion rate increased
dramatically, this was determined visually. An estimation of the critical shear stress was
calculated by assuming Keulegan’s logarithmic velocity profile for rough turbulent flow (shear

Reynolds number, U* ky/v, greater than 70) to calculate the shear velocity.

[1] RN R Y
U* K \k

N

12
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where u is the velocity at depth z, U* is the bed shear velocity, K is von Karman’s constant, 4 is
the height of the roughness and v is the kinematic viscosity of water. As surface velocities were
measured, u is the surface velocity and z is the flow depth. The roughness height of the eroding

sample was estimated to be 1 to 3 cm, which was the surface roughness due to the erosion of clay
blocks. Critical bed shear stress, 7., was then calculated.

[2] 7, =pU*

where p is the density of the water. This resulted in estimated critical shear stresses of 6 to 20 Pa
for the undisturbed samples at their natural moisture content and much lower values for the

desiccated samples. This is in the range of all previous results, given in Table 1, except for those

of Lefebvre et al. (1985, 1986), which will be discussed further below.

Erosion Due to a Constant Wave Climate

Ten samples were subjected to a constant wave climate for up to 336 hours or until the complete
sample had eroded. A summary of the tests is given in Table 3, detailing the sample
characteristics, erosion period, eroded volume, rate of erosion and average size of largest block
eroded. Note that the applied shear stress cannot be determined under breaking waves.
However, the observed erosion rates allowed for a relative comparison of susceptibility to

erosion.

At the start of the tests, the waves initially removed the sand layer lying on the sample’s surface.
As erosion progressed some surface erosion occurred as indicated by the cloudiness of the water
due to suspension of the clay particles. The surface erosion was visible as a smoothing of

competent surfaces and in the development of cracks. Under the breaking waves, the additional

13
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turbulence at the discontinuities and the oscillating pressures and shear stresses resulted in
enlargement of cracks and fissures. This crack system, which is a function of the natural
structure of the clay, began to delineate blocks (Figure 6b). These were then removed in a mass
erosion process due to the combined action of the lift and drag forces due to the turbulent flow
velocities and to the oscillating pressures in the breaking waves. The erosion occurred

predominantly at the point where the plunging breakers were crashing onto the sample for the

samples without roots, but for the samples with roots the erosion was more even over the sample.

Erosion of the samples at their natural moisture content occurred predominantly due to mass
erosion, as blocks of clay delimited by the cracks, with a size range of < 1 mm to ~50 mm for
their longest axis, were removed. The effect of an increased bank slope, from 0.18 to 0.36, was a
doubling of erosion rates and an increase by approximately 20% in the maximum size of the
eroded particles (Figure 7a for the 0.18 slope and Figure 7b for the 0.36 slope). The effect of the
root matrix in the sample was complex, both increasing the number of cracks and slowing the
removal rate of loosened blocks. These tests indicated that the net result was a reduced erosion,
with the effect lessened for the pre-soaked sample and not discernable for the dried sample. The
presence of the root matrix also resulted in an increase in the swelling of the sample during pre-
soaking as the roots allowed greater penetration of the water. Pre-soaking the sample increased
the moisture content of the surface, hence softening it, and resulted in a small increase in erosion
rates. The effect of reducing the initial moisture content of the sample by drying (equivalent to
weathering), samples 7 to 10, resulted in dramatically increased erosion of the desiccated
material. The drying increased the number and extent of the tension cracks and, upon re-wetting

of the sample by the waves, differential expansion of the clay resulted in the formation of micro-

14
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fissures. The sample disintegrated into 0.5 to 2 mm flakes that eroded very rapidly, resulting in

complete erosion of the sample in less than 2 hours (Figure 8).

Summary

The process of erosion of the clay was, in general, quite similar for all tests on samples at their
natural moisture content (i.e. non-desiccated), both that due to a current and that due to waves.
Some of the samples had a thin layer of sand lying on the surface; these particles were quickly
removed as soon as the flow or the waves were started. Erosion then proceeded as small cracks
and fissures appeared and were enlarged in a process of surface erosion. Surface erosion, visible
as polishing, also occurred to a small amount on the surfaces surrounded by the cracks. As the
cracks enlarged they began to isolate and loosen blocks of clay. These blocks were then eroded
in a mass erosion process as they were removed once the flow or wave turbulence was large

enough. Figure 6 shows typical samples during the erosion process.

The desiccated samples showed greatly increased erosion both due to a current and due to waves.
Drying increased the number of tension cracks and, with re-wetting of the samples, the formation
of micro-fissures resulted in the sample disintegrating into 0.5 to 2 mm flakes. The samples

were then very susceptible to erosion and completely eroded in under 2 hours.

Discussion
Mass erosion was the dominant type of erosion due to the presence or development of cracks and
fissures in the clay, which are a function of the natural sediment structure and of weathering.

Therefore the most important factors in causing the high erosion rate of the clay banks of the

15
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Montreal to Contrecceur reach of the St. Lawrence River are the natural structure of the clay and
the degree of weathering of the clay. Figure 9 shows the natural structure of the clay in the

banks of the St. Lawrence becoming apparent due to weathering. The clay ‘“stones” on the

shoreline are evidence of the mass erosion process occurring.

The estimated critical shear stress in this study for the undisturbed samples at their natural
moisture content ranged from 6 to 20 Pa. This is within the range of the results in the literature
except for the results of Lefebvre et al. (1985, 1986). Lefebvre reported critical shear stresses
from 100 to 470 Pa for the Champlain and Tyrell Sea clays. These clays are cemented and,
hence, have very strong inter-particle bonds and high resistance to surface erosion. The samples
were collected at depth, hence were unweathered and would have had few or no fissures. In
addition, in the drill hole test a 6.35 mm diameter hole is drilled in the sample, and it is this area
which is exposed to the flow. The low surface area exposed reduces the possibility of blocks
being removed, which is the main erosion mechanism found for the cemented Champlain Sea
clay of the present study. Therefore any erosion observed in the drill hole study is due to surface
erosion, which requires a higher applied shear stress. The other studies on undisturbed clays at
their natural moisture content, that have reported similar critical shear stresses, have also
reported erosion processes similar to those of the present study, i.e. dominated by mass erosion,
with the natural structure determining the failure planes. The extremely low resistance to erosion

of the desiccated samples was also reported by Rohan et al. (1980).
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In the unidirectional current tests, the critical velocity was in the order of 1 m/s. A unidirectional
current will not cause much erosion of unweathered clay along the banks of the St. Lawrence,

because currents of >0.3 m/s are not found along the banks in this reach.

Wave erosion is therefore the dominant agent of erosion and is focused in the breaking zone at
the shoreline. Breaking waves result in very turbulent flows with high local velocities, high
impact forces in the breaking waves and varying pressure forces in the cracks caused by the
wave action. Increased bank slopes result in increased erosion due to the higher erosive forces of
the more abruptly plunging waves and due to the lower resistive force of the clay blocks on the
steeper slopes. Waves of any type will result in erosion with more erosion occurring the longer
the duration of the wave attack or the larger the magnitude of the waves. The impact of the
longer duration waves would tend to suggest that wind generated waves are more important than
ship generated waves when the banks are exposed to long fetches. However, in the study area,
where the effective fetch is less than 3 km and the shore is close to the shipping channel, ship

wakes play a dominant role in the erosion processes.

A study by Ouellet & Baird (1978) suggested that an evaluation of the energy contained in a
wave train could be used to assess the relative importance of wind waves and shipping waves on
erosion rates. More recently Dauphin (2000) used this method to estimate that between 50% and
60% of the bank erosion is due to commercial shipping, when the distance separating the shore
and the shipping channel is less than 400m. Oscillatory currents of the order of 1 m/s occur at
the shoreline under the breaking long period surges resulting from the drawdown that

accompanies the passage of a ship. At the sampling site, surge periods of 1-2 minutes and water
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level oscillations of 0.5 — 1.0m, that continued for 10 to 20 cycles with decreasing magnitude
were observed (Panasuk 1987; Lepage et al. 2001). More than 10,000 vessels a year use the
shipping channel and the change in water level caused by their passage is ~70% of the mean
annual water level fluctuation. Shipping is then an import erosive agent due both to the

magnitude of the waves and accompanying large local velocities, and due to their contribution to

the wetting and drying, hence weathering of the banks, and thus their increased erodability.

Any desiccation of the bank followed by a rapid wetting, or weathering, will result in significant
erosion. Figure 9 shows a typical bank showing the effect of desiccation or weathering.
Desiccation will occur any time that the bank is exposed to dry air, either due to low water
levels, loss of protective vegetation or a period of time without precipitation. The loss of
moisture causes a shrinking of the clay and the formation of tension cracks. This results in a
macroscopic clay structure of blocks of material separated by cracks with little cohesion between
adjacent blocks. The formation of micro-fissures and disintegration of the structure of the clay
blocks into small particles and 0.5 to 2mm flakes will result due to differential expansion and
deaeration from the rapid wetting caused by rising water levels, wave run-up, precipitation or the
surge caused by a passing ship. An experiment showed that deaeration becomes a dominant
process when the water content of a rewetted sample is lower than 30 to 35% before rewetting.
Therefore, upon rewetting, the desiccated clay is very susceptible to erosion by rain, overland
flow, current or wave action. Figure 10 illustrates the disintegration of a desiccated clay sample
when immersed in water. When rewetting is due to changing water levels it is, therefore, their
fluctuation and frequency of fluctuation rather than their absolute magnitude that results in

significant erosion. Also, once the clay banks have been weathered, even the low velocities
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found at the banks of the St. Lawrence River will erode the weathered clay until clay of a higher

moisture content and lower erosivity is reached.

Vegetation has a number of influences on the erosion of the banks. Figure 11 shows a bank on
Iles de Verchéres with typical early summer vegetation and the results of erosion of a mature
tree. The root matrix of vegetation increases the number of small cracks in the clay, and water
uptake by plants will lower the moisture content of the clay, both of which will increase erosion.
The canopy will reduce the flow velocities at the water/clay interface when submerged. The
canopy and plant mulch will shade the clay above the water line reducing drying. The net effect
of these influences is usually reduced erosion. Therefore loss of vegetative cover is likely to
have contributed to increased erosion along the banks of the St. Lawrence River. In addition,
experiments were performed that show that the presence of roots in the clay matrix increases the
breakdown of this type of material when air temperature changes cause cyclic freezing and
thawing of the moist bank. This suggests that unlike the summer period, the presence of

vegetation in late winter - early spring may increase erosion of the bank.

Conclusions

Undisturbed samples of the Champlain Sea clay (Leda clay) from the banks of the Iles de
Verchéres in the St. Lawrence River, where erosion rates of 1 to 3 m/yr have been observed,
were tested in the laboratory under a unidirectional current and a constant wave climate to
investigate erosion mechanisms and factors affecting erosion rates. Waves were the dominant
eroding agent. Mass erosion was the most significant erosion process and was determined by the

natural structure of the clay. Erosion occurred as larger blocks of material, delineated by cracks

19



Author accepted version. Final publication as:
Gaskin, S.J., Pieterse, J. AlShafie, A. & Lepage, S. (2003) Erosion of undisturbed clay samples from the banks of the St.
Lawrence River, Canadian Journal of Civil Engineering, 30: 585-595. doi: 10.1139/L03-008

and fissures defined by the planes of weakness in the clay, were dislodged and removed. The

planes of weakness were a characteristic of the natural structure of the clay, and were both the

point of initiation of erosion and cause of mass erosion. Desiccation followed by rapid

rewetting, equivalent to weathering, had the most significant impact on erosion rates, with rates

increasing by several orders of magnitude. Moisture loss caused tension cracking of the clay,

and upon rapid rewetting it disintegrated into small easily erodible flakes. The presence of a root

matrix slowed erosion rates somewhat. Erosion rates increased with steeper bank slopes.

These results can be related to the field conditions for the banks of the St. Lawrence River

between Montreal and Lac St. Pierre, as follows:

1.

The banks of the river consist of Champlain Sea clay with its natural structure of cracks and
fissures which leads to rapid erosion.

Waves are the dominant eroding agent.

Waves due to ship wakes (surges) have a higher erosive power than wind waves on the
unprotected shores close to the navigational channel.

Desiccation followed by rapid rewetting results in very high erosion rates.

Weathering of the clay banks, due to cyclic wetting and drying, greatly reduces the
resistance to erosion.

The current velocities at the banks are too low to cause much erosion.

Removal of vegetation from the banks will reduce the resistance to erosion.
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List of symbols
ks roughness height
K von Karman’s constant, 0.4
u velocity of flow at depth z
U* Dbed shear velocity
v kinematic viscosity of water
p density of water

7. critical shear stress
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Table 1. Erosion tests on undisturbed samples, critical shear stress.

Erosion test Critical shear stress

Study Material method Pa
Rohan et al. (1980) 2 unweathered, sensitive, flume test Low erosion at
structured marine clays from applied shear stress of
Eastern Canada 7.5
Lefebvre et al. unweathered brittle drill hole test
(1985) structured marine clays from
(1986) Eastern Canada:
3 Champlain Sea clays >350 ->450
1 Tyrell Sea clay. 100 - 200
Chapuis (1986) 2 Northern Quebec clays rotating
cylinder test 4-9
Kamphuis et al. 1 Glaciolacustrine silty clay, flume test 0.5-2
(1990) 3 silty clays from Ontario 0-6
Bishop et al. (1992) 1 Port Stanley Till (shore flume test 7

Lake Erie)
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Table 2. Summary of samples subjected to a unidirectional current.

Estimated
Velocity Erosion Critical critical shear
range tested period velocity stress”
Sample description m/s hrs m/s Pa

1: Natural moisture content, no roots 1.57-1.76 12 1.6 10 -20

2: Natural moisture content, no roots 0.17-1.11 18 1.1 6-9

3: Pre-soaked, natural moisture 1.05-1.21 31 1.1 6-9
content, with roots

4: Sample 3 air dried 3 days, with 1.05 0.5 <<1 <<5
roots

5: Pre-soaked, natural moisture 1.05-1.25 70 1.2 7-11
content, with roots

6: Pre-soaked, natural moisture 1.05-1.16 40 1.1 6-9

content, no roots, 2 layers”

“ shear stress estimated by assuming a logarithmic velocity profile of rough turbulent flow to calculate shear velocity
and hence shear stress
b a layer of inorganic clay of high plasticity with 15% sand overlying the clay
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Table 3. Summary of erosion rates for samples subjected to a constant wave climate.

Size of
Erosion Eroded Rate of largest
period volume erosion  particles”
Sample description hrs liters ml/hr mm
1: Natural moisture content, no roots, slope of 0.18 168 1.0 6 27
2: Natural moisture content, with roots, slope of 336 0.2 0.6 20
0.18
3: Natural moisture content, pre-soakedb, with 336 1.1 3 44
roots, slope of 0.18
4: Natural moisture content, no roots, slope of 2 5.0¢ 2500 ~40
0.018 2 layer sample — clay/mix of sand and
clay
5: Natural moisture content, pre—soakedd, no roots, 168 1.35 8 52
slope of 0.18
6: Natural moisture content, no roots, slope of 0.36 168 2.0 12 55
7: Air dried for 3 weeks, no roots, slope of 0.18 2 18 >9000 1-2
(complete
sample)
8: Sample 3 air dried for 2 weeks, with roots, slope 2 18 >9000 1-2
of 0.18 (complete
sample)
9: Sample 2 air dried for 2 weeks, with roots, slope 2 18 >9000 1-2
of 0.18 (complete
sample)
10: Sample 5 air dried for 2 weeks, no roots, slope 2 18 >9000 1-2
of 0.18 (complete
sample)

a

b

average size of largest particles

pre-soaked for 2 weeks, vertical swelling of 2mm
¢ eroded volume was layer of sand and clay mixture
d pre-soaked for 1 week, no swelling
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Figure 1. Map of study area at Vercheres in the Montreal to Contrecoeur reach of the St.

Lawrence River.

Figure 2. Typical eroding clay bank on the south shore of Iles de Vercheres.
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Figure 3. Method for obtaining undisturbed clay samples.
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Figure 4. Tilting flume for tests of erosion due to a unidirectional current.
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Figure 5. Wave tank for tests of erosion due to a constant wave climate.
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Figure 6. Typical test sample after erosion, a) due to a unidirectional current and b) due to

waves.

Figure 7. Blocks of clay removed by waves as a result of the mass erosion process, a) slope of

0.18 (10°) and b) slope of 0.36 (20°).
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Figure 8. Erosion due to waves of a sample with low initial moisture content due to

desiccation.

.|
Figure 9. a) Typical bank exhibiting desiccation, b) clay “stones” resulting from erosion of

bank.

Figure 10. Disintegration of desiccated clay sample upon rewetting, a) at t = 0 mins and b) at t =

5 mins.

32



Author accepted version. Final publication as:
Gaskin, S.J., Pieterse, J. AlShafie, A. & Lepage, S. (2003) Erosion of undisturbed clay samples from the banks of the St.
Lawrence River, Canadian Journal of Civil Engineering, 30: 585-595. doi: 10.1139/L03-008

Figure 11. Vegetation on the river banks showing erosion.
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