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Erosion mitigation of lignosulfonate treated unstable soils

Abstract

Highly unstable soils are common in many parts of the world. In recent years, traditional chemical
admixtures such as cement, lime and fly ash were used for stabilising these soils. However, not all
chemical stabilisers are readily acceptable due to stringent occupational health and safety issues and
invariable change of soil pH that often limits the scope of vegetation plus imposing a threat to ground
water pollution. However, recent research shows that lignosulfonate, an environmentally sustainable
admixture, can stabilise unstable and erodible soils without causing adverse effects on the environment.
This paper presents the results of a laboratory investigation and model predictions on the internal erosion
behaviour of an unstable soil stabilised by lignosulfonate. Test results reveal that the erosion parameters
such as the critical shear stress and coefficient of soil erosion were improved with the increased amount
of lignosulfonate. A theoretical model has also been developed to capture the internal erosion behaviour
of soil based on the law of conservation of energy. The stabilization of the soil particles by lignosulfonate
treatment is characterized by the increased strain energy required to break the inter-particle bonds. The
model predictions capture the internal erosion behaviour of lignosulfonate treated soil similar to the
laboratory experiments.
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ABSTRACT

Highly unstable soils are common in many parts of the world. In recent years, traditional chemical
admixtures such as cement, lime and fly ash were used for stabilising these soils. However, not all
chemical stabilisers are readily acceptable due to stringent occupational health and safety issues and
invariable change of soil pH that often limits the scope of vegetation plus imposing a threat to ground
water pollution. However, recent research shows that lignosulfonate, an environmentally sustainable
admixture, can stabilise unstable and erodible soils without causing adverse effects on the
environment. This paper presents the results of a laboratory investigation and model predictions on
the internal erosion behaviour of an unstable soil stabilised by lignosulfonate. Test results reveal that
the erosion parameters such as the critical shear stress and coefficient of soil erosion were improved
with the increased amount of lignosulfonate. A theoretical model has also been developed to capture
the internal erosion behaviour of soil based on the law of conservation of energy. The stabilization of
the soil particles by lignosulfonate treatment is characterized by the increased strain energy required
to break the inter-particle bonds. The model predictions capture the internal erosion behaviour of
lignosulfonate treated soil similar to the laboratory experiments.
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1 INTRODUCTION

In Australia and worldwide, highly unstable soils have been reported as a major problem initiating
failure of earth structures including rail/road embankments, dam cores, and water channels. Chemical
stabilisation using additives such as lime, cement, gypsum, slag, alum, and fly ash has been proven to
be an appropriate and cost effective technique to stabilise these unstable soils (Perry 1977; Ryker
1977; Machan et al. 1977; Indraratna et al. 1991; Indraratha 1996; Biggs and Mahony 2004;
Indraratna et al. 2008a,b; Indraratna et al. 2009). However, these traditional soil stabilisers have been
identified to cause serious environmental problems such as changing the soil pH and ground water,
and cause negative impact on agriculture and aquaculture (Little 1995; West and Carder 1999;
Rollings et al. 1999; Hassan et al. 2008; Kitazume and Terashi 2013). The traditional additives also
have adverse effects on the chemical aspects (e,g, electrical conductivity and cation exchange
capacity) of the natural soil and the soil fertility (Kitchen and Sudduth 1996; Boardman et al. 2001;
Chen et al. 2009;). Moreover, traditionally treated soils tend to exhibit excessive brittleness that has
clear implications on the stability of infrastructure, especially during cyclic and impact loading
conditions prevailing in high speed rail and aircraft runways. In this context, lignosulfonate (LS), which
is an environmentally friendly chemical admixture, was effective in stabilising some problematic soils
(Pengelly et al. 1997; Puppala and Hanchanloet 1999; Tingle and Santori 2003). Lignosulfonate is a
lignin based organic polymer derived as a waste by- product from the paper maufacturing industry.
Commercially available forms of lignin are Calcium, Sodium, Magnesium and Ammonium
lignosulfonates. Lignosulfonate is a non-corrosive and non-hazardous chemical that does not change
the soil pH upon treatment. Preliminary investigations show that the lignosulfonate treatment
increases both the compressive and tensile strength of soil and the amount of lignosulfonate required
to stabilize soft or unstable soils is much less compared to traditional admixtures (Indraratna et al
2008a & b). So far only a few studies have been reported in the literature, hence, the erosion
resistance behaviour of unstable soil stabilised by lignosulfonate is still not well understood.



Calculating the erosion rate, i.e., the amount of soil eroded in unit time over a unit surface area, of
chemically stabilised soil is an effective approach to evaluate the safety of earth structures in order to
eliminate the possibility of erosion after construction. Only a few researchers have attempted to model
soil erosion incorporating shear or tensile strength of soil (e.g. Dunn 1959; Lyle and Smerdan 1965;
Hjeldnes and Lavinia 1980; Kamphuis and Hall 1983; Reddi and Bonala 1997). Most of these models
are empirical, but Indraratna et al (2009) developed an analytical model to simulate the internal
erosion of soil by capturing its tensile behaviour. However, the tensile strength tests are only suitable
for soils that become cohesive during chemical treatment. Hence, it is essential to develop a
comprehensive theoretical erosion model that correlates erosion resistance with the most widely used
soil properties such as shear strength of chemically treated soil. Such a model will be widely
applicable and be suitable for both cohesive and non-cohesive soils. In this paper, results of the of the
internal erosion tests carried out using the Process Simulation Apparatus for Internal Crack Erosion
(PSAICE) has been reported, A novel theoretical model was formulated to predict the erosion rate in
terms of the effective shear strength parameters for lignosulfonate treated soil.

2 LABORATORY EROSION TESTS
21 Materials and test procedure

Indraratna et al (2008a) has carried out a series of laboratory internal erosion tests on an unstable soil
collected from Wombayen Caves, Australia. This soil is classified as a non-plastic silty sand (SM)
according to the Unified Soil Classification System. The liquid limit and the specific gravity of the soil
were found to be 22.5% and 2.67, respectively. Particle size distribution curve of Wombayen caves
silty sand is shown in Figure 1. From the standard proctor compaction tests the maX|mum dry density
(MDD) and the optimum moisture content (OMC) were found to be 18.03 kN/m> and 11.6%,
respectively. Based on the findings of Muttuvel (2008), the effect of lignosulfonate on OMC and MDD
is negligible for Wombeyan caves silty sand and therefore, it was assumed here that those values for
both LS treated and untreated soils are same. Furthermore, from the standard pinhole test this soil is
classified as D1 (highly erodible soil). Lignosulfonate is a dark brown liquid with a specific gravity of
1.2 and a pH value of 3.8. It is completely soluble in water, non-flammable and non-toxic. Also, it is a
non-corrosive chemical and is classified as non-hazardous according to the National Occupational
Health and Safety Commission (NOHSC) criteria (Chemstab 2003; Muttuvel 2008; Indraratna et al
2013).
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Figure 1. Particle size distribution curve of silty sand from Wombayen caves
(after Indraratna et al 2013)

Various amounts of lignosulfonate (0.2-0.6% by dry soil weight) were mixed with the required amounts
of water to obtain the OMC. Then, the lignosulfonate and water mixture was added into the selected
silty sand and mixed thoroughly. Subsequently, the soil sample was statically compacted to 95% MDD
inside a copper mould with a diameter of 72mm and a height of 100mm. After preparing the soil
specimens, they were wrapped in moisture proof bags and cured for seven days inside a moisture-
controlled room. The cured samples were immersed in water to saturate before carrying out the



internal erosion test using the PSAICE. More details on the testing procedure using PSAICE can be
found in Indraratna et al (2008b).

2.2 Results and discussion

Figure 2 illustrates the variations of erosion rates with the applied hydraulic shear stresses for
lignosulfonate treated and untreated silty sand. It is evident from Figure 2 that the rate of soil erosion
follows a linear relationship with applied hydraulic shear stress for both lignosulfonate treated and
untreated soils. The critical shear stress required to initiate soil erosion increased with the increasing
amount of lignosulfonate. Furthermore, the coefficient of soil erosion, which is taken as the slope of
the straight-line, decreased due to lignosulfonate stabilisation. The variation of the erosion
parameters, critical shear stress initiating erosion and the coefficient of soil erosion, is shown in Figure
3. With the addition of 0.6% lignosulfonate, the critical shear stress has increased from 0.75 to 34.5Pa
while the coefficient of soil erosion decreased from 0.230 to 0.0031 s/m.

Untreated

0.1% lignosulfonate
0.2% lignosulfonate
0.4% lignosulfonate
0.6% lignosulfonate

o
w
OV + X0

o
N

©
-

Rate of soil erosion (kg/mZ/s)

o
o

Hydraulic shear stress (Pa)

Figure 2. Variation of erosion rates of lignosulfonate treated and untreated silty sand with applied
hydraulic shear stress (after Indraratna et al 2008b)
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Figure 3. Variation of critical shear stress and coefficient of soil erosion with the amount of
lignosulfonate



3 PROPOSED EROSION MODEL

The proposed erosion model is based on the energy conservation principle according to which the
energy dissipated by the excess hydraulic shear stress during erosion should be equal to energy
required by the soil particles to erode. The energy required by the soil to erode was formulated
considering that rolling is the predominant mechanism by which the soil particles are detached from
the soil bed due to lift and drag forces. When the hydrodynamic forces act on the chemically bonded
particles exceed a critical value, the inter-particle bonds are broken and the particle come into
suspension. It was assumed that no re-settlement takes place once the particles are fully suspended
reaching the flow velocity. The lignosulfonate stabilization was taken into account through the
increased strain energy, which is an indication of the energy required to break the inter-particle bonds
between soil grains.

31 Formulation of soil erosion

The energy required by a single soil grain (E;) to break the inter-particle bonds was formulated by
considering the work done by applied normal and shear forces on that grain, and expressed by:

2
E; = qD%A* (1 - §sin((2)’)* tanﬁ) (1)
where, g and B are constants that depends on the packing arrangement of particles, D is the mean

particle diameter, (@')* is the internal friction angle of treated soil and A* is determined from the strain
energy density of soil up to failure using the stress-strain curves.

To formulate the energy required for a particle (E;) to come into suspension, it was considered that the
movement of the particle consists of two distinct processes; (i) it will roll on the contact particle until
the contact is lost, (ii) it will be lifted while moving with the fluid until it reaches the flow velocity. After
applying the equations of motion to a single soil grain, E, can be given by:

V(oo V?
Es — m{[ t ](‘PS—‘Pmax) +%} (2)

where, m is the mass of a single soil grain, V; is linear velocity of the moving soil particle in tangential
direction, ¢ is the angle by which the moving particle has rolled on the contact particle and V; is the
mean flow velocity.

To determine the rate of soil erosion, an infinitesimal volume (dv) of soil inside a crack of a soil
specimen subjected to erosion was considered (Figure 4). It was assumed that the erosion is uniform
over the crack surface and the rate of change of the crack radius is linear over the time.

dv =rt dédrt |
Figure 4. Change in the crack radius due to erosion (after Indraratna et al. 2013)

Now, the total energy (E;) required by a dv volume of soil for erosion can be expressed as:

12p (.
Er = W re dry | f(Eb +E,)do (3)
0
where, G, and p, are the specific gravity and dry density of soil, respectively and p,, is the density of
eroding fluid. According to the principle of conservation of energy, the total energy (E;) given by



Equation (3) was taken to be equal to the energy dissipated (AE) by the excess hydraulic shear stress.
An expression for AE was given by Muttuvel (2008) as:

AE = w(t, — T )Vy2mr L dt (4)
where, w is the efficiency factor, t, is applied hydraulic shear stress and t, is critical shear stress
initiating erosion. Then, Equations (3) and (4) were evaluated for dr,/dt and multiplied by p,; to obtain
the rate of soil erosion that is defined as the amount of soil eroded in unit time over a unit surface area
(Muttuvel 2008). The erosion rate, (¢), of lignosulfonate treated soil can now be given as:

Gsp, 0V
(S)* — sPw f

(Ta —72) (5)
6 2 . * G a ¢

%A* (1 —3sing¢’ tanﬁ) + %V}z

More details on the formulation of this erosion model can be found elsewhere (Indraratna et al. 2013).
3.2 Parameter calculation and model validation

In order to validate the proposed erosion model, a series of consolidated drained direct shear tests
were carried out on lignosulfonate treated and untreated soil specimens. The shear tests were
conducted at the same moisture content (OMC) and dry density (95% MDD) conditions used in the
erosion tests to ensure reliability between the shear and erosion tests. Three lignosulfonate dosages
(0.2%, 0.6% and 1.2% by dry soil weight) and five effective normal stresses (5kPa, 10kPa, 15kPa,
22kPa and 42kPa) were selected to obtain the shear behaviour of stabilized soil. The required amount
of lignosulfonate was mixed with water before adding into soil. The samples were compacted
statically, cured for seven days and saturated for 24 hours in the sample container prior to subjecting
to shear under constant shearing rate of 0.05mm/min.

The strain energy per unit volume up to peak stress (i.e. area beneath the stress-strain curve),used to
determine the value of A*, was calculated for lignosulfonate treated and untreated soil and is given in
Figure 5. It is evident from Figure 5 that the strain energy per unit volume has increased as a result of
lignosulfonate treatment for all the effective normal stresses considered in this study.
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Figure 5. Variation of strain energy per unit volume up to peak with effective normal stress
(after Indraratna et al 2013)

To validate Equation (5) and calculate the rate of erosion of LS stabilised soil, the model parameters
A*, the internal friction angle of soil (¢'*) at a,, = 0, the critical shear stress (z}) initiating erosion, and
the efficiency factor (w) should be estimated first. The first two parameters (4* and ¢'") were
determined from the shear test results as shown in Figures 6(a) and 6(b), respectively and the other
two parameters (7} and w) were found from the results of the erosion tests as illustrated in Figures 6(c)
and 6(d), respectively.



The parameters q and g in Equation (5) represent the packing arrangement of the particles of soil
before they are eroded. To determine suitable values for these parameters, the packing arrangement
of the soil particles within the compacted soil mass should be identified. For this purpose, the soil
particles were assumed to be spherical in shape. The soil specimens for both the direct shear and
internal erosion tests were prepared at OMC and 95% MDD maintaining the consistency in packing
structure. The value of the porosity of those specimens was calculated to be 29%. Therefore, the
tetragonal packing arrangement (Gray 1968) was identified as the closest possible packing structure
for the specimens in this study. Consequently, ¢ and Swere calculated for the tetragonal packing
structure, as illustrated in Figure 7.
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Figure 6. Determination of erosion model parameters (A*, ¢, .*and w)
(after Indraratna et al 2013)
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Figure 7. Estimating (a) the value of q (b) the value of (3 for tetragonal packing arrangement of
spheres (after Athukorala 2013)

To verify that the proposed equation is capable of predicting the erosion rate of soil for different
amounts of lignosulfonate treatment over a wider range of hydraulic shear stresses, the erosion rates



predicted by the model for untreated, 0.1%, 0.2%, 0.4% and 0.6% LS treated silty sand were plotted
against the hydraulic shear stress. Also, these predicted results were compared with the erosion rates
for treated and untreated specimens that were observed in the laboratory (Figure 8). A range of mean
flow velocities were used to generate different hydraulic shear stresses for a given level of
lignosulfonate treatment. In Figure 8, the 0.1%, and 0.4%LS treated predictions are completely
independent as these experimental results were not used to determine the model parameters. A
comparison between the erosion parameters of untreated and treated silty sand obtained
experimentally and predicted by the proposed model is shown in Table 1. It is evident from Table 1
that the proposed erosion model can accurately capture the erosion of untreated soil and soil
stabilised by lignosulfonate over a wide range of hydraulic shear stresses.
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4 CONCLUSION

This paper presents the results of a study on the internal erosion behaviour of LS treated soil.
Laboratory experiments carried out using PSAICE highlight that the lignosulfonate treatment reduces
the coefficient of soil erosion significantly while increasing the critical shear stress required to initiate
erosion. The rates of soil erosion of both lignosulfonate treated and untreated silty sand vary linearly
with the applied hydraulic shear stress. Based on the laboratory findings, a novel theoretical erosion
model, incorporating the strain energy, has been proposed for lignosulfonate treated soils. Empirical
expressions were derived to compute the values of the key parameters such as A*,¢’", 7 and w used
for the model. The parameter A*, which depends on strain energy density at o, = 0, and ¢'* were
found to be linearly related to the amount of lignosulfonate. Also, a linear relationship was obtained
between critical shear stress required to initiate erosion and the parameter A*. The efficiency factor (w)
was observed to be decreasing with the increasing flow velocity for both lignosulfonate treated and
untreated silty sand. However, it decreases with the increasing amount of lignosulfonate for a given
flow velocity. The efficiency factor, normalised by the corresponding values of A*and 7., can be given
by a single decaying power function of the flow velocity, irrespective of the amount of lingosulfonate.
The erosion rates were predicted for lignosulfonate treated silty sand using the expressions obtained
for A*, ¢'*, 2, and w (Eq. 5) and compared with the laboratory erosion test results. The proposed
erosion model can estimate the erosion rate over a wide range of hydraulic shear stress for different
amount of LS similar to the laboratory experiments. This model can be adopted in practice to evaluate
internal erosion in assessing the safety of earth structures such as rail/road embankments and dam
cores. Practising engineers can use the relationship between the erosion rates and the applied
hydraulic shear stress to determine the amount of lignosulfonate to be mixed with the material before
compaction, in order to eliminate the possibility of erosion after construction.
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