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Abstract: Seepage-induced internal erosion in earth-filled embankment dams has been
attracting attentions of civil engineering researchers and practitioners for decades.
Microbially induce carbonate precipitation (MICP), due to its proved performance in soil
enhancement and permeability control, can be potentially used for internal erosion control.
This paper examines the applicability of MICP for internal erosion control in gravel-sand
mixtures using a large one-dimensional column test apparatus which incorporates the
implementation of MICP. Visual obersverations, erosion characteristics and hydro-
mechanical behaviours of Non-MICP and MICP treated gravel-sand mixtures were
investigated through a series of constant-pressure erosion tests. Test results confirm that
MICP treatment can reduce the cumulative erosion weight, erosion rate and axial strain
relative to Non-MICP soil. The magnitudes of hydraulic conductivity for all tested samples
before erosion process fall into a range from 5.5x107 to 8.0x10° m/s. After erosion process,
Non-MICP soils and MICP treated soils with low cementation concentrations experience a
significant increase in the hydraulic conductivity. Furthermore, the hydro-mechanical
coupling analysis was conducted and different erosion modes were identified for low and
high concentrations of cementation solution, respectively. Fundamentally, the efficiency of
internal erosion reduction is controlled by the calcium carbonate precipitation content within
the tested soils. Higher precipitation content can facilitate the formation of larger clusters of

cemented sand particles, thus reducing the likelihood of erosion.
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Introduction

Seepage-induced internal erosion or piping in earth-filled embankment dams has been
attracting attentions of civil engineering researchers and practitioners for decades. It is
reported that internal erosion induced collapse is the third most important mode for earth dam
failure after overtopping and external erosion, and it accounts for ~14.3% of all dam failures
(Danka and Zhang 2015). Internal erosion, if initiated and progressed, would trigger
associated adverse alternations in physical (e.g., grain size distribution), hydraulic (e.g.,
permeability) and mechanical (e.g., undrained and drained strength) behaviours of soils
composing the dam cores (Chang and Zhang 2013a; Correia dos Santos et al. 2015; Moffat et
al. 2011). The understanding of the internal erosion phenomena primarily relies on
experimental investigations (Fannin and Slangen 2014). Early attempts focused on the effect
of grain size distribution on the erosion potential of soils, usually conducted using in-house
permeameter at different scales. Particle geometric relations were proposed accordingly as
the criteria for internal stability of soils (Chang and Zhang 2013b; Kenney and Lau 1985;
Kézdi 1979; Li and Fannin 2008). The importance of hydro-mechanical coupling phenomena
in the course of internal erosion was then acknowledged and led to a large number of studies
on the hydraulic criteria for erosion initiation. Hydraulic parameters such as critical hydraulic
gradient (ic;) and critical shear stress (7.;) were adopted to evaluate the hydraulic resistance of
tested soils to seepage induced internal erosion (Indraratna et al. 2008; Moffat and Fannin
2011; Reddi et al. 2000). The changes in contractive characteristics, axial strain, secant
stiffness, peak deviator stress, and drained and undrained strength were widely identified
during the internal erosion process under various hydraulic conditions, mostly in the triaxial
cell test apparatus (Chang and Zhang 2013a; Ke and Takahashi 2014, 2015).

Most experimental research on internal erosion process used homogenous or mixed soils

with one-dimensional flow in columns (Ouyang and Takahashi 2016; Fleshman and Rice
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2014). Some sophisticated tests were also conducted recently as attempts to better represent
the erosion process in real dams. For example, Correia dos Santos et al. (2015) constructed a
column soil sample with three zones representing the upstream, core and downstream
materials. Richards and Reddy (2012) created a two-dimensional flow net within gap-graded
soil samples to simulate the flow field within real dams. Plan¢s et al. (2016) constructed a
scaled canal embankment, which was tested to failure by internal erosion in an indoor
laboratory.

The prevention of internal erosion within earth-filled dams can be achieved by zoning of
the dam (Foster et al. 2000), construction of filters (USBR 1999), chemical stabilization
(Indraratna et al. 2008), and other embankment design and foundation treatment measures
(Fell et al. 2005). More specifically, the mitigation measures may include: (1) chimney filter
drain within dam cores; (2) horizontal filter drain; (3) upstream low permeability blanket; (4)
permeable downstream zone; (5) slurry trench in the foundation; (6) chemical grouting in the
embankment and foundation; and (7) weighting berm on the downstream slopes.

Microbially induced carbonate precipitation (MICP) is an emerging bio-mineralization
technique, which has been extensively investigated for its applicability in geotechnical,
environmental and energy engineering (Cheng et al. 2014; Chu et al. 2013; Al Qabany and
Soga 2013; Jiang et al. 2016a, b). MICP involves the process of ureolysis by the urease
enzyme sythensized through bacteria metabolic activities. Associated alkalinity accumulation
at the proximity of bacteria cells triggers the formation of calcite precipitation on nucleation
sites (i.e. bacteria cell surfaces) in the presence of available calcium source (DeJong et al.
2010; Ferris et al. 2004). The produced calcite precipitation preferentially accumulate around
particle-particle contacts (Al Qabany et al. 2012). Because of this preference of cementation
at pore throat locations, large pores are kept relatively open so that the change in permeability

is rather small even though soil stiffness and strength are enhanced (Dawoud et al. 2014;
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Martinez et al. 2013; Whiffin et al. 2007). This is an attractive feature of MICP for internal
erosion control.

Based on Hammes and Verstraete (2002) and De Muynck et al. (2010), the whole bacteria
cell becomes encapsulated by precipitated calcite during the MICP process, which limits the
nutrient transfer and results in the cell death. Therefore, the bacteria may not stay alive after
the completion of the MICP test. Even if there are still some bacteria alive, Sporosarcina
pasteurii (S. pasteurii) is classified as a bioagent on Biosafety Level 1 (BSL-1) based on the
criteria developed by US Centers for Disease Control and Prevention (CDCP 2009). It means
that S. pasteurii is not known to cause disease in healthy adult humans, and of minimal
potential hazard to laboratory personnel and the environment. Therefore, no foreseen
environment and health risk concerns exist for this particular microbial species. However, the
ureolytic MICP process also involves the generation of ammonium ions. Therefore, if the
MICP is used for the field application in the future, the generation, transportation and fate of
ammonium ions must be well address.

A study of MICP for internal erosion control in sand-clay mixtures has been performed
by the authors (Jiang et al. 2016a). In the current study, the applicability of MICP for internal
erosion mitigation in gravel-sand mixtures was investigated using a large one-dimensional
column test apparatus which incorporates the implementation of MICP. Erosional,
geomechanical, and hydraulic behaviours were analysed to evaluate the efficiency of MICP
treatment on internal erosion control. Although there have been many previous studies of
MICP strengthened soils, this study intends to show the potential benefit of the MICP
treatment for gap-graded soils, which may result from the particle segregation during
embankment construction. The target of the MICP treatment here is not to improve the
strength of the treated soil, but to reduce erodibility while keeping the permeability of the

treated soil almost constant. The findings in this study may provide an alternative solution for
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internal erosion problems and show the potential of MICP for full-scale application in the
future.

It should be noted that the parellel samples were not tested in the current study. This is
because that the nature of observed internal erosion in this study was described primarily
from interpretation of erosional behaviour, axial displacement and hydraulic conductivity,
which were verified by visual observations. The response of each soil was described herein
with reference to a single combination of test variables, thereby providing a detailed

tllustration of the effect of MICP on internal erosion control.

Testing apparatus

A large one-dimensional column internal erosion simulator combined with a MICP
implementation unit was designed for the current study. The overall schematic is shown in
Fig. 1. This test apparatus is composed of a pressurized chamber, an axial loading system, a
hydraulic control system, a sanding collection system, a MICP implementation system, and
an instrumentation system.

The pressurised chamber is composed of a Perspex hollow column and aluminium
pedestal/top plates. The hollow column has a height of 700 mm, an inner diameter of 240 mm,
and a thickness of 5 mm. The pedestal features a funnel shaped cavity in the centre to
facilitate the transport of sand particles during the test, as shown in Fig. 2(a). A specially
designed double-layer base mesh is installed between the pedestal and the Perspex column
(Fig. 2(b)), which can provide sufficient rigidity under the gravity of the soil while
effectively allow only sand passing through. The gap between the top plate and Perspex
column is sealed by a conventional O-ring.

The axial loading system is composed of a porous loading plate, a pneumatic cylinder, an

air pressure regulator, and an iron reaction frame. The porous loading plate, as shown in Fig.
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2(c), features a grid of holes to allow for the water dissipation. The leakage between the
piston rod and the top plate is prevented via a three-layer sealing, as shown in Fig. 2(d). On
the top of the piston connects a pneumatic cylinder via a ball bearing. The pneumatic cylinder,
which mounts in the reaction frame, can provide a downward force up to 1.2 kN. The applied
force can be adjusted accordingly through an air pressure regulator, which maintains a
constant pressure during the test.

The hydraulic system functions via a water pressure regulator, which can maintain a
constant hydraulic pressure up to 100 kPa. A top mesh with an opening size smaller than the
sand particles is placed between the porous loading piston and tested soil to evenly distribute
the inflow water.

The sanding collection system consists of several 1000 mL Erlenmeyer flasks. The
outflow containing fluidised sands from the outlet of the erosion test apparatus is collected
periodically. The particle-containing solution collected by the Erlenmeyer flasks is subject to
solid-liquid separation afterwards.

The MICP implementation system is composed of three buckets, each with a volume of
30 L. The distilled water, bacteria solution and cementation solution inside each bucket can
be alternatively pumped into the hollow column to complete the soil saturation and bio-
mineralisation processes. The buckets are refilled periodically.

The instrumentation devices employed in this study include six pressure transducers (PT)
(maximum: 100 kPa; accuracy: 0.1 kPa), a differential pressure transducer (DPT) (maximum:
100 kPa; accuracy: 0.1 kPa), and a linear variable displacement transducer (LVDT)
(maximum: 100 mm; accuracy: 0.1 mm). More specifically, two PTs (PT-0 and PT-5) are
connected to the inlet and outlet pipes while the other four are affixed to the wall of the
hollow column. The distances from the bottom of the tested soil to the four PTs are 100, 200,

300, and 400 mm, respectively. The DPT connects the inlet and outlet pipes directly to
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measure the overall pressure loss along the whole soil column. The LVDT is mounted on the
loading piston rod to measure the axial displacement. Readings of these measuring devices
are acquired through analog input channels of a Measurement Computing™ data acquisition
system and written to a digital storage using a USB interface and the TracerDAQ software on

a laptop. Data are recorded at a frequency of 1 Hz (once per second).

Testing materials and procedures
Testing materials
Tested soil

Core Materials in embankment dams and levees are built using broadly graded soil to
avoid seepage-induced internal erosion. In dam construction, core materials are usually
placed by scrapers or dumped from a truck and spread with a grader or bulldozer (Milligan
2003). However, if gravel-sized fill materials are allowed for construction, segregation is
likely to happen. This is because that dumped from a truck, and spread by a grader or
bulldozer may result in the coarser particles lying at the base of the layer, and the fines on the
surface. The rolling compaction may further break the upper part of the layer, creating even
more segregation (Fell et al. 2005). Segregation can result in severe internal erosion and
piping with the dams, thus requiring effective countermeasures.

In this study, a gap-graded granular soil was created by mixing a natural gravel soil with a
British Standard graded sand (Fraction D, supplied by David Ball Group plc). The particle
size distributions of the gravel and sand are shown in Fig. 3. The gravel and sand were mixed
at a ratio of 1:1 based on dry weight (i.e. sand content 50%). Based on Vallejo (2001), the
gravel-sand binary mixture is classified as the transitional fine grain supported structure.
Standard proctor compaction test gives the result that the binary mixture has a maximum dry

density (ydmax) of 18.6 kN/m? and optimum water content (wopt) of 9.1%. The binary mixture
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is categorised as gap graded soil based on the criteria proposed by Lafleur et al. (1989).
Internal erosion potential analysis was conducted for this binary mixture based on the method
proposed by Kenney and Lau (1986). The stability index (H/F), which is the ratio between
mass fraction at any grain size d (F) and mass fraction between grain size d and 4d (H), was
calculated for this binary mixture. The (H/F)min of the gravel-sand mixture in this study is
only 0.15, significantly less than 1.0, which is the threshold for internal stability (Kenney and
Lau 1986). Thus, this binary mixture is deemed to be highly susceptible to the seepage-

induced internal erosion.

Bacteria and cementation solution

S. pasteurii (ATCC 6452), a urease-active strain was used in this study, due to its well-
defined urease-synthesis behaviour and superior urease activity over many other alternative
urease-producing bacteria (Seagren and Aydilek 2010). This bacterium strain was rehydrated
under a sterile aerobic batch condition in the solid NH4-YE medium (see Table 1). After 24
hours of incubation at 30 °C, the culture was harvested and stored at 4 °C. Before the MICP
treatment, bacteria colonies extracted from the solid NH4-YE medium was transferred into
eight sterilised Erlenmeyer flasks, each containing 500 mL of urea-rich NH4-YE solution
medium (see Table 1) and placed in a shaking incubator for 24 hours. The cultivated bacteria
solution (4 L) was then diluted to 12 L using the clean urea-rich NH4-YE solution medium.
The optical density at 600 nm (ODeoo) of the final solution ready for test is 0.454+0.137,
which is slightly lower than with those reported in previous studies (Cheng et al. 2014; Al
Qabany and Soga 2013). The lower cell concentration in the final solution is mainly
attributed to the dilution effect. The average measured specific urease activity (1.012+0.390

mM urea min' OD™"), however, is sufficient to induced ureolytic reactions (Whiffin 2004).



O©CoO~NOOOTA~AWNPE

The composition and concentration of the cementation solution used in the current study
is shown in Table 1 as well. The selected concentrations (0.2 M, 0.4M, 0.6M, 1.0M and 2.0
M) cover the range adopted in most previous studies that showed effective MICP treatment

(DeJong et al. 2014; Montoya et al. 2013; Al Qabany and Soga 2013).

Testing methods
Soil preparation and MICP treatment

The soil specimen preparation procedure is shown in Fig. 4. Firstly, the hollow column,
pedestal and bottom mesh were assembled. Then the dry gravel and sand were mixed
thoroughly at the wopt, using either distilled water in the Non-MICP case or the cementation
solution in the MICP treatment case. The moist mixed soil was then compacted in six layers
with the target of 95% degree of compaction (the actual achieved degree of compaction is 93%
through weight and volume measurements). After the compaction was completed, the surface
of the compacted soil was carefully levelled and the top mesh and porous plate were placed.
The entire hollow column was finally sealed by the top plate, with the sealing between piston
rod and top plate in place as well. With LVDT attached, the pneumatic cylinder was
connected to the piston rod. A constant axial stress of 24 kPa (in terms of the cross-section
area of the soil column) was then applied by the pneumatic cylinder. Soil column was then
saturated under a constant hydraulic head of 0.1 m via upflowing water in the non-MICP case
and bacteria solution in the MICP treatment case. The axial displacement monitored via
LVDT confirmed that no significant disturbance occurred during the saturation procedure.
The satiated soil column was then subject to the internal erosion test immediately in the non-
MICP case while was retained for the MICP reaction for another 24 hours prior to the erosion
test in the MICP treatment case. The 24-hour for the MICP reaction was selected based on

existing studies on the ureolytic reaction kinetics. Actually, Michaelis—Menten equation (or
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modified one) has been extensively used in characterising the ureolytic reaction kinetics of S.
pasteurii (Fidaleo and Lavecchia 2003; Lauchnor et al. 2015). The kinetic parameters from
these studies have all demonstrated that the ureolytic reaction can be completed within a few
minutes to hours (significantly less than 24 hours) for the cementation concentrations covered
in this study (0.2 M to 2.0 M). The nucleation and crystal growth of calcite precipitation may
take extra time beyond the ureolytic reaction. However, this process mainly depends on the
chemical properties of solution (e.g., pH and supersaturation state) and the equilibrium can be
reached very quickly under a certain solution chemical condition. In most previous studies,
reaction time less than 24 hours was adopted after the injection of bacteria and cementation
solutions (Al Qabany et al. 2012; Martinez et al .2013; Lin et al. 2016).

It should be noted that the MICP implementation method designed in the current study
attempts to simulate the potential field trial of MICP during the construction of new earth-
filled embankment dams or levees. In this scenario, the cementation solution is mixed with
the in-situ soil composing the dam core and foundation, and then is subject to the compaction
via a roller. The bacteria solution prepared in-situ is implemented from the upstream side

during the first impoundment after the completion of the dam.

Internal erosion test
The satiated compacted gravel-sand mixtures, with or without MICP treatment, were

subject to the downward internal erosion test under constant hydraulic pressures. The
specifications for the internal erosion test are shown in Table 2. The internal erosion test was
initiated via applying the constant hydraulic pressure from the top plate. The selection of
hydraulic pressure, as specified in Table 2, is to address a wide range of erosion severity.
Then, the outlet valve was opened and the outflow containing sand particles were collected
by the Erlenmeyer flasks periodically as specified in Table 2. The collection time for each

Erlenmeyer flask was 30s. The flow rate was measured based on the volume of the outflow

10
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collected at 30s periodically. The liquid-solid partition was done after collection to facilitate
the volume measurements. The entire internal erosion test lasted for 30 mins, during which
the axial displacement, overall pressure loss along the soil length, and pore pressures at
different locations were recorded accordingly. The 30-min testing time was selected to
restrict the excessive axial displacement in the worst case which might be beyond the
measurement range of LVDT. For most of the MICP treated samples, it is found that no
further erosion and axial displacement occurred after 20 min. Therefore, the testing time of
30 min was sufficient for the erosion process to complete. After the termination of the
internal erosion test, the soil column was cut into four equal slides, each of which was subject
to sieving via a 2 mm mesh to determine the remaining sand contents at different locations.
Photos were taken immediately after the internal erosion test to facilitate visual check of the
erosion severity.

In this study, the calcite precipitation content within the MICP treated samples that were
not subject to the erosion process was determined at various locations via the shaking
chamber method, as specified in Jiang et al. (2016a).

It should be noted that all the MICP treatment and erosion tests were conducted in a

constant-temperature room at 20 °C.

Results and data interpretation

The results of the internal erosion tests for gravel-sand mixtures were analysed by
comparing the MICP treated and untreated samples from the following four aspects: 1) visual
observations; 2) erosion characterisation; 3) geomechanical behaviours; and 4) hydraulic

résSponses.

Visual observation

11
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Visual observation has been adopted extensively as a qualitative tool for the internal
erosion characterisation (Correia dos Santos et al. 2015; Moffat et al. 2011; Ouyang and
Takahashi 2015, 2016). Fig. 5 shows the photos taken after the completion of the internal
erosion tests for both the Non-MICP and MICP treated soils. For all Non-MICP samples, it is
obvious to see that higher imposed hydraulic pressure induces more severe erosion patterns.
At 30 kPa of hydraulic pressure, a through-washout zone of the sand was clearly identified.
For the case of MICP-0.2M, no significant surface washout zone was spotted at low hydraulic
pressure. However, a significant axial settlement was observed at 30 kPa of hydraulic
pressure. When the cementation concentration rises to 0.4 M, only slight axial settlement was
identified at 30 kPa of hydraulic pressure while no any surface erosion was seen by naked
eyes. Eventually, cementation concentrations higher than 0.4 M correspond to no visually

discernible erosion, regardless of the imposed hydraulic pressure.

Erosion characterisation

The erosion severity is usually directly estimated by the weight or erosion rate of eroding
particles (Indraratna et al. 2015; Ke and Takahashi 2015). In the current study, the weight of
flushed sand particles was measured periodically to determine the erosion rate and
cumulative erosion weight. Fig. 6 (a) shows the evolution of the cumulative erosion weight
with time. It is found that, for the cases of Non-MICP, MICP-0.2M, and MICP-0.4M, higher
imposed hydraulic pressure induces more cumulative erosion weight with time. At the
hydraulic pressure lower than 20 kPa, the treatment with 0.2 M cementation solution can
reduce the ultimate erosion percentage to less than 5%, as shown in Fig. 6(a). However, at 30
kPa of hydraulic pressure, at least 0.4 M cementation is needed to bring down the ultimate
erosion percentage to less than 5%. With higher cementation concentrations, the cumulative

erosion weight is negligible even at the maximum imposed hydraulic pressure. In particular,

12
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the sample with 2.0 M cementation can resist 50 kPa of hydraulic pressure without noticeable
erosion.

It should be noted that the sample of MICP-0.2M_30kPa has less resistance to internal
erosion than the sample of Non-MICP-30kPa. It is attributed to the fact that the way that
bacteria was percolated into the samples might disturb the soil structure and create some
internal flaws prior to the internal erosion test. At high hydraulic pressure (i.e., 30kPa), these
internal flaws are severely developed to form preferential paths, which was observed from
Fig. 5. This further reduces the erosion-resistance of the sample of MICP-0.2M_30kPa,
making it lower than that of the sample of Non-MICP_30kPa. This effect becomes negligible
at higher cementation concentration and lower hydraulic pressure.

The ultimate percentage of sand erosion was compared with those measured by
Indraratna et al. (2015) and Ke and Takahashi (2015), as marked in Fig. 6(a). The Non-MICP
samples in the current study have slightly lower erosion percentages than that reported by Ke
and Takahashi (2015). As the initial porosity is around 0.33 in the current study, which is
lower than that used by Ke and Takahashi (2015) (0.38-0.40), the slightly higher percentage
of sand erosion reported by Ke and Takahashi (2015) may be attributed to its looser soil
structure than in the current study. The reason for a lower erosion percentage in the study of
Indraratna et al. (2015) is that (1) the grain size distribution of used soil is much more well-
graded than in the current study and (2) an upward erosion test was conducted, which
required higher hydraulic pressure to induce erosion than in the current study.

The change of erosion rate with time is shown in Fig. 6(b). Similar to the trend of the
cumulative erosion weight, cementation concentration higher than 0.4 M is needed to reduce
erosion rate to the negligible level. It is also noticed that erosion rates of all samples, except
the cases of Non-MICP 15kPa, Non-MICP 20kPa, Non-MICP 30kPa, and MICP-

0.2M_30kPa, peak between 200s and 400s and eventually drop to the negligible level after

13
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1200s. This indicates that these samples acquire new equilibriums from then, due to the
presence of calcite precipitation. However, all Non-MICP samples fail to establish the new
equilibriums, since they cannot reduce the erosion rate to a negligible level even at the
completion of the internal erosion tests. It should be noted that the sharp drop of erosion rate
after 750s in the cases of Non-MICP_30kPa, and MICP-0.2M_30kPa is due to the formation
of preferential paths through the soil samples, which can be observed from Fig. 5.

Fig. 7 shows the remaining sand contents from the top to the bottom of the soil samples
after the internal erosion tests. All samples except MICP-0.2M_30kPa experience greater
erosion at the bottom layers relative to the top ones. This indicates that the sand erosion
develops backwards, as it was observed by Bendahmane et al. (2008) and Richards and
Reddy (2012). Treatments with cementation concentrations higher than 0.4 M can help to
reduce the backwards erosion to the minimum, which is consistent with the results of the
cumulative erosion weight.

It should be noted that sand content higher than 50% in some cases is primarily attributed
to the sampling procedure. After the completion of the erosion tests, the gap-graded soil
samples become heterogeneous locally. Although special cares have been taken to make sure
that sampling is representative (four sub-samples were taken at each layer and mixed to
measure the sand content), the measured values might still deviate from the actual values.
Even so, it can be seen in Fig. 7 that the sand contents at the top layer of most samples only

deviate slightly around 50%, indicating that no significant erosion occurs at the top layer.

Geomechanical responses
The internal erosion process normally accompanies significant ground settlement. The
evolution of the axial displacement with time is illustrated in Fig. 8 (a). It can be found that,

with cementation concentration < 0.4 M, soil samples display larger axis displacement at

14
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higher imposed hydraulic pressure. Cementation concentration > 0.4 M can reduce the axis
displacement to the negligible level in the course of the entire internal erosion tests. Except
for the cases of Non-MICP 15kPa, Non-MICP 20kPa, Non-MICP 30kPa, and MICP-
0.2M_30kPa, all samples reach plateau axial displacements before 1250s, indicating the
establishment of new equilibriums, which is consistent with the erosion rate measurement.
The ultimate axial strain of the Non-MICP samples measured in the current study is found to
be comparable with that reported by Chang and Zhang (2013a) for gap-graded sandy soils
under a worse scenario, as shown in Fig. 8 (a). However, it is still larger than that reported by
Ke and Takahashi (2014), which is mainly attributed to the higher sand content and lower
confining pressure applied in the current study.

Fig. 8 (b) shows the evolution of the overall porosity of gravel-sand mixtures with time.
The overall porosity of gravel-sand mixtures was calculated based on the three-phase
relationship in the classical soil mechanics. Since the soil has been saturated before the

erosion tests, the porosity can be calculated as follows:

(mg ms) 1
_+_ J—
__ \Gsg Gss/pw

v v v (1)

where Vs is the volume of the soil grains, V) is the volume of voids, V' is the total volume, my
is the weight of gravel, m;y is the weight of sand, Gy is the specific gravity of gravel (2.65),
Gys 1s the specific gravity of sand (2.65), and p., is the unit weight of water. By measuring the
changes in the sample height and the weight of sand loss, the changes in porosity can be
obtained accordingly. It should be noted that the calculated values only reflect the overall soil
sample properties. The heterogeneity during the erosion process may significantly affect the

local porosity.
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It is found that the loss of sand particles can result in the increase in the overall porosity
while the bulk axial deformation leads to its reduction. In Fig. 8 (b), all the Non-MICP
samples experience reduction in porosity at the initial 250s. This indicates that the Non-MICP
samples are dominated by the axial deformation instead of the particle loss at this early stage.
Later, the Non-MICP samples display substantial increase in the overall porosity due to a
large amount of sand loss. The MICP treatment with cementation concentration > 0.4 M
contributes to the significant reduction in the porosity change relative to the Non-MICP
samples. The overall porosity change becomes negligible when cementation concentration is
larger than 0.6 M, which is consistent with the results of the erosion weight and the axial

deformation.

Hydraulic responses

The change in the pore pressure within the gravel-sand mixture samples is an indicator of
hydraulic responses due to the MICP treatment. Fig. 9 shows the evolution of pore pressures
at four locations within three representative samples (MICP-2.0M 30kPa, MICP-
0.4M_30kPa and Non-MICP_30kPa). In the case of MICP-2.0M_30kPa, the pore pressures
remain stable after the initial transient stage, indicating that the MICP treated soil is not
affected by the hydraulic flow. In the case of Non-MICP_30kPa, however, the pore pressure
differences reduce remarkably and the pore pressures at the four locations almost converge
after about 1000s, indicating that the soil’s flow resistance has been damaged (Fleshman and
Rice 2014; Moffat and Fannin 2011). The case of MICP-0.4M 30kPa is an intermediate
situation, which displays a slight and gradual reduction in pore pressure differences. More
generally, the Non-MICP and MICP samples with low treatment concentrations become

heterogeneous when they reach the steady-state conditions, which are different from those of
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heterogeneous samples. Thus, different pore pressure distributions can be observed between
heterogeneous and homogenous samples.

It should be noted that the pressure dissipation occurring at the top plate and double-layer
bottom mesh may reduce the actual imposed hydraulic pressure across the longitudinal
direction of the tested samples, especially in the cases with severe erosion.

The hydraulic conductivity is derived from the measurement of the flow rate and
hydraulic pressure drop, as shown in Fig. 10. The hydraulic pressure drop between PT1 and
PT4 was used for calculation to eliminate the effect of pressure dissipation by the top plate
and the bottom double-layer mesh. The magnitudes of hydraulic conductivity of all tested
samples before the erosion process fall into a narrow range, from 5.5x107 to 8.0x107> m/s.
The increase in the cementation concentration only results in slight but limited reduction of
the hydraulic conductivity. During the erosion process, all Non-MICP soils, MICP-
0.2M_30kPa, and MICP-0.4M_30kPa experience significant increases in the hydraulic
conductivity. This is attributed to the formation of erosion-induced preferential flow paths. In
summary, the MICP treatment only marginally changes the permeability behaviour of the
gravel-sand mixture samples, even if it substantially reduces the erosion weight and axial
deformation.

It should be noted that the aerated tap water can gradually decrease the hydraulic
conductivity due to the entrapment of air into the porous media (Chapuis 2004). In Fig. 10, it
can be clearly seen that hydraulic conductivity decreases gradually after 500s, especially in

samples without significant erosion.

Discussion

Hydro-mechanical coupling
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During the internal erosion process, the mass loss, volumetric change and change in
hydraulic conductivity normally occur simultaneously and are fully coupled. Their
interactions are essential for the distinction of internal erosion modes (Fannin and Slangen
2014). The coupling relations can be also used for the comparison of erosion control
efficiency by different MICP treatments. In fact, the coupling analysis method has already
been used to evaluate the treatment efficiency of various erosion control methods (Indraratna
et al. 2013; Jiang et al. 2016a).

Fig. 11 shows the coupling relationships between the cumulative erosion weight and
volumetric change (equals to axis strain in the current study). It is clear that both Non-MICP
and MICP treated samples have linear coupling relationships. Linear regression analysis
reveals that MICP treated gravel-sand mixture samples attain less volumetric changes than
Non-MICP samples at the same cumulative erosion weight. It is attributed to the fact that
MICP creates cementations between soil particles and substantially increase the stiffness of
the gravel-sand mixtures (Cheng et al. 2013; Al Qabany et al. 2012). The correlations
obtained in the current study are comparable with that reported by Sibille et al. (2015). The
slight difference might be due to that (1) glass beads instead of real soil particles were used in
their tests and (2) the higher fine content adopted in the current study.

Fig. 12 shows the correlation between the erosion rate and flow velocity. In order to
initiate erosion, the flow velocity should be large enough to dislodge and mobilise fine
particles (Reddi and Bonala 1997; Richards and Reddy 2012). Therefore, the critical flow
velocity is an indicator of the strength of interparticle bonds. In Fig. 12, a critical flow
velocity can be clearly identified in the cases of Non-MICP, MICP-0.2M, and MICP-0.4M.
More specifically, the case of Non-MICP has a critical velocity ranging from 0.00028 to
0.00037 m/s. The MICP treatment with 0.2 M cementation does not change the critical

velocity significantly (0.00027 — 0.00041 m/s) while 0.4 M cementation increases the critical
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velocity to 0.00046 m/s. For the rest three cases with higher cementation concentrations, the
critical velocity cannot be determined since no erosion occurs during the test. But it is clear
that their critical velocities are significantly larger than those of Non-MICP and low
cementation samples. In summary, the correlations between the erosion rate and flow velocity
indicate that the MICP treatment can increase critical flow velocity significantly. This is
fundamentally attributed to the calcite precipitation formed by MICP, which contributes to
the bonds between particles.

Based on the Kozeny—Carman equation for the permeability of porous media, the
hydraulic conductivity is predominantly dependent on the void ratio of cohesionless soils as

shown in Eq. (2) (Mitchell and Soga 2005):

k=cDZ (%) =53 @)
where k is hydraulic conductivity, C is composite pore shape factor, Ds is the characteristic
grain size, yw is the unit weight of water, u is the water viscosity, e is void ratio, and S is the
degree of saturation. Thus in terms of porosity, & is linearly correlated to n°/(1-n)?. Although
the original Kozeny-Carman equation accounts well for the dependency of permeability on
void ratio (porosity) in uniformly graded sands and some silts. However, efforts were also
made by other researchers to apply the Kozeny-Carman equation for the binary mixtures. For
example, Koltermann and Gorelick (1995) developed a fractional packing Kozeny-Carman
relation, in which the porosity term accounts for the fractional packing. This fractional
packing Kozeny-Carman relation has been proved to be valid for a large range of gap-graded
binary mixed soils from sand-clay to gravel-sand mixtures. The fractional packing Kozeny-
Carman relation is also deemed to be applicable to the MICP treated gravel-sand mixtures.

This is because that cementation by MICP can agglomerate particles, but does not change the

granular nature of the soil.
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It should be noted that the porosity in this study was simply calculated based on the
definition of porosity in classic soil mechanics (see Eq. 1). This is mathematically different
from the porosity obtained from the fractional packing theory. However, the fractional
packing theory aims to provide an accurate analytic method for porosity calculation for
binary mixtures with different fine contents. Therefore, the value of calculated porosity from
fractional packing theory is likely to be close to the measured porosity from experiments. In
this sense, the actual measured porosity (Fig. 8(b)) can be approximately substituted into the
fractional packing Kozeny-Carman relation for further analysis.

Fig. 13 shows the correlation between the hydraulic conductivity and #*/(1-n)* of both
Non-MICP and MICP-treated gravel-sand mixture samples under the imposed hydraulic
pressure of 30 kPa. Linear relations can be found between the hydraulic conductivity and
n*/(1-n)?. In particular, the slope values of fitted straight lines are quite similar in the cases of
Non-MICP_30kPa and MICP-0.2M_30kPa, but are significantly smaller than that of MICP
treated samples with higher cementation concentrations. Based on Eq. 2, a greater slope
value of the fitted straight line corresponds to a larger product of composite pore shape factor
and characteristic grain size. It then can be inferred that the MICP treatment with higher
cementation concentration results in the enlargement of soil particles and the change of pore
shapes, which are due to the formation of more calcite precipitation as cementitious bonds. It
should be noted that in the cases of Non-MICP-30kPa and MICP-0.2M_30kPa, the linear
correlations between k and n°/(1-n)* are only valid when the preferential paths have not yet
formed throughout the samples. For the points circled by the dotted lines, substantial erosion
has already occurred, leading to the formation of preferential paths throughout the
longitudinal direction of the samples. Therefore, they are not accounted for the linear
correlation. This may indicate that the Kozeny-Carman equation is only valid for

homogeneous binary mixtures.
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The above hydro-mechanical coupling analysis illustrates that the Non-MICP and MICP
treated samples have different internal erosion modes. For the Non-MICP samples, sand loss
accompanies soil compaction and permeability increase, which show evidence of suffusion,
suffosion and piping at different stages of the erosion tests (Moffat et al. 2011; Fanin and
Slangen 2014). For the MICP treated soils with high cementation concentrations (> 0.6 M),
sand loss (although very few) accompanies no volumetric change and marginal change in
permeability. This matches the mode of suffusion (Fannin and Slangen 2014). The MICP

treated soils with low cementation concentrations (< 0.4 M) are in an intermediate state.

Calcite precipitation

Fig. 14 illustrates the distribution of calcite precipitation content in the MICP treated
samples. It is apparent that the average precipitation content increases steadily with the
increase of cementation concentration. In addition, it is found that the distribution of calcite
precipitation in the soils is not quite uniform. Typically, the highest local precipitation
content is found at the lower middle part of the samples. The second highest precipitation
content is at the upper-middle part while the top and bottom have the least precipitation. In
the case of MICP-2.0M, the highest precipitation content is found at the bottom. Since the
precipitation, nucleation and crystal growth rates of calcium carbonate are highest in the case
of MICP-2.0M, which is due to the highest supersaturation of calcium ions, local clogging is
most likely to occur around the bacteria percolation point (bottom of the gravel-sand samples)
immediate after the mixing of bacteria and cementation solution in this case, as shown in Fig.
14. On the other hand, when the cementation concentration is low (i.e., 0.2 M to 1.0 M), the
rate of calcite formation is slower and the zone around injection point is less likely to be

clogged, resulting in a more uniform distribution of calcite precipitation within the soil, as

21



O©CoO~NOOOTA~AWNPE

shown in Fig. 14. Further study is needed to improve the uniformity of calcite precipitation in
the gravel-sand mixtures using this particular MICP implementation method.

The calcite precipitation content is regarded as the predominant controlling factor for the
improvement of mechanical and hydraulic properties of soils (Cheng et al. 2014; Feng and
Montoya 2016; Lin et al. 2016; Al Qabany and Soga 2013). In this study, the overall calcite
precipitation content was correlated with the total erosion weight, as shown in Fig. 15. More
calcite precipitation corresponds to less erosion weight regardless of the imposed hydraulic
pressure. In particular, at least 0.28% calcite precipitation is needed in order to keep erosion
percentage lower than 1%. As suggested by Vallejo (2001), the gravel-sand mixture
containing 50% sand possesses a transitional fine grain supported structure. The presence of
calcite precipitation thus is presumed to primarily contribute to the particle-to-particle
cementation between sand particles. The higher the precipitation content is, the larger size of
clusters of cemented sand particles can be obtained. When the size of clusters of sand
particles is larger than the pore throat size in the gravel-sand mixture, sand particles are
prevented to be flushed out. More microstructural observations are needed to confirm this

hypothesis.

Conclusions
This paper reports an investigation of the MICP technique for internal erosion control in
gravel-sand mixtures. Soil mixture samples treated with cementation solutions of varied
concentrations are subject to the constant-pressure internal erosion tests. The following
conclusions are obtained from this study:
(1) MICP treatment contributes to the reduction in the cumulative erosion weight, erosion
rate and axial strain relative to the Non-MICP soil. A cementation concentration

higher than 0.4 M can bring down the erosion and axial deformation to the negligible
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level. The magnitudes of hydraulic conductivity for all tested samples before the
erosion process fall into a narrow range, from 5.5x107 to 8.0x10” m/s. The increase
in cementation concentration only results in slight but limited reduction in the
hydraulic conductivity. After the erosion process, the Non-MICP soils and MICP
treated soils with low cementation concentrations under a high hydraulic pressure

experience significant increases in the hydraulic conductivity.

(2) The Non-MICP and MICP treated samples have linear relationships between the

cumulative erosion weight and volumetric change percentage. The MICP treated
gravel-sand mixture samples attain less volumetric changes than the Non-MICP
samples at the same cumulative erosion weight. Erosion rate-flow rate correlations
reveal that the MICP treatment contributes to an enhanced critical flow rate relative to
the Non-MICP samples. Linear relationship is also found between hydraulic
conductivity and #*/(1-n)*>. The hydro-mechanical analysis demonstrates the erosion
mode of suffusion for the cementation concentration > 0.6 M and a combination of

suffosion, suffusion and piping for the cementation concentration < 0.4 M.

(3) The average calcium carbonate precipitation content increases steadily with the

increasing cementation concentration, though the precipitation distribution is non-
uniform within the soils. More calcite precipitation corresponds to less erosion weight
regardless of the imposed hydraulic pressure. The formation of clusters of cemented

sand particles is fundamentally responsible for the reduction in soil erosion.

Further studies are planned to examine the erosional and hydromechanical behaviours of
the MICP treated gravel-sand mixtures with various gradings and fine contents and under
different axis stresses and hydraulic pressures. The effect of different MICP implementation
strategies (e.g., premixing and injection methods) on the improvement of erosion-resistance

will also be investigated accordingly.
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Table 1 Biological and cementation media

MICP media Concentration Amendment methods
Biological media
Solid NH4-YE
Yeast extract 20 g/L '
Ammonium sulphate 10 g/L Rehyc?ra?:e the 1.9a<?ter1um
Agar 20 o/L strain in petri dishes
Tris buffer 0.13M
Urea-rich NHs-YE
Yeast extract 20 g/L . .
. Injected as the saturation
Ammonium sulphate 10 g/L .
procedure for tested soils
Urea 0.5M
Tris buffer 0.13 M

S. pasteurii

ODsoo= 0.454+0.137;
Specific urea activity =
1.01240.390 mM urea-min'-OD"!

Cementation solution
Urea !
Calcium chloride !
Nutrient broth

0.2M, 0.4 M, 0.6M, 1.0M, 2.0 M
0.2 M, 0.4M, 0.6M, 1.0M, 2.0 M
6 g/L

Blended with dry gravel-
sand mixture to achieve
wop before compaction

! The concentration ratio between urea and calcium chloride is unity in all cementation

solutions.
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Table 2 Specifications for internal erosion test

Axial stress

Hydraulic pressure

Total testing

Sand collection time

(kPa) (kPa) time (min) (min)
Non-MICP ! 15, 20, 30
MICP-0.2M 2 15, 20, 30
MICP-0.4M ? 24 15, 20, 30 30 0,0.5,1,2,3,5,7,
MICP-0.6M 4 30 10, 13, 16, 20, 30
MICP-1.0M ° 30
MICP-2.0M ¢ 30, 50

I Samples without MICP treatment

2 Samples with MICP treatment using 0.2 M cementation solution
3 Samples with MICP treatment using 0.4 M cementation solution
* Samples with MICP treatment using 0.6 M cementation solution
> Samples with MICP treatment using 1.0 M cementation solution

6 Samples with MICP treatment
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List of figure captions

Fig. 1 The overall schematic of the meso-scale internal erosion simulator with MICP
implementation unit

Fig. 2 Details of key components of the internal erosion test apparatus ((a). pedestal; (b).
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Fig. 3 Particle size distribution curves for the gravel, sand and their binary mixture used in
this study
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Fig. 5 Photos of sand-gravel mixtures after internal erosion test ((a). Non-MICP_15kPa; (b).
Non-MICP_20kPa; (c). Non-MICP_30kPa; (d). MICP-0.2M_15kPa; (e). MICP-0.2M_20kPa;
(f). MICP-0.2M_30kPa; (g). MICP-0.4M 15kPa; (h). MICP-0.4M 20kPa; (i). MICP-
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Fig. 9 changes in pore pressure at different locations within gravel-sand mixture samples

(The distance is measured from the bottom of soil samples)

Fig. 10 Changes in hydraulic conductivity with time

Fig. 11 Correlations between volumetric change and cumulative erosion weight

Fig. 12 Correlations between erosion rate and flow velocity (red circles mark the points due

to formation of preferential paths)
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Fig. 13 Correlations between hydraulic conductivity and porosity (red circles mark the points

due to formation of preferential paths)

Fig. 14 Distribution of calcium carbonate precipitation content within MICP treated samples

Fig. 15 Correlation between total erosion weight and carbonate precipitation content
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Figure 4
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Notation List

mg

Mg

Vs

2z

Pw

Notation List
composite pore shape factor
characteristic grain size
void ratio of the gravel-sand mixture
specific gravity of gravel
specific gravity of sand
hydraulic conductivity of the gravel-sand mixture
the weight of gravel in the gravel-sand mixture
the weight of sand in the gravel-sand mixture
overall porosity of the gravel-sand mixture
degree of saturation
total volume of the gravel-sand mixture
volume of the soil grains in the gravel-sand mixture
volume of voids in the gravel-sand mixture
unit weight of water

water viscosity



