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ABSTRACT

Shear strength of estuarine low strength clay deposit is characterized by the
interparticle bonds which must be broken to initiate erosion. The bonding
strength is influenced by the physico-chemical factors prevailing in the
estuarine environment. Successively incremental flow-induced bed shear
stress is applied to induce layer by layer erosion of soft sediment deposit to
determine the shear strength. Thickness of each eroding layer is noted. In
general, shear strength 7, increases with depth. Salinity and bed consolidation
period influence the shear strength behavior. A sudden decrease in erosion
rate was observed for a greater value of characteristic shear stress.

ABSTRAK

Kekuatan ricih untuk tanah liat dari muara adalah ditunjukken oleh kekuatan
ikatan antara partikel yang mesti dilepasi untuk memulakan hakisan. Kekuatan
ikatan ini adalah dipengaruhi oleh faktor fizikal-kimia yang wujud di kawasan
muara. Daya ricih dasar yang dihasilkan oleh alirdn, dan meningkat dengan
kadar yang sama dikenakan ke atas lapisan lumpur untuk menghakis satu
demi satu lapisan Iumpur tadi. Dari sini dapat ditentukan kekuatan ricih
lumpur. Ketebalan setiap lapisan yang dihakis direkod. Secara keseluruhan,
kekuatan ricih T _meningkar dengan kedalaman. Kemasinan dan masa
pemampatan lumpur mempengaruhi sifat kekuatan ricih. Pengurangan kadar
hakisan yang mendadak diperhatikan untuk nilai daya ricih yang lebih tinggi.

INTRODUCTION

An estuarial cohesive sediment deposit is very soft material with high water
content which is deposited and resuspended in a cyelic manner under
periodic tidal action. Thickness of such deposit varies from a few centimeters
to a meter. Magnitude and extent of shear strength of clay deposit depend
on the type of clay mineral and water content. In evaluating shear strength,
the most important factor is the stress history, that is, the effective stress and
consolidation pressure, under which the bed has been subjected previously
(MaCarthy 1977). Usually, a sediment bed is formed due to the settling of
suspended particles and a corresponding seil network developed which
transmit an effective shear stress by virtue of interparticle contact (Mehta
1984). Parker and Lee (Parker & Lee 1979) stated that a soil network is
developed when water content of deposited sediment decreases to the liquid
limit. Structure of the newly deposited bed also depends on the suspension
concentration from which the bed is deposited. The bed seutling is rapid in
a dilute suspension. In a relatively higher concentration, usually at 10 - 15
gm/l level, the bed properties is influenced by consolidation period where
the upward movement of pore fluid through the aggregate network is
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restricted due to permeability and increased path length of the overburden
(Krone 1983). Increasing consolidation pressure cause reduction in
interparticular spaces, hence the shear strength of cohesive sediment deposit
increases with the stronger interparticle bonds.

Due to softness of the fine sediment deposit, the standard soil testing
apparatus cannot be used in determining the shear stregth. A laboratory
procedure involving layer by layer erosion of soft sediment was developed
by Parchure (Parchure 1984) to estimate the shear strength 7, below the
water sediment interface. Present investigation adopted the same procedure
in determining the minimum shear strength, characteristic shear strength and
depth-varied shear strength under the influence of salinity and consolidation
which is summarized in this paper.

EXPERIMENTAL PROCEDURE

APPARATUS

A straight recirculating tilting flume was used for the present study. It is

a 23 m long, 0.6 m deep and 0.25 m wide steel flume. Both sides of the

flume was furnished with 12 mm thick clear plexiglass sheet for visual
observation. The main flume structure was laid on two parallel 2 x 12

inches I beam and they were uphold by a bearing support and a hydraulic

jack system. The maximum longitudinal slope provided by the jack was

0.018. A 200 mm diameter pipe assembly and a 1.0m x 1.0m x 1.5 m

sump was connected with the whole system to ensure the complete

recirculation of saline water. The experimental bed section is 5 m along the

middle section of the flume.

MATERIAL

The test samples for this study are soft mud from the estuary of Kuala
Selangor river and commercial grade kaolinite.

METHODOLOGY

Previously many researchers had tried to use different apparatus for measuring
the bulk shear strength of soft soil, Parchure (Parchure 1984) has successfully
used a layer by layer erosion procedure. He measured the floc shear strength
of soft soil that is related to surface erosion. Present study has adopted the
same practice, It is worthwhile to mention here that he used a 1-2 cm thick
bed in his erosion studies compared to 14.5-15.5 cm bed in the present study,
which is more representative to the actual estuarine condition.

According to the procedure, each layer of the bed has been subjected to
erosion by successively incremental bed shear stresses, which is achieved
through an increase in flow rate. The following equations are used to
calculate the average bed shear stress, 7, and normalized incremental excess
shear stress, A7, .

i 7,=pgRs (1)
; where g = gravitational force
p = water density

i
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hydraulic radius of the channel
channel slope
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where n = 1, 2, 3, .....etc representing
each time step

After several test trial, one hour time period for each step was selected
for the present study.

At the beginning of the experiments, for a particular channel slope (s),
bed shear stress (1) (calculated from Equation 1) was applied to erode the
first layer for the period of one hour. At the end of this time step, bed shear
stress T, is no longer strong enough to erode the layer number 2. In other
words, the bed shear stress has reached the arrested erosion condition
(Figure 1). Therefore it is assumed that at this stage the shear strength of the
exposed surface (layer 2) is equal to the bed shear stress T,,. The same
procedure is applied to determine the shear strength of each other layer until
step 6. Erosion is not arrested for the seventh and eighth step. Therefore,
following procedure was adopted to determine the shear strength for the
incomplete category profile.

An erosion rate expression has been proposed for the present study
(Rahman Mahbubur, 1993) and is expressed as

In(=)=6(t, - 1,)" 3)
&

where:
g, = floc erosion rate

8 = empirical coefficient
€ = average erosion rate, which was calculated
over the intervals of 0 to 5, 5 to 15, 15 to
30, 30 to 45, and 45 to 60 minutes
according to the following expression:
de
E=nh = “4)

where:
h = depth of flow

" rate of change of suspended sediment

dt
concentration (which was lifted from
the bed)

The floc erosion rate, €,, and the empirical coefficient, 8, were given
for éach test run (Rahman Mahbubur 1993). Since the bed shear stress 7,, for
each erosion step was known, the equation 3 would be used to determine the
shear strength 7 for that corresponding step.



56

4/[;1

v layer 7
- T,

v layer 8

Frg

11t

}}‘ layer 1

1

1 <t Tb;

:: layer 2

(B ‘

:: 1—1:3

| loyer 3 i

1

1

| - |

i |

:: layer & I

1 [

it -

% layer s

1

¥ -+ |

I

;: layer 6 i
]

L - |

[ 1

|

|

1

T

[}

Complete (arrested) category

[
t
AC2 | e
—X100< 7% ! ! |
ACy | I }
| | |
! | | i
Incomplete {non arrested) category IAG : : |
1 | 1 |
Al . | | ! ]
——X 100 > 7%
Al o 0 5 15 30 45 60
minute

FIGURE 1. Qualitative illustration of the first run

Direct visual observation was made throughout the longitudinal bed
section at eleven points to determine the eroded bed thickness.

RESULT AND ANALYSIS

MINIMUM SHEAR STRENGTH

The critical bed shear stress (7_) represents the minimum shear stress which
initiate the movement of sediment at the water-sediment interface. The
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minimum shear strength is equal to the minimum shear stress which is
needed to break the interparticle bonds. Therefore it is considered that at the
point of first erosion the minimum shear strength was equal to the critical
bed shear stress, 7_. Figures 2 and 3 show relationship between the bed shear
stress, 7,, and the suspension concentration, C. They can be used to
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FIGURE 2. Concentration versus bed stress profile for KS mud
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determine the critical bed shear stress value. Table 1 illustrates all the critical
values from the seven test beds.

In Table 1, the 7_ values for KS mud at 1.0 and 2.0 ppt salinity is 0.06
N/sq.m. At higher concentration, 5.0 and 10.0 ppt, the value is 0.358 N/sq.m.
The change in electrolyte concentration is small between salinity 1 and 2
ppt, so the 7_value remained the same. Considerable change is observed
from 2.0 ppt to 5.0 ppt concentration which has caused the T, to increase
from 0.06 to 0.358 N/ sq.m. At 10.0 ppt, the value remains the same. This
shows that at higher concentration (beyond a particular value) the increasing
trend of T_ is unlikely. :

Kaolinite with different consohdanon period from 1.75 to 5.75 days
does not experience any change in the critical shear stress values,

TABLE 1, The critical values for the seven test bed

Salinity T, To T
Sample (ppt) (days) (N/sq.m) (N/sq.m)
KS mud 1.0 1.75 0.06 0.664
20 1.75 0.06 0.684
5.0 1.75 0.358 1.068
10.0 1.75 0.358 0.712
Kaolinite 10.0 1.75 0.101 0.700
10.0 2.75 0.101 0.872
10.0 5.75 0.101 1.084
where T, = consolidation period

T, = characteristic shear strength

CHARACTERISTIC SHEAR STRENGTH

Previous researchers found that the characteristic shear stress is an intermediate
value between the two stages of erosion. After prevailing at a moderate rate,
erosion takes place more rapidly beyond a particular depth where time-
mean applied bed shear stress is considered as some characteristic value, 7.
In the present investigation, the later stage of erosion is slower compared to
the initial rate. The different values of 1, obtained from seven test bed were
- mentioned in Table 1.

The following observations were made from Table 1:

1. The 7 values are 0.664, 0.684, 1.068, and 0.712 for 1.0, 2.0, 5.0, and
10.0 ppt salinity respectively. An increasing order of magnitude, except
for that of 5.0 ppt or 10.0 ppt salinity, indicates that characteristic shear
strength increases with salinity.

2. Characteristic shear strength values for kaolinite are 0.7, 0.872, and 1.08
for 1.75, 2,75, and 575 days consolidation period respectively. This
increasing trend of t, with higher consolidation is due to the overburden
and the crushing by the overlying layers. Under overburden and crushing,
a particular layer of mud becomes more compacted and possesses higher
shear strength by the parallel orientation of the individual clay particles.
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DPEPTH-VARIATION OF SHEAR STRENGTH

Depth-variation of shear strength profiles are given in Figure 4 and 6, and
following observations were drawn:

1.

Shear strength for KS mud was found to increase with depth. After a
considerable increase, shear strength profiles varied gradually with
depth. The increment at 1.0 and 2.0 ppt salinity remained the same
throughout depth and appeared that there is no reachable maximum
shear strength value within the range of test bed thickness. At 5.0 and
10.0 ppt salinity (especially at 10.0 ppt) the further increment is deterred
by approaching the maximum shear strength value. The reason is that at
higher salt concentration, the electro-chemical forces prevail and yield
stronger interparticle bonds i.e. floc shear strength and due to this, the
maximum shear strength is attained earlier than that of at lower salt
conceniration.

After a considerable increase for kaolinite, shear strength profiles
varied graduallylfor 1.75 and 2.75 days consolidation with depth and it
seems that the maximum shear strength value is out of the range of
present bed thickness. While at 5.75 days consolidation, the maximum
shear strength value is attainable. This is due to the prevailing overburden
and crushing by the overlying layers at higher consolidation.

Figure 6 shows that at the upper portion of bed, the erosional
properties of KS mud and kaolinite are almost the same. At greater
depth, the attainable maximum shear strength for kaolinite is greater
than that of KS mud. The reason may be due to the early development
of interparticle bond network and less time duration to evolve such an
arrangement for mud.

DEPTH-AVERAGED SHEAR STRENGTH

Depth-averaged bed shear strength for mud increases with depth. At
higher salinity (in Figure 5 at 5.0 and 10.0 ppt) the variation is less.
With increasing salinity, electro-chemical forces prevail and yield stronger
interparticle bonds i.e. floc shear strength. At 2 particular depth, the
strongest interparticle bonds appeared, beyond this the effect of further
increase in salinity on depth-averaged shear strength is unlikely.

Depth-averaged bed shear strength of kaolinite increases with
consolidation of 1.75, 2.75 and 5.75 days. Overburden and crushing by
the overlying layers are principally the main reasons for such a variation.

DISCUSSION

Concentration of electrolyte i.¢. salinity influences the thickness of the diffuse
double layer, hence the interparticle attractive force which is further described
in references (Parchure 1984; Rahman Mahbubur 1993). For certain type of
clay particle, shear strength 7, increases with increasing concentration of
electrolyte in the pore fluid. Parallel orientation of clay particle due to
overburden is another reason for increasing the shear strength of soft sediment
deposit. At the surface, there is no overburden from the overlying layers,
therefore alt the critical shear stress values should be the same.
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FIGURE 4. Variation of shear strength with depth
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The lower rate of erosion beyond characteristic shear strength depth

may be due to the following reasons:

1.

Krone (Krone 1960) found that deposition rate of finer sediment was
much faster than the deposition rate of coarser sediment. Finer particles
have a greater surface area per unit volume compared to the relatively
larger particles. Therefore, the ratio between the electro-chemical surface
force to the gravitational force for finer particles is greater than the
corresponding ratio of the coarser particles. Due to the prevailing nature
of the electro-chemical forces, finer particles forms denser flocs and
deposit faster. Hence resistance to erosion increases with greater depth.
Flocs are composed of thousands of microscopic primary clay particles,
mostly in the platelets shape bonded to each other by face to face
contact in random order. Higher order aggregates are usually larger in
size but loose in particle grouping i.e. lower density compared to those
of lower order aggregates with smaller size and closer particle
arrangement i.e. higher density. The order of aggregation decreases with
depth due to the overburden by the overlying layers, which leads to an
increase in shear strength with depth.

Solid fraction of the sediments increases near the surface and the bottom
due to the deformation of sediments by shear stress and vertical
movement by gravitational thickening (Umita et al. 1986). Rate of
erosion decreases with the increasing surfacial solid fraction.
Parchure (Parchure 1984) and other researchers used 2-5 cm bed in their
erosion studies. In actual estuarine condition, the top few centimeters of
cohesive sediment deposit is very soft and the soil particle network or
bonding is not well developed. Hence the variability of shear strength
with depth is also uncertain. Whereas, for the present study, the test bed
was 14.5, to 15.5 cm thick, where the denser floc settling and overburden
were distinctive.



CONCLUSIONS

Minimum shear strength increases with salinity, but at higher salinity
(beyond a particular value) the further increase is unlikely. With increasing
salinity and consolidation period, the characteristic shear strength is increased.
Due to lower order aggregation and denser floc formation with depth, the
rate of erosion decreased below the characteristic shear stress depth. Attaining
the maximum shear strength value depends on the rate of development of
stronger interparticular bonds, and overburden and crushing below the water
sediment interface.
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NOTATIONS
AC = change of concentration
At = incremental bed shear stress

bn

€ = average erosion rate

g; = floc erosion rate

g = gravitational force

h = depth of flow

g = empirical coefficient

p = density of water

R = hydraulic radius of the channel
s = slope of the channel

T, = consolidation period

T, = average bed shear stress
T, = characteristic shear stress
7, = critical shear stress

7, = shear strength
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