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Seepage-induced erosion, leading to piping, is one of the most common causes of failure for earth dykes, levees and
dams. Various soil improvement (mixing) technologies can be employed to improve the internal erosion resistance of
more troublesome soils. This paper describes the first steps in demonstrating nanoclay (montmorillonite) additive as
a sustainable alternative to traditional soil additives for erosion-control applications. In this regard, the erodibility
characteristics of standard Proctor (SP) compacted, very silty sand amended with 0·5–6% dry weight montmorillonite
K10 (MK10) material was investigated at bench scale using the hole-erosion test (HET) apparatus. Parallel testing was
performed on the same soil amended with 0·25–3% cement for comparison. Substantial erosion resistance
improvements were achieved for as little as 0·5–1% MK10 content, comparable to cement addition, with the HET
classification increasing from HET groups 1–2 for the highly erodible, compacted, very silty sand investigated to HET
group 4 (moderately slow erosion) for the 1% MK10–soil mixture. Further investigations indicated the erosion
resistance classification of the improved soil was not altered for under-compaction that achieved only 80% SP
maximum dry density or for compaction at ± 2 percentage points from the identified SP optimum water content.

Notation
Ce coefficient of erosion
CU coefficient of uniformity
CZ coefficient of curvature
Dt hole diameter at time t
g gravitational constant
IHET erosion rate index
i hydraulic gradient
it hydraulic gradient at time t
ṁt rate of soil mass removal per unit wall surface area

of predrilled hole at time t
N loss on ignition
Re Reynolds number
t time
w water content
wopt optimum water content for compaction
ρd dry density
ρd max maximum dry density
ρw density of water
σ standard deviation
τc critical shear stress for soil detachment
τt hydraulic shear stress at time t

1. Introduction
After overtopping, the next most common causes of failure for
hydraulic earth structures (e.g. dykes, levees and dams) are
internal erosion and piping induced by seepage flow, account-
ing for 46% of the 11 192 case-study embankment dam failures

investigated by Foster et al. (2000). Consequently, reducing sus-
ceptibility to internal erosion is an important issue in dam
design and safety. Internal erosion is a progressive process
involving the separation of the soil particles by hydrodynamic
stresses and their transportation by seepage flow within the
hydraulic earth structure and its soil foundation or from the
earth structure into the soil foundation. The erosion rate is
dependent on various factors, including fines content (particu-
larly the proportion of clay particles), the soil’s plasticity and
dispersivity, moulding water content, dry density and degree of
saturation, applied hydraulic gradient, clay mineralogy and
possibly also the presence of cementing materials, such as iron
oxides (Wan and Fell, 2004a). Preferential flow paths can
develop within compacted earth-fill and (or) foundation
materials on account of defects arising from hydraulic
fracturing, cracking, plant roots and so on, with the resulting
water flow detaching soil particles, leading to the formation
and evolution of a continuous ‘pipe’ (piping) between the
upstream and downstream sides. Laboratory investigations,
such as those performed using the hole-erosion test (HET)
(after Wan and Fell, 2002, 2004a, 2004b), provide insights of
the internal erosion (piping) characteristics of soil test-
specimens in terms of quantifying their critical hydraulic shear
stress (τc), coefficient of erosion (Ce) and erosion rate index
(IHET) parameter values. The HET method simulates small-
scale progressive internal erosion in the test specimen by
causing erosive enlargement of a horizontal predrilled hole on
account of internal flow through the hole under a controlled
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head differential. The US Bureau of Reclamation (US BoR
and ACE, 2015) has adopted this method as one approach of
investigating concentrated leak erosion through small holes and
confined cracks, akin to that probably occurring during the
initiation of internal erosion and piping failures for hydraulic
earth structures. As such, the HET method provides an estab-
lished approach for assessing and categorising relative improve-
ments in hydraulic erosion resistance characteristics.

Various methods are employed to improve the geotechnical
properties of troublesome soils in order to mitigate against
internal erosion and hence reduce the risk of piping failure
occurring for hydraulic earth structures. These include soil
improvement technologies (mass mixing) utilising traditional
cement, lime (Garzón et al., 2015, 2016), fly ash, as well as
silicate and adhesive substances, although these additives are
invariably not environmentally friendly (Indraratna et al.,
2013; Zomorodian and Koohpeyma, 2015). Significant
successes have been achieved in identifying alternative soil
additives compatible with the environment, including, for
instance, biocementation by way of the microbial-induced
calcite precipitation (MICP) process (Amin et al., 2017;
Shahrokhi-Shahraki et al., 2015; Zomorodian et al., 2019a), as
well as employing various biopolymers as grouting materials
(Khatami and O’Kelly, 2013, 2018), with their potential appli-
cations in dam construction and operation activities reviewed
in the paper by Aminpour and O’Kelly (2015).

With the fast expansion of nanotechnology and increasing
restrictions on the use of traditional additives for soil improve-
ment in geotechnical engineering practice, recent research
efforts investigating methods that employ nanomaterials for
soil improvement have demonstrated promising results (e.g. see
Zomorodian et al., 2017, 2019b). Nanomaterials, defined as
physical substances with at least one characteristic dimension
ranging between 1 and 150 nm, are the building blocks of
practical nanotechnology and they can be physically and
chemically manipulated for specific applications (Merck,
2019). Nanoclays (NCs) are nanoparticles of layered mineral
silicates. Depending on their chemical composition and nano-
particle morphology, NCs are organised into several classes,
such as montmorillonite and bentonite (both smectites),
kaolinite, hectorite and halloysite, of which plate-shaped natu-
rally occurring montmorillonite and bentonite are commonly
used in materials applications. Montmorillonite consists of
approximately 1-nm-thick aluminosilicate layers, surface-
substituted with metal cations, and stacked in �10 μm sized
multilayer stacks (Merck, 2019).

Owing to specially enhanced surface properties arising from
their particle shape, electrical charge and extremely large
specific surface area (SSA), the NC additives generally interact
vigorously with fine-grained soil particles (Zomorodian et al.,

2019b). At micro-scale, the increase in SSA has a significant
effect on the water-retention characteristics and chemical
interactions between the soil particles and pore water. Even
when present as a small proportion, the NC additive can
significantly affect the soil physicochemical, hydraulic and
engineering properties (Zhang, 2007). The NC particles fill the
nanopore voids of the soil matrix, causing a reduction in
pore-void volume, and reduce the distances between neigh-
bouring soil particles on account of greater flocculation arising
from enhanced inter-particle attraction forces.

To date, most of the research efforts in this field have focused
on the effectiveness of various NC additives for soil improve-
ment applications, quantifying the increase in hydraulic
resistance and (or) improvements in geotechnical engineering
properties achieved for various soils and mixing proportions
investigated. Examples include the improvement in unconfined
compressive strength (Arabani et al., 2012; Majeed and Taha,
2012; Neethu and Remya, 2013; Zomorodian et al., 2017) and
reduction in permeability coefficient (Kananizadeh et al.,
2011; Neethu and Remya, 2013) values achieved for particular
test soils. In contrast, research work examining the use of
nanomaterials for soil erosion-control applications has been
limited. Notable studies include investigations of the effective-
ness of NC additive (montmorillonite) for soil erosion control
using wind tunnel experiments (Padidar et al., 2014) and
stabilisation of natural loess soils using both laboratory
pinhole-dispersivity testing and a pilot field study performed at
one of the main irrigation channels of Gonbad Dam, north-
eastern Iran (Tabarsa et al., 2018).

This paper presents HET investigations on the use of commer-
cial montmorillonite K10 (i.e. MK10) additive for achieving
improvements in the hydraulic erosion resistance of standard
Proctor (SP) compacted, very silty sand material. The erosion
properties of various soil–MK10 mixtures are compared with
those of the unamended highly erodible soil (control) and the
same soil treated with traditional cement additive. The experi-
mental work programme was comprised of three stages. First,
SP-compacted test specimens were prepared from 0·5 to 6%
MK10–soil mixtures (dry weight basis) and investigated using
the HET apparatus to determine the repeatability of the testing
procedure and the general improvement in erosion resistance
achievable for this soil type. Next, the effect of various deter-
mining factors on the soil erodibility characteristics, including
the moulding water content (w), compaction energy, curing
period and applied hydraulic gradient were investigated for the
1% MK10–soil mixture. In particular, the significance of
a± 2 percentage points difference in the identified SP optimum
water content (wopt) (typically allowable for field compaction
operations) and a plausible ± 20% difference in the SP
maximum dry density (ρd max) value achieved were investi-
gated. Finally, as this is a new admixture, it is critical to
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compare the performance with traditional admixtures. Hence,
additional HETs were performed on identically prepared test
specimens of the same soil amended with 0·25–3% cement.

2. Experimental

2.1 Materials
For the purpose of this experimental investigation, quartz sand
was mixed with fine-grained soil to produce a highly erodible
composite test soil material comprising 45% medium sand,
29% fine sand and 26% fines (see gradation curve presented in
Figure 1).

The test soil had coefficients of uniformity (CU) and curvature
(CZ) values of 14 and 3·8, respectively, with < 2·8% of the
solid particles smaller than 5 μm size. The Casagrande liquid
limit and thread-rolling plastic limit values were measured as
20·8 and 20·1%, respectively, giving a plasticity index value of
0·7% – that is, the fraction passing the 425 μm sieve was essen-
tially non-plastic. Based on the gradation curve and consist-
ency limit values, the test soil is classified as very silty sand
according to BS 5930 (BSI, 2015). Based on Sherard’s erosion
resistance classification system (Sherard, 1953), the compacted
well-graded cohesionless soil material is categorised as having
intermediate piping resistance (category 2).

The montmorillonite material investigated, with a product
name of Montmorillonite K (10) (Sigma-Aldrich, Saint Louis,
Missouri, USA), was produced by calcination of montmorillo-
nite in acidic condition. Tables 1 and 2 report some physical
and chemical properties of MK10, which is not a hazardous
substance according to regulation (EC) number 1272/2008

(EC, 2019). MK10 does not refer to a specific reference
mineral and its properties do not reflect that of most natural
montmorillonite clays. Of particular note are MK10’s particle
size range of 1–2 nm and extremely large Brunner–Emmett–
Teller (BET) SSA value of 220–270 m2/g. Compared to kaoli-
nite or illite clays (SSA values of 10–20 and 65–100 m2/g,
respectively (Day, 2001)), the use of MK10 powder is judged
superior from the viewpoint that with significantly greater
SSA, it interacts more vigorously with fine-grained soil
particles for soil improvement applications. MK10 was investi-
gated previously by Tabarsa et al. (2018) for stabilisation of
natural loess soils (classified as low plasticity clay and silt)
at one of the main irrigation channels of Gonbad Dam,
north-eastern Iran.

2.2 Methods

2.2.1 Test specimen preparation
After oven drying at 105–110°C for a 24 h period, the test soil
was allowed to cool to ambient laboratory temperature, disag-
gregated and then riffled to obtain identical sub-samples. NC
suspensions with the desired concentrations were prepared by
adding the required amounts of dry MK10 material to water
at ambient laboratory temperature and then agitated using a
high shear mixer to ensure compete homogenisation. This
operation was performed using standard precautions (protec-
tive gloves and dust mask).
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Figure 1. Grading curve for the very silty sand investigated

Table 1. Physical properties of MK10 montmorillonite (as
reported by the manufacturer)

Property Value

Form Powder
Colour Off white
Odour Odourless
Density: Mg/m3 3·0–3·7
Size: nm 1–2
SSA: m2/g 220–270
pH 3–4

Table 2. Chemical analysis of MK10 montmorillonite (as reported
by the manufacturer)

Component Fraction: %

Silicon dioxide 50·95
Aluminium oxide 19·60
Ferric oxide 5·62
Magnesium oxide 3·29
Calcium oxide 1·97
Sodium oxide 0·98
Potassium oxide 0·86
Titanium dioxide 0·62
N 16·11

Note: N, loss on ignition.
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The required amounts of the MK10 suspensions were added to
the identical dry soil sub-samples to achieve targeted water
content values and then thoroughly mixed using a low-speed
mechanical mixer to produce homogeneous test materials with
0·5–6% MK10 contents. The moist sub-samples produced were
individually stored for a 24 h period inside sealed plastic bags
to achieve pore-water equalisation and allow better links to
form between the MK10 and soil particles.

SP-compacted HET specimens were prepared for the various
soil–MK10 mixtures. These specimens were formed by com-
paction in standard 1-l moulds at the wopt value determined
for the unamended test soil in accordance with BS 1377-4
(BSI, 1990). SP-compaction testing was also performed for the
soil with 0·5, 1 and 1·5% MK10 contents to investigate the
extent that the additive may alter the SP wopt and ρd max values
compared to those obtained for the unamended soil. All com-
pacted specimens were allowed to stand undisturbed and at
constant water content for periods of 1, 7, 14 and 28 d before
performing the HETs.

In examining the effect of compaction energy level (dry
density), additional HET specimens were prepared at 80 and
120% of the identified SP ρd max value for the unamended soil.
For sample preparation at 80 and 120% ρd max, the same
number of rammer blows was used in forming each of the
three layers comprising the test specimen, but the blow count
was reduced or increased accordingly to achieve the targeted
specimen dry density value.

For all test specimens, the final (third) compacted layer of the
test specimen was trimmed flush with the top rim of the com-
paction mould and the specimen mass, water content and dry
density were determined in the usual manner. After removing
the base plate from the compaction mould, a 6 mm-diameter
hole was formed along the specimen axis using a drill press
and wood auger bit, which was advanced slowly during the
drilling process. Both ends of the compacted specimen were
then wrapped in plastic film (to prevent any moisture loss) and
allowed to cure for periods of between 1 and 28 d before
performing the HET investigations.

2.2.2 Hole-erosion testing
Since no hole-erosion testing standard currently exists, the
testing and analysis methods adopted in this investigation are
those employed in the original HET procedures described by
Wahl et al. (2008) and Wan and Fell (2004a).

The test-specimen contained within the 1-l compaction mould
was assembled in the permeameter–cell component
(Figure 2(a)) of the HET apparatus set-up (Figure 2(b)). All
specimens were tested with their final compacted layer

positioned on the upstream side, with the predrilled
6 mm-diameter erosion hole horizontally aligned.

The hydraulic lines were slowly filled with water and any air
present was bled from the piezometer tubes. The upstream and
downstream water-supply tanks were positioned to produce the
required starting head differential value. Water was then
allowed to circulate through the predrilled hole along the test-
specimen axis, with measurement of the flow rate. Since the
HETs commenced by applying sufficiently low differential
head, the generated hydraulic shear stress for each compacted
specimen was less than the critical value, such that little or no
erosion initially occurred. Over time, the system usually
entered a progressive erosion phase – that is, enlargement of
the hole diameter occurred, thereby increasing the flow rate
causing an accelerating erosion rate. If the flow rate stabilised
for the set hydraulic head differential, then the upstream
water-supply tank was raised in steps until progressive erosion
was initiated. On achieving the progressive erosion condition,
the head differential was maintained constant and the test con-
tinued for a long enough period to measure a definite accelera-
tion of the flow (erosion) rate. After completion of each test,
the water contained in the upstream and downstream flow-
chambers of the HET permeameter cell was allowed to drain,
the cell carefully dismantled and the final diameter and effec-
tive length of the constricted portion of the eroded hole deter-
mined from Vernier calliper measurements.

2.3 Experimental HET programme
The soil mixtures investigated had 0·5, 1, 1·5, 2, 3, 4, 5 and 6%
dry-weight MK10 contents. For the 0·5, 1 and 1·5% MK10
contents, specimens were prepared in triplicate and HET tested
to demonstrate that the results are experimentally repeatable.
In total, 41 HETs were performed on the various soil–MK10
mixtures and one HET on the unamended soil (control) for
the same applied hydraulic gradient (i) value of 7·2, which was
calculated as the ratio of the constant head differential to the
length of the eroding hole.

To investigate the effects of moulding water content and com-
paction energy level (dry density), four additional HET speci-
mens were prepared by SP compaction of the 1% MK10–soil
mixture at wopt ± 2% and for 80 and 120% of the SP ρd max

value identified for the unamended soil. Again, a hydraulic
gradient value of 7·2 was employed for these HETs.

To investigate the effect of hydraulic gradient on the
erodibility, six additional HETs investigating i=0·43–10·3 were
performed on SP-compacted specimens of the 1% MK10–soil
mixture prepared at the wopt value identified for the una-
mended soil. This hydraulic gradient range was defined by a
head differential of between 50 mm and the maximum value
of 1180 mm that could be applied using the experimental
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set-up employed. HETs investigating this range of hydraulic
gradient values were also performed on SP-compacted
unamended soil specimens. A similar hydraulic gradient range
was investigated for the HET testing programme described in
Wan and Fell (2004a).

Additional HETs were performed in triplicate on test specimens
prepared by SP compaction of the same test soil mixed with
0·25, 0·5, 1, 2 and 3% cement additive at the SP wopt value
identified for the unamended soil, investigating curing periods

of 1, 7, 14 and 28 d. In total, 60 HETs were performed on these
soil–cement mixtures for a hydraulic gradient value of 7·2.

3. HET data analysis using the Wan and
Fell approach

Before presenting the experimental results and analysis for the
0·5–6% MK10–soil and 0·25–3% cement–soil mixtures along
with the unamended soil, this section gives an overview of
some key elements of the Wan and Fell HET analysis approach
and their soil erodibility classification system.

(a)

(b)

Flow
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Standard Proctor-
compaction mould

Flow
chamber

Piezometer tubes
showing upstream
and downstream
heads at the level
along the axis of
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Air release
valve
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Figure 2. HET testing: (a) permeameter cell assembly employed in this investigation; (b) schematic diagram of experimental set-up
(source: adapted from Wan and Fell (2004a))

33

Dams and Reservoirs
Volume 30 Issue 1

Improving internal erosion resistance of
silty sand using additives
Zomorodian, Moghispoor, O’Kelly and Babaei

Downloaded by [] on [15/05/20]. Published with permission by the ICE under the CC-BY license 



Depending on the prevailing HET conditions, the laminar or
turbulent flow state (Re < 2000 and > 2000, respectively (Wahl
et al., 2008); where Re is the Reynold’s number) can apply. At
time period t during the turbulent state (i.e. progressive erosion
phase), the relationship between the erosion rate (ṁt) and the
hydraulic shear stress (τt) acting along the wall surface of the
erosion hole is expressed by the detachment-driven erosion
equation, as follows

1: ṁt ¼ Ce τt � τcð Þ

where ṁt is the rate of soil mass removal per unit wall surface
area of the erosion hole at time t (kg/(s/m2)), Ce is the coeffi-
cient of erosion (s/m), which can range over several orders of
magnitude for soils of engineering interest, and τc is the critical
(threshold) hydraulic shear stress required for soil particle
detachment (Pa).

The internal erosion characteristics are described by the
erosion rate index (IHET: Equation 2), which quantifies the
increase in erosion rate with respect to an increase in hydraulic
shear stress during the progressive erosion phase.

2: IHET ¼ � log10 Ce

Typically, the value of IHET can range from unity to just above
6, with larger values indicating greater erosion resistance
(i.e. lower erosion rate). The IHET result is usually reported as
an integer, corresponding to a group number, each having
an associated descriptive term used in categorising the erosion
characteristics (after Wan and Fell, 2004a). For this investi-
gation, the IHET results are reported to one decimal place in
order to more accurately quantify relative changes in erosion
resistance characteristics arising from the small percentage
MK10 additions.

4. Results and discussion

4.1 Compaction properties
SP compaction of the unamended silty sand produced a ρd max

value of 1·77 t/m3 at its wopt value of 12·8% (Figure 3). It was
found that MK10 and cement additions for their small content
ranges investigated produced negligible changes in these wopt

and ρd max values, in agreement with the findings deduced by
Tabarsa et al. (2018) from synthesis of compaction data for
various fine-grained soil–MK10 mixtures investigated in the
papers by Majeed et al. (2014), Taha and Taha (2012) and
Zhang et al. (2004). This justifies compaction of the soil–
MK10 and soil–cement mixtures at the SP wopt value ident-
ified for the unamended soil – that is, SP compaction at the
same moulding water content of 12·8% produced essentially
similar dry density values for all HET test specimens.

4.2 HET properties
As described in the papers by Wan and Fell (2004a) and Wahl
et al. (2008); from measurements of the hydraulic gradient and
accelerating flow (erosion) rate through the predrilled hole
during the progressive erosion phase, the values of pertinent
parameters are computed as follows (refer to the series of plots
for the 1% MK10–soil specimen presented in Figure 4). From
experimental observations, apart from the unamended soil
specimen, localised scouring did not occur at the upstream or
downstream ends of the erosion hole – that is, no significant
shortening of the length of the predrilled hole occurred over
the duration of the HETs.

The friction factor values for the laminar and turbulent flow
conditions occurring at the start and end, respectively, of each
HET were computed from the measured initial and final hole-
diameter and flow rate values, with the onset of turbulence
assumed to occur for Re≥ 2000 (Wahl et al., 2008). With the
applied head differential known and the flow rate measured
over the course of each HET (Figure 4(a)), values of the
eroding hole diameter (Dt) were computed for each time step
(Figure 4(b)), assuming a linear variation of the friction factor
values with elapsed time. The calculated final hole diameter
was cross-checked with the specimen hole diameter measured
at the end of the HET (after carefully dismantling the permea-
meter cell). A polynomial function relating the computed Dt

value to t was determined, with its time derivative defining the
erosion rate (first y-axis in Figure 4(c)). As the initial applied
head differential was insufficient to cause immediate progress-
ive erosion, but with progressive erosion usually ensuing over
time for no head increase, the evolution of the hole diameter
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Figure 3. SP-compaction curve for unamended test soil
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was modelled using a third-order polynomial function. Hence,
this approach produced a second-order-polynomial erosion
rate against time relationship (as evident for the 1% MK10–
soil results presented in Figure 4(c)), with the erosion rate ṁt

value (kg/(s/m2)) computed as

3: ṁt ¼ ρd
2
dDt

dt

where ρd is the dry density of the test specimen (kg/m3).

For the short time intervals considered, the flow rate is
assumed at steady state and the increasing hydraulic shear
stress, τt (Pa), acting along the wall surface of the eroding hole
at time t is calculated as follows

4: τt ¼ ρw g it
Dt

4

where ρw is the density of water (kg/m3), g is the gravitational
constant (9·81 m/s2) and Dt and it are the diameter of the
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Figure 4. HET results for SP-compacted 1% MK10–soil mixture: (a) measured flow rate against time for constant head differential;
(b) computed hole diameter against time, fitted with third-order polynomial for modelling the hole diameter evolution; (c) computed
erosion rate and hydraulic shear stress against time; (d) erosion rate against hydraulic shear stress
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eroding hole (m) and hydraulic gradient acting across its effec-
tive length (m), respectively, at time t (s).

As mentioned earlier, apart from the unamended soil specimen,
the hole erosion tended to be reasonably uniform over the
duration of the HETs (e.g. see Figure 5), with no significant
shortening of the predrilled-hole length. For the purpose of
performing the various calculations described above, the mean
of the measured upstream and downstream hole diameters was
for cross-checking the calculated final hole diameter.

The computed erosion rate values are plotted against the
hydraulic shear stress, with the values of Ce and τc determined
as the gradient and x-intercept of the best-fit line through the
experimental data points for the progressive erosion period
(e.g. see the case for the 1% MK10–soil specimen presented in
Figure 4(d)). Since the generated hydraulic shear stress was
initially less than its critical value (i.e. τt < τc), little or no erosion
of the central predrilled hole along the compacted specimen
initially occurred for the various soil mixtures. In fact, despite
the hydraulic shear stress increasing in value during the early
phase of the HETs, the computed erosion rate exhibited the
characteristic reduction in value with elapsed time (e.g. see
Figures 4(c) and 4(d) for τt < 420 Pa). For the progressive
erosion phase (i.e. τt> τc), however, the flow rate for the
constant applied head differential steadily increased producing
the characteristic V-shaped experimental data trace of erosion
rate against hydraulic shear stress, as evident from Figure 4(d).

4.2.1 Repeatability of HETs
As a demonstration of the HET repeatability, Table 3 lists
the IHET results obtained for SP-compacted specimens

prepared using the test soil with 0·5, 1 and 1·5% MK10
additions for w=12·8% and i=7·2. As evident from this table,
for a given MK10 content and curing period, the IHET results
obtained for the three replicates tested confirm that inherent
variability was small, with the IHET values consistently increas-
ing marginally for increasing curing period.

4.2.2 Effect of MK10 addition on erosion resistance
Figure 6 presents the IHET values computed for the one-day-
cured SP-compacted soil–MK10 mixtures tested for i=7·2.
Included in this figure are the six erodibility classification
groupings after Wan and Fell (2002, 2004a, 2004b). Note that,
as described later in the paper, complete erosion of
SP-compacted unamended soil occurred within a few minutes
of starting the HET for i≥ 1·13, such that its experimental
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Figure 6. Effect of MK10 addition on HET erodibility of one-day-
cured SP-compacted very silty sand material at 12·8% water
content (i=7·2)

Table 3. IHET results for SP-compacted soil–MK10 mixtures with
w=12·8% and i=7·2.

Curing
period: d

IHET

0·5% MK10 1·0% MK10 1·5% MK10

1 3·9 4·2 4·2
1 3·9 4·2 4·2
1 3·9 4·1 4·2
7 3·9 4·2 4·2
7 3·9 4·2 4·2
7 3·9 4·2 4·2
14 4·3 4·4 4·7
14 4·3 4·5 4·6
14 4·4 4·6 4·6
28 4·4 4·7 4·7
28 4·6 4·7 4·8
28 4·6 4·8 4·8

Figure 5. Uniformity of the eroded hole observed for
SP-compacted 1% MK10–soil specimen after test completion
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values of τc, Ce and IHET could not be determined for i=7·2.
In this instance (i.e. very/extremely rapid erosion), the com-
pacted unamended soil specimen is categorised as HET group
1 or 2 material (i.e. IHET= 1 or 2). Hence, for the purposes of
evaluating the improvements in erosion resistance achieved for
the various soil–MK10 mixtures, the unamended soil was
assigned an IHET value of 1·5.

Referring to Figure 6: compared to unamended soil, the IHET

values for the soil–MK10 mixtures were substantially greater,
with a step increase in IHET value achieved for as little as 0·5%
MK10 addition. The difference in HET erosion resistance
between 0·5 and 4% MK10 content was marginal, with IHET

values varying between 3·9 and 4·2 over this range. A tentative
linear increase in the IHET magnitude occurs for increasing
MK10 content from �4% to the maximum value of 6% inves-
tigated. According to the erodibility classification groupings
after Wan and Fell (2002, 2004a, 2004b), moderately rapid,
moderately slow and very slow erosion occurs for MK10
additions of 0·5, 1–5 and 6%, respectively (i.e. HET groups 3,
4 and 5, respectively).

As explained in the papers by Huang and Wang (2016) and
Zhang (2007), even when present as only a small proportion,
the MK10 particles interact vigorously with the fine-grained
soil particles on account of their tiny size (1–2 nm), electrical
charge and extremely large SSA of 220–270 m2/g. As described
earlier, the huge increases in SSA for the soil mixtures with
increasing MK10 content has a significant effect on the soil’s
water-retention characteristics and chemical interactions
between the solid particles and moisture at the micro-scale.
The resulting enhanced inter-particle attraction forces acting
between the MK10 particles and fine-grained soil particles
increase the soil’s cohesion and shear resistance capacity
(Bahari and Shahnazari, 2015). In other words, the improved

erosion resistance measured for the various soil–MK10 mix-
tures occurred on account of enhanced inter-particle attraction
forces and significantly reduced pore-void volume, with the
latter dramatically reducing their permeability coefficient
values compared to the unamended soil.

4.2.3 Effects of moulding water content and
compaction energy level

The HET results for SP-compacted 1% MK10–soil specimens
prepared at w=10·8, 12·8 (wopt) and 14·8% are presented in
Figure 7.

As evident from Figure 7, compared to wopt, the IHET values
for specimens SP compacted at water contents of wopt− 2%
and wopt + 2% were marginally lower and higher, respectively –

that is, other factors being equal, SP compaction at the upper
end of the typically allowable field water content range for
compaction of wopt ± 2% produced a marginally higher IHET

value, in agreement with the experimental findings reported in
the papers by Benahmed and Bonelli (2012), Wan and Fell
(2004a, 2004b) and Lim (2006). The slightly greater erodibility
of the predrilled hole for the 1% MK10–soil specimen com-
pacted on the dry side of the wopt value can be explained in
terms of its compaction behaviour. Typical of compaction for
dry of the optimum water content, soil agglomerations (clods)
remained independent for compaction of the 1% MK10–soil
mixture at wopt−2% – that is, the compaction process did not
produce sufficient remoulding of the clods, such that this test
specimen was more heterogeneous.
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Figure 7. Effect of moulding water content on erosion rate index
and critical shear stress for SP-compacted 1% MK10–soil
specimens (i=7·2)

Table 4. IHET results for SP-compacted soil–cement (C) mixtures
with w=12·8% and i=7·2

Curing
period: d

IHET

0·25% C 0·5% C 1·0% C 2·0% C 3·0% C

1 3·8 3·7 4·4 4·5 4·4
1 3·8 4·2 4·1 4·1 4·4
1 4·0 4·0 4·3 4·3 4·3
7 4·1 4·1 4·4 4·5 4·6
7 4·2 4·2 4·4 4·6 4·6
7 4·0 4·2 4·3 4·6 4·7
14 4·1 4·4 4·6 4·7 4·7
14 4·2 4·5 4·4 4·7 4·8
14 4·3 4·6 4·7 4·7 4·8
28 4·3 4·5 4·8 4·8 5·1
28 4·3 4·6 4·8 5·0 4·9
28 4·3 4·6 4·9 5·0 4·9
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The HET results for the 1% MK10–soil mixture prepared at
80, 100 and 120% of the SP ρd max value obtained for 12·8%
water content (i.e. at SP wopt) are presented in Figure 8.
As expected, greater erosion resistance (i.e. higher IHET and
τc values) was achieved for the higher compaction level (dry
density). This can be simply explained as follows. For a given
soil, the wopt value decreases for higher compaction effort. As
such, the specimen compacted at 12·8% water content to
achieve 1·2� SP ρd max was compacted at a water content
greater than optimum (on wet side of optimum). In other
words, compared to SP compaction at 12·8% water content,
this test specimen would have had a lower air-void content,
lower permeability-coefficient value and presumably higher
shear resistance capacity. The corollary applies for the test
specimen prepared by compaction at 12·8% water content to
achieve 0·8� SP ρd max (i.e. on dry side of the optimum) – that
is, referring to Figure 8, the critical shear stress (τc) increased
overall for greater compaction effort.

Significant findings are, therefore, that compared to SP ρd max,
the improvement in erosion resistance achieved for 1% MK10
addition reduced only marginally (from IHET of 4·2 to 4·1) for
the lower dry density of 0·8�SP ρd max (Figure 8) and for a
moulding water content value at the lower end (i.e. wopt− 2%)
of the typically allowable water content range for field compac-
tion. Likewise, only marginal improvements in erosion resist-
ance (IHET increasing from 4·2 to 4·4) were achieved for
compaction at the higher end (i.e. wopt + 2%) of the allowable
water content range or for the higher dry density of 1·2� SP
ρd max. Overall, when the IHET results for the 1% MK10–soil

mixture are considered in their conventional integer format,
there is no change in the experimental IHET group number
(moderately slow erosion) obtained for wopt ± 2% or
0·8–1·2� SP ρd max.

4.2.4 Effect of curing period
From Table 3, longer curing periods before performing the
HETs produce marginally higher IHET values, with a 13–16%
increase in IHET achieved by increasing the curing period from
1 to 28 d for the 0·5–1·5% MK10–soil mixtures SP-compacted
at wopt and HET tested using i=7·2.

4.2.5 Effect of hydraulic gradient
Figure 9 presents the HET results for the 1% MK10–soil speci-
mens SP compacted at wopt = 12·8%, investigating hydraulic
gradients ranging 0·43−10·3. From this figure, the value of
IHET for these specimens increased with increasing hydraulic
gradient. However, the overall erosion resistance improvement
achieved for i=3·3–10·3 was relatively independent of hydrau-
lic gradient, with a mean IHET value of 4·1 (σ=0·18) over this
range – that is, the moderately slow erosion classification for
this soil–MK10 mixture was maintained despite the significant
increase in applied hydraulic gradient. Included in Figure 9 is
the experimental data point determined at the lowest i value of
0·43 investigated for the unamended soil. As described earlier,
unamended soil specimens eroded extremely rapidly for higher
hydraulic gradients examined and, following the erodibility
classification system after Wan and Fell (2002, 2004a, 2004b),
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the SP-compacted unamended soil was categorised as
HET group 1 or 2 material (i.e. IHET= 1–2), with an IHET

value of 1·5 assigned in presenting their data for i=1·13 – 10·3
in Figure 9.

Bendahmane et al. (2008) reported that erosion occurs on
account of suffusion of the clay fraction for low hydraulic
gradients and backward erosion of the sand fraction for high
hydraulic gradients, with the extent of the erosion dependent
on the clay content. In other words, for the modest and high
hydraulic gradient tests performed in this investigation, back-
ward erosion of the sand grains in the unamended soil speci-
mens caused significantly more erosion to occur, which
ruptured these specimens within a few minutes of starting the
HETs. Referring to Figure 9, the 1% MK10–soil mixture, by
contrast, was found to experience a marginal increase in
erosion resistance for increasing hydraulic gradient, from
which it is postulated that the MK10 additive counteracts
backward erosion of the sand grains.

4.2.6 Optimum MK10 content for erosion control
Referring to Figure 6, for the 0·5–6% MK10–soil mixtures
investigated, the 6% MK10 content produced the greater
erosion resistance, but considering the significant financial cost
of this additive, the 1% MK10 content is identified as the
optimum mix design in terms of erosion resistance improve-
ment for the SP-compacted very silty sand investigated. This
generally agrees with the 2% MK10 content identified by
Tabarsa et al. (2018) from a pilot field stabilisation study of
vibratory-plate compacted natural loess soils at one of the
main irrigation channels of Gonbad Dam, north-eastern Iran.
Whereas prepared MK10 suspensions were added to the dry
test soil which was then thoroughly mixed for this investi-
gation, Tabarsa et al. (2018) took a different approach, adding
the MK10 powder material at various concentrations to the
natural soil in-situ. It is the authors’ opinion that the approach
adopted in this investigation produces a more homogeneous
distribution of the MK10 additive in the soil matrix.

4.3 Performance comparison of MK10 and
cement additives

Table 4 lists the IHET results for the 0·25–3·0% cement (C)–soil
mixtures which were tested in triplicate. An initial observation
from this table is that for a given cement content and curing
period, the IHET results obtained for the three replicates again
confirm that inherent variability of the experimental HET
approach was small. Figure 10 compares the mean IHET values
obtained for the SP-compacted test soil mixed with 0·5–1·5%
MK10 and 0·25–3·0% cement, investigating curing periods of
between 1 and 28 d. Overall, and comparing similar dry
weight additions, the soil–cement mixtures performed margin-
ally better than the soil–MK10 mixtures, with the IHET values
rising by 12–16% with increasing curing period from 1 to 28 d

for w=12·8% and i=7·2 investigated. For instance, the 28-d
IHET values achieved for 1% MK10 and 1% C additions were
4·73 and 4·84, respectively. Again, referring to Figure 10: it is
notable that all additive concentrations investigated achieve an
IHET> 4 (moderately slow erosion classification) for one-day
curing, apart from 0·25% C, 0·5% C and 0·5% MK10
additions (moderately rapid erosion), although this was recti-
fied within 7 d (0·25% C and 0·5% C) and 14 d (0·5% MK10)
curing periods.

5. Recommendations for future
investigations

Further laboratory testing along with pilot field studies are
recommended to corroborate the presented HET results, as
well as investigating the impacts of in-situ mixing procedures
and larger hydraulic gradients on the presented findings. This
could include performing other soil erodibility testing
approaches, such as furrow erosion, jet erosion (US BoR and
ACE, 2015; Wahl et al., 2008) or surface-stream tests (Tabarsa
et al., 2018). In addition, future investigations could compare
the erosion resistance improvement achieved for MK10
addition with other traditional additives, like lime and fly ash.
Further, commercial MK10 material is acidic (cationic), such
that geo-environmental and geohydrology impacts of its mass
mixing with the in-situ soil and on the groundwater pH must
be carefully considered (Johnston and O’Kelly, 2016).
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Figure 10. Comparison of MK10 and cement (C) additives in
improving the hydraulic erosion resistance of the SP-compacted
test soil
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6. Summary and conclusions
The results of the HET testing programme demonstrated at
bench scale the feasibility of achieving substantial improve-
ments in hydraulic erosion resistance of highly erodible SP
compacted, very silty sand using very small additions of
MK10 additive. Compared to cement stabilisation, the MK10
additive is equally effective at similar dry weight concen-
trations, but with the advantage of presumably substantially
lower embodied carbon. Based on the presented HET results,
the 1% MK10–soil mixture (mean IHET= 4·1 for i=3·3–10·3
indicating its moderately strong erosion resistance) was ident-
ified as the optimum performing mixture for the 0·5–6%
MK10 content range investigated. Further, the erosion-
resistance-group classification for SP-compacted 1% MK10–
soil specimens was not affected for under-compaction that
produced a dry density of 0·8� SP ρd max, or for compaction
at the lower limit of the typically allowable moulding water
content range of wopt ± 2%, or for widely different applied
hydraulic gradients in the range of i=0·43–10·3 investigated.
As expected, marginally greater erosion resistance was achieved
for higher compaction (dry density) levels, higher moulding
water contents within the allowable compaction water content
range, longer curing periods and apparently also for higher
hydraulic gradient values.
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