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Debonding of microbially induced carbonate precipitation-stabilized sand
by shearing and erosion
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Abstract. Microbially induced carbonate precipitation (MICP) is an innovative soil improvement approach utilizing metabolic
activity of microbes to hydrolyze urea. In this paper, the shear response and the erodibility of MICP-treated sand under axial
compression and submerged impinging jet were evaluated at a low confining stress range. Loose, poorly graded silica sand was
used in testing. Specimens were cemented at low confining stresses until target shear wave velocities were achieved. Results
indicated that the erodibility parameters of cemented specimens showed an increase in the critical shear stress by up to three
orders of magnitude, while the erodibility coefficient decreased by up to four orders of magnitude. Such a trend was observed to
be dependent on the level of cementation. The treated sand showed dilative behavior while the untreated sands showed
contractive behavior. The shear modulus as a function of strain level, based on monitored shear wave velocity, indicated mineral
debonding may commence at 0.05% axial strain. The peak strength was enhanced in terms of emerging cohesion parameter
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based on utilizing the Mohr-Coulomb failure criteria.
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1. Introduction

Microbially induced carbonate precipitation (MICP) is a
novel approach for improving soil strength and modulus by
harnessing natural microbial communities to catalyze
carbonate-based precipitation. Urea is easily dissolved in
water, however, it is not ionized due to the hydrogen
bonding between urea and water molecules. Urease
enzymes in ureolytic bacteria, however, can hydrolyze the
urea through the metabolic activity of the microbes, thus
producing carbonate ions. With the presence of calcium, a
natural bonding agent, calcium carbonation is precipitated,
per the reaction shown in Eq. (1)

CO(NH,), + 2H,0 — urease enzyme — 2NH} + CO%~

6]
Ca?** + €03~ - CaC05 |

Stock-Fischer et al. (1999) proposed the key principles
of the MICP process, and DeJong et al. (2006) showed the
applicability of MICP from a geotechnical perspective.
Since then, the MICP process has gained wide interest
(Montoya 2018) including physical aspects (e.g.,
mechanical behavior, particle detachment, hydraulic
conductivity), biochemical aspects (e.g., effect of salinity,
pH, kinetics), and modeling (e.g., mathematical, reactive
transport, geomechanical) as presented by Montoya and
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DelJong (2015), Salifu et al. (2016), Sidik et al. (2014),
Cheng et al. (2014), Putra et al. (2017), Ferris et al. (2003),
van Wijngaarden et al. (2011), Nassar ef al. (2018), among
many others.

A key soil improvement application of MICP is to
strengthen soil against the occurrence of scour adjacent to
foundation systems. When flow in streams, currents, and
waves approaches the foundation elements, turbulent flow
occurs around the system inducing shear stress on the soil
surface. These stresses cause soil to scour, undermining the
support of the foundation elements and, therefore, the
potential for structural failure. There are more than 600,000
bridges in the United States, and over 80 percent of the
bridges are over water (NBI 2016). Briaud (2006) reported
that 60 percent of the bridge failures from 1966 to 2005 are
associated with hydraulic causes, especially scour of
foundation soil. In addition, the anchoring and mooring
systems of a broad range of offshore structures represent a
major component of the installation costs. This is especially
true when scour is a concern. Therefore, scour mitigation is
a critical step for assessing the stability of foundation
systems over water during design and post construction
stages as well as throughout the support system operational
life.

There are traditionally two mitigation approaches for
scour issues. A static mitigation measure which seeks to
place a rock armor, or similar armor material, around the
foundation elements. This approach requires the careful
design of filter layers below the armors to minimize the
sinking of the rock layer into the bed sediments. This
method is costly as it calls for the transportation and
placement of the rock materials in a commonly dynamic
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flow environment. In addition to the risk of having the rock
layer sink into the soft seabed sediments, a portion of the
rock material might be washed away if placement takes
place in high-speed current environment. A second
approach is referred to as a dynamic approach where the
scour hole is first allowed to fully develop, and then the
hole is filled with rock armor. To use this approach,
however, a superstructure could not be deployed until the
scour hole has developed and backfilled with the rock
material. This poses uncertainty regarding the time to reach
scour depth equilibrium. There is no assurance that scour
will not occur at the edges of the filled scour pit and still
lead to reduced foundation capacity. In addition to the
uncertainty with time to installation, this is also a costly
approach since mobilization of construction equipment is
needed several times during the construction phase.

On the other hand, stabilization of sand using MICP
may provide an alternative solution for scour mitigation.
The idea is to bio-mediate the soft soil around the
foundation system in a zone that extends (laterally and with
depth) 2~5 times the diameter of the area of concern. This
geometry covers an equivalent soil mass normally
susceptible to scour. Such geometry in terms of depth and
lateral extent, for example, is necessary to ascertain the
lateral capacity of pile foundation. The successful
development of MICP process for scour mitigation will lead
to less frequent maintenance and extends the economic life-
cycle cost of the deployed foundation system. MICP can be
initiated by augmenting exogenous bacteria or by
stimulating indigenous bacteria (Gomez et al. 2016).
Therefore, MICP technology is potentially suitable for
enhancing the loose sediment’s scour resistance under
submerged conditions where the implementation of
conventional methods can be challenging.

Several researchers have focused on the mechanical
behavior of MICP-treated soils. Lin et al. (2015) and Feng
and Montoya (2015) observed the shear responses of treated
sands under axial compression at the confining stress range
of 25 kPa to 100 kPa and 100 kPa to 400 kPa, respectively.
Lin et al. (2015) indicated that the cohesion of MICP-
treated sand improved with no discernable increase in the
friction angle. Feng and Montoya (2015) presented the
improvement of the fiction angle with insignificant increase
in the cohesion parameter for a range of stresses for which
the failure envelope was observed to be linear rather than
curved. In addition, the commencement of bonding
breakage occurs before reaching the peak stress level on the
stress-strain relationship (Feng et al. 2017).

On the other hand, Maleki et al. (2015) and Zhan e? al.
(2016) demonstrated the high resistance of MICP-treated
soils to wind-induced erosion for fugitive dust control.
Jiang et al. (2016) induced the internal erosion of MICP-
treated sand-clay mixtures through seepage and derived
erosion-related parameters (e.g., peak erosion rate, erosion
coefficient) for given levels of cementation.

In this paper, the erodibility and the shear response of
MICP-treated sand under submerged impinging jet and
axial compression, respectively, were evaluated to
understand the shear strength behavior and erosion potential
of MICP-treated sand at low confining stresses. The scope
presented herein includes triaxial testing, submerged

impinging jet (mini JET apparatus) testing, and microscale
analysis on uncemented and MICP-cemented sand
specimens.

2. Materials and methods
2.1 Test soil

A test sand from a local quarry (X-FINE SAND, 99.72%
of Silica, Southern Products & Silica Company, Inc.,
Hoffman, NC) was used. The sand has a specific gravity
(Gy) of 2.66, a mean particle size (Dso) of 0.49 mm, a
minimum and maximum void ratio (émin and emax) of 0.61
and 0.91, respectively, and was classified as a poorly graded
sands (SP) under the Unified Soil Classification System
(USCS). The specimens for testing were prepared by air
pluviation to a relative density of approximately 30%.

2.2 Triaxial testing

The shear response of the MICP-treated sand was
evaluated using drained triaxial compression (Fig. 1(a)).
The targeted dimensions of the specimen were 72 mm in
diameter and 144 mm in height. The effective overburden
stress within the depth prone to scour ranges from 0~60
kPa, assuming the submerged soil’s unit weight of
approximately 10 kN/m® (e.g., 20 kN/m?*-9.81 kN/m?) and a
maximum scour depth of 6 m (twice the pile diameter equal
(Richardson et al. 1991)). Three levels of confining
pressure were needed to ascertain the strength parameters.
Therefore, effective confinement stresses of 10 kPa, 30 kPa,
and 50 kPa were used to represent relevant in situ stress
levels. Each test sample was saturated before biological
inoculation, and then treated while vented to prevent the
specimen from desaturating by gas released during the
ureolytic process. Once the specimen reached the target
level of cementation, the specimen was fully saturated by
back pressure until the B-value was over 0.95. Due to the
focus on the calcium carbonate precipitation process, CO»
was not used to facilitate the saturation phase. Instead, high
levels of back pressures (e.g., 200~400 kPa) were applied
for a longer period of time (e.g., up to two weeks) until the
target B-value was achieved. Finally, the axial compression
under drained conditions was applied until 12% axial strain
was reached.

(b) Mini JET apparatus
Fig. 1 Testing devices

(a) Triaxial testing
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The MICP process was monitored during the treatment
process by measuring the shear wave velocity using bender
element sensors installed within the triaxial sample end
caps. A stainless steel wire was inserted at the receiving
bender element to reduce electrical crosstalk in the received
signal (Montoya et al. 2012). A 10 V sinusoidal wave with
10 kHz frequency was generated by a function generator
(Agilent 335224) and received by a digital oscilloscope
(Agilent MSO6014A). The pre-measured tip-to-tip distance
was divided by the first arrival time of the propagated signal
to calculate the shear wave velocity of the specimens.
Montoya and DeJong (2015) proposed three representative
shear wave velocities at 1 atmospheric pressure to
distinguish the various levels of cementation based on the
site classification defined by NEHRP (2003). Three values
were selected as target levels of cementation: 400 m/s for
lightly, 700 m/s for moderately, and 1200 m/s for heavily
cemented soil.

2.3 Submerged impinging jet testing

A submerged impinging jet testing device, mini JET
apparatus, with a 101.6 mm diameter and 116.4 mm height
was used to assess the erodibility of the treated specimens
(Fig. 1(b)). Each test specimen was treated under 50 kPa of
effective overburden pressure. During the mini JET testing,
the surface of the test material was subjected to erosion by a
jet induced via a constant differential head. The applied
shear stress (z;) is calculated as a function of the pressure
head (%), the nozzle diameter (dy), and distance between the
jet orifice and the surface of material (Ji+s) as shown in Eq.
(2) (Al-Madhhachi et al. 2013)

Cado\?
T, = Cpr(C,/Zgh)2 (]id+ (;) 2)

where, Cris a coefficient of friction = 0.00416, p,, is a fluid
density = 1000 kg/m?, C is a coefficient of discharge
measured, g is a gravitational acceleration, Cy is a diffusion
constant = 6.3, J; is an initial distance between the nozzle
and un-deformed soil surface, and s is a scoured depth due
to the induced impinging jet. The potential energy due to
established head differential (%) causes a shear velocity at
the nozzle (CN2gh) providing a shear stress at the nozzle
(CprW(C\/Zgh)Z). The applied shear stress at the nozzle is
converted to an applied shear stress at soil surface using the
relationship with the nozzle diameter (do) and the distance
between the nozzle and soil surface (Ji+s) as given by Eq.
(2).

During testing, the head differential (4) was increased
until the scour was initiated. The value of /& usually
increased from 0.1 m (z=0.1 Pa) to 5 m (z/=90 Pa) until the
scour was observed. Once the scour was initiated, the
scoured depth and corresponding time were recorded until
no more scour occurs under the constant pressure. At this
equilibrium state, the applied shear stress is called a critical
shear stress (z.). The detailed of the testing procedures are
described by Khanal ef al. (2016).

A linear erosion model with erodibility parameters
including critical shear stress and erodibility coefficient was
used to quantify the detachment process of the test sand.
The induced erosion rate (¢,) is expressed per Eq. (3)

& = kd(Ti - Tc)a (3)

where, ¢ is an erosion rate, ks is a erodibility coefficient,
and a is an exponent usually assumed to be unity for sandy
soils (Hanson and Cook 2004). & and t; are erosion
variables, while k; and 7. are called erodibility parameters.
Thus, 7. was calculated where Ji+s reaches equilibrium, then
using 7; and &, ks was derived with the calculated z.
assuming a=1. To monitor the improvement of shear wave
velocity of the specimens, bender elements were attached at
the top and bottom caps of the specimens used for scour
testing, in a manner similar to the triaxial setup.

2.4 Treatment

Sporosarcina  pasteurii  (American Type Culture
Collection (ATCC) 11859) was incubated in a growth media
(ATCC 1376) at 200 rpm and 30 °C until the optical density
at a wavelength of 600 nm, ODsgo, Was approximately 1.0.
Two pore volumes of the bacterial inoculant (e.g., 0.333 M
of urea, 0.374 M of NH4Cl, and 15 ml/100 ml bacterial
suspension, as presented by Feng and Montoya 2015) were
introduced into specimens with the seepage velocity of
0.0091 cm/sec. After 6 hours retention, the cementation
solution composed of 0.333 M of urea, 0.374 M of NH4CI,
and 0.05 M of CaCl, was injected at intervals of 6, 6, and
12 hours until the target shear wave velocity was achieved.
Once the targeted cementation level was achieved, the
treated specimens were flushed with water to eliminate
further reactions inside the specimen.

2.5 Assessment

Before and after treatment, constant head tests were
conducted to evaluate the hydraulic conductivity of the
specimens. After the completion of the triaxial testing, each
sheared specimen was returned to its original height. The
remolded specimen was divided into 7 segments of
approximately 2 cm each. The segments were then washed
using 1 M hydrogen chloride to quantify the distribution of
the precipitated calcium carbonate. In case of the impinging
jet system, the specimen was extracted from the mold after
testing, and the mass of calcium carbonate was measured in
the same manner applied to the triaxial specimens. The
mass of calcium carbonate was expressed in percent as the
ratio of the mass of calcium carbonate over the mass of the
untreated soil gravimetrically. Then the erodibility
parameters were correlated as a function of the level of
cementation.

The shear wave velocity (V) was assessed as a function
of the strain during the shearing phase of the triaxial testing.
The strength parameters (friction angle and cohesion) were
derived on the basis of the Mohr-Coulomb failure criterion.
Based on the derived strength parameters, the stress-
dilatancy relation of treated sand was evaluated according
to the model presented by Zhang and Salgado (2010).

Microscopic analyses were used to understand the
morphological and elemental characteristics of the
cemented particles using variable pressure scanning
electron microscopy (VP-SEM, Hitachi S3200N) and
energy-dispersive  X-ray spectroscopy (EDS, Oxford
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Instruments X-Max) with a beam accelerating voltage of 20
kV and a beam current of 80 nAmps. Samples were coated
with 42 nm of gold-palladium (60% of Au and 40% of Pd)
prior to the scanning. The X-ray energy was analyzed by
Aztec (Oxford Instrument).

3. Results
3.1 Detachment behavior

The improvement of the shear wave velocity as a
function of the number of injections is shown in Fig. 2.
Three lightly, three moderately, and two heavily cemented
specimens were treated to evaluate the erosion resistance as
a function of cementation level. After flushing the specimen
with water and measuring the hydraulic conductivity, the
impinging jet erosion testing was conducted on specimens
with various levels of cementation. Data in Fig. 3 include
the applied shear stress calculated by Eq. (2) once the scour
was initiated. In this case, the untreated specimen was
scoured rapidly and an ultimate scour depth was reached
within one minute under the lowest applied shear stress
(0.16 Pa). The MICP-treated specimens, however, tolerated
higher applied shear stresses with lower scour magnitude.
In addition, the time to reach the ultimate scour depth
increases, in general, with the level of cementation (e.g.,
moderately and heavily cemented ones).
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Fig. 2 Improvement of specimens’ shear wave velocity
during treatment. Triangular symbols indicate triaxial
specimens (TX), rectangular symbols represent mini JET
specimens (JET); ‘L’ as lightly (V=400 m/s), ‘M’ as
moderately (V=700 m/s), and ‘H’ as heavily cemented
(Vs=1200 m/s)
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Fig. 5 Correlation with respect to the erodibility
parameters and level of cementation

Briaud (2013) proposed an erodibility chart based on the
applied shear stress and the erosion rate for different
geomaterials. The initial applied shear stress after the
occurrence of scour and the corresponding initial erosion
rate are plotted on the erodibility chart (Fig. 4). The
untreated and lightly cemented specimens show an
erodibility level equivalent to that of sand, while the
moderately and heavily stabilized sand specimens show
erodibility levels equivalent to that of low to high plastic
silts and lean clay.

The relationship between the scour depth and time is
merely dependent on the level of the applied shear stress.
Data in Fig. 5 represent the correlation between erodibility
parameters calculated by Eqgs. (2) and (3) and the level of
cementation. The derived erodibility parameters were
correlated with the relevant mass of calcium carbonate (i.e.,
at top segment of the specimen) as the erosion during
testing occurs mainly at and near the surface. The critical
shear stress values are improved up to three orders of
magnitude, while the corresponding erodibility coefficients
are reduced by nearly four orders of magnitude compared to
the unstabilized specimen. Therefore, it seems at least
m~2% (e.g., moderate levels of cementation) may be
needed to increase the resistance of sand against erosion.
Thus, as moderately treated specimens showed a threshold
cementation level for the improvement in erosion
resistance, three specimens with moderate level of
cementation were prepared to assess the potential
improvement in shear strength.

3.2 Shear response

The improvement of the shear wave velocity during the
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(a) Untreated specimen

(b) Treated specimen

Fig. 6 Different failure modes after shearing under 50 kPa confining stress
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Fig. 7 Results of triaxial testing with denoted values as the confines stresses, ‘U’ as untreated and ‘7" as treated sands

treatment of the triaxial testing specimens are shown in Fig.
2. As the shear wave velocity is a function of the confining
stress, different number of injections were observed to
achieve the similar target shear wave velocities of the
various specimens.

The untreated and treated specimens were sheared and
showed different failure modes as shown in Fig. 6. The
untreated specimen showed a bulging mode at 12% axial
strain (Fig. 6(a)), while clear shear bands were observed for
the treated specimen (Fig. 6(b)). Thus, the failure mode
changes from ductile to brittle failure as the -calcite
precipitation is achieved. Interestingly, two shear bands
were observed for the treated specimen as a secondary shear
band was generated after the occurrence of the primary
shear band. Feng et al. (2017) explains the shear band of
MICP-treated sands occur due to the densification from
precipitation. It is possible that cumulative densification
during shearing induces secondary shear band in association
with the dilative behavior.

The relationship between the stress and strain and the
changes in the shear stiffness of untreated and treated sands
under axial compression are shown in Fig. 7. All
unstabilized specimens (solid lines in Fig. 7(a)) show
hardening until around 2% axial strain and converged to
plateau stress level which is representative of specimens
tested in a loose state. The MICP-stabilized specimens
(dotted lines in Fig. 7(a)), however, show a rapid increase in
the deviatoric stress at the beginning of shearing to a peak
strength, and then soften in a manner similar to dilative

soils. The volumetric strain supports the dilative behavior as
the volumetric strain range for untreated sands is 1.8~2.7%,
while those for treated sands are 4.6~6% as positive
volumetric strains are dilative. Due to the same level of
stiffness (i.e., V), the initial slopes of the stress-strain
relationship of treated sands are similar prior to the peak
point. Not only the peak stress of the specimens, but also
the residual stresses of MICP-treated sands is higher than
the ultimate stress of the untreated sands.

The measured shear wave velocity was normalized with
respect to the confining stress (pV%/[p"pa]"*=G/[p"pa]"?; p:
soil density, p". mean effective principal stress, pq:
atmospheric pressure, G: shear modulus). Such presentation
meant to normalize the results with respect to the effect of
increasing confining stress, so that the debonding process of
the cemented sands with the progress of shearing can
bemore clearly evaluated. Fig. 7(b) shows an indication of
the possible macroscale debonding of MICP-treated sands
under shearing with increase in axial strain. The normalized
shear modulus of unstabilized specimens remains nearly
constant over the strains range (e.g., G/[p"p.]"*=1500). On
the other hand, the normalized shear modulus of bio-treated
specimens show a significant drop in the normalized shear
modulus starting at approximately 0.1% axial strain, while
the peak stresses are observed later at 0.3% strain. This
observation implies that the onset of macroscale debonding
occurs at strain (0.05~0.1%) causing the global yielding at
0.5~1% strain. After reaching the peak strength, the shear
stiffness remains roughly constant; therefore, most



434 Jinung Do, Brina M. Montoya and Mohammed A. Gabr

14
o 'y SFJET-L
E o L Wy -B-JET-M
S 10| | = JET-H
..§‘ g Height —A-TX-M
= 8 r for JET
S o
SO sf |
o= g Height for TX
et L
S0 4
2 s f
T |
0 .

0 2 4 6 8 10 12
Mass of CaCO, m_[%]

Fig. 8 Precipitation profile of mini JET and triaxial
testing

1.E-01
- ATX-Un _ ATX-M
2 OJET-Un OJET-L
2 ®JET-M mJET-H
4
S 1E02 |
ke O = -
S g E oo W P .
o E ’ A
L& 1E03 p,=50 kPa \
3= 30 kPa 10 kPa
o
AL
3
T 1.E-04
0 1 2 3 4 5 6

Average mass of CaCO;, m_[%]

Fig. 9 Hydraulic conductivities before and after treatment

debonding effect on the normalized shear modulus of the
MICP-treated sands takes place before observing the peak
strength.

3.3 Distribution of cementation

The mass of calcium carbonate (m.) as a function of the
height of the specimen is shown in Fig. 8. The results show
that the patterns of cementation distribution are not identical
for similar target shear wave velocities. The precipitated
profile is affected by the distribution of bacteria, the
direction of flow, and the number of treatment. Non-
uniformity of the profile seems to increase with increasing
number of treatments. While high m. is expected at the
source of the injection, the precipitated crystals begin to
transport further from the location of the injection following
the direction of flow, as was observed Martinez et al.
(2014). The applied hydraulic gradient influences the
distribution of the precipitated minerals as well because the
induced seepage forces transport the nucleate crystals to
further locations along the direction of the flow before
fixation on the particles occurs (Martinez et al. 2014).

The calcium carbonate distribution over the whole
specimen influences the shear response of the specimen
because the load is transferred throughout the domain
globally. However, in the case of erosion potential, and
during the impinging jet testing, the m, for the top part near
surface of the specimen is the most influential because the
diffusion of the jet is mainly applied on the surface of the
treated specimen.

3.4 Hydraulic conductivity

The hydraulic conductivities of untreated and treated

specimens were measured. The magnitude of the hydraulic
conductivity is related to the potential for dissipation of
induced pore pressure, and consequently affects shear
response and detachment process (Fig. 9). An average mass
of calcium carbonate throughout the height was used to
correlate with the measured hydraulic conductivity. Even
after the cementation has occurred, the hydraulic
conductivity did not seem to change significantly. The
hydraulic conductivities of the specimens confined
isotropically (i.e., TX) decreased by approximately 50% as
the confinement stress is lowered. Since the shear wave
velocity is a function of the confining stress, more
cementation is required to achieve the same level of shear
wave velocity compared to specimens confined at higher
stresses (Fig. 2); the higher stress level can cause higher
reduction of the hydraulic conductivity. In case of mini JET
setup, the hydraulic conductivity shows approximately 25%
variations. Different mechanism of the flow under different
confining stress could affect the change in the hydraulic
conductivity values of the treated sand.

Garcia-Bengochea and Lovell (1981) established that
the hydraulic conductivity is highly governed by flow
through the relatively larger sized pores. Recent research by
Dadda et al. (2018) revealed cases for which calcium
carbonate precipitation during the MICP process is mostly
localized at the particles’ contact points rather than
uniformly distributed along the particle surface. It is
therefore likely that the nature of change in k with the
introduction of the MICP process is not unique but rather is
a function of the treatment protocol leading to the
cementation. It seems that there is a threshold level of
precipitation that is needed to induce the reduction of the
hydraulic conductivity. On the other hand, if the large-size
pores are not impacted by the precipitation process, fluid
flows preferentially through less cemented area; it is
reasonable to anticipate slight change in the hydraulic
conductivity.

3.5 Microscopic analysis

A stabilized specimen under 10 kPa confinement was
collected after triaxial testing and used for SEM (Fig. 10)
and EDS (Fig. 11) to analyze the precipitated morphology
and constituents. As shown in Fig. 10(b), MICP generally
occurs at the particle contacts as well as the particle
surfaces (DeJong et al. 2010). The cementation at particle
contacts primarily attribute to the peak shear strength and
shear stiffness. The precipitation at the particle surfaces

(a) Untreated sands
Fig. 10 SEM images
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(b) Treated sands
Fig. 10 Continued
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Fig. 11 EDS results

attributes to the residual strength (Kim and Park 2017,
Bolton 1986). The EDS results support the evidence of the
cementation induced by MICP as the calcium and the
carbon are observed in Fig. 11(b) is compared to Fig. 11(a)
in which mainly silica is shown.

4. Discussion
4.1 Strength parameters depending on stress range

Based on the peak strength and the stress-strain
relationship, the Mohr-Coulomb failure envelop is shown in
Fig. 12. The strength was improved by exhibiting an
increase in the cohesion (c¢) with cementation (e.g., an
increase in cohesion from 0 kPa to 46 kPa) while the
friction angle (e.g., a friction angle of 35°) remained
constant assuming a linear Mohr-Coulomb failure envelop

over the testing stress range. This enhancement is similar to
observation on synthetically cemented and biopolymer
treated sands by Clough et al. (1981) and Qureshi et al.
(2017), respectively.

It is important to note that the failure envelop varies
according to the level of confinement as summarized in
Table 1. Results presented in Table 1 are from the
moderately cemented specimens (e.g., Vi=600-800 m/s).
Data at the low confinement in this study and Lin et al.
(2015) show the improvement in shear strength from MICP
results to include a change in the cohesion parameter from 0
kPa to 50 kPa and 58 kPa, respectively, while the friction
parameter remains relatively constant (Table 1). In
constrast, at higher confinement, the main improvement in
shear strength was captured as an increase in friction angle
with a small increase in the cohesion parameter (Feng and
Montoya 2015). Recent research by Nafisi et al. (2019)
observed the shear strength envelopes of bio-cemented
sands are nonlinear depending on the range of effective
confinement. This suggests that there may be a transitional
stress range where the nature of improvement in shear
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Fig. 12 Mohr-Coulomb failure envelope on untreated and
treated sands based on peak stress
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Fig. 13 Dilatancy tendency on untreated and treated
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Table 1 Improvement of MICP-treated sands under different
confinements

Reference This study Lin et al. (2015) Feng T;(i)}\g;) ntoya
Confining [kPa] 10/30/50 25/50/100 100 /200 /400
Cohesion [kPa] 0— 50 0— 58 0—-5

Friction [°] 35—35 32 =31 33 — 37
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strength changes from cohesion-dominant to friction angle-
dominant; additional work is needed to better understand
this behavior.

4.2 Dilatancy tendency of MICP-stabilized sand

The stress-dilatancy relationship of untreated and treated
sands can be derived from Mohr-Coulomb failure criteria as
according the model presented by Zhang and Salgado
(2010), as follows

9M —n) —3m
P Clt) c @
9+ M3 —2n)+m,
where, d is a dilatancy rate as £V/éP (&0 : plastic

volumetric strain rate, &F: plastic deviatoric strain rate), 7 is
a stress ratio as g/p', M is a stress ratio at critical state
defined as # at 12% axial strain in this paper, and m, is a
cohesion factor given by Eq. (5)

2 3 2
66-m(37) 2c3-M) o

3+2n
= 5
me 3-7 v + ()

3—-7 3-7

!

The dilatancy-stress ratio relationship is shown in Fig.
13. When the plastic volumetric strain rate is higher than
the plastic deviatoric strain rate, d is larger than 1, and vice
versa. Data in Fig. 13 show that &) values of untreated
sands are lower than €?; therefore, d is always lower than
unity (e.g., -0.1~0.9). When untreated sand reaches the peak
stress, the computed dilatancy rates are equal to zero; d
values at &~12% are almost zero, and no dilatancy is
observed. Therefore, the untreated sands show contractive
behavior. Treated sands, however, generally show
d=1.4~1.5 at the beginning phase of shearing and decrease
until the stress ratio reaches the peak strength. Thereafter, d
increases again as the strain increases. As the confinement
lowers, the dilatancy rate shows higher for MICP-treated
sands. All d values at the peak stress are below 1.0,
specifically d = 0.57, 0.05, and 0.2 for the specimens
confined at p’. = 10 kPa, 30 kPa, and 50 kPa, respectively.
However, d values at &~=12% vary according to the
confinement as 1.32, 1.0, and 0.7 for 10 kPa, 30 kPa, and 50
kPa, respectively. It implies that the specimen is highly
dilative at small strain, but becomes contractive until the
occurrence of the peak stress due to the breakage of the
bonding. The softening behavior is observed with
increasing strain; however, the dilatancy increases as the
specimen densified due to the shearing with drainage. The
results show that MICP-treated sands exhibit well defined
dilative behavior versus the contractive behavior of
untreated sands.

4.3 Debonding of MICP-stabilized sands

Although the calcium carbonate precipitation on the
particle surface increases the shear resistance of sand, it is
not the main contributor to the improvement of the
erodibility resistance. Particle detachment is less affected by
the roughness of soils than the bonding between particles

(Briaud et al. 2017). As addressed in section 4.1, it implies
that the improvement of soil’s erodibility was mainly
achieved by adding a cohesion component.

An alternative precipitation pattern, for example under
unsaturated conditions, can potentially provide higher
resistance against erosion as the menisci at particle contacts
facilitate preferential precipitation at particles contacts
rather than on particle surfaces (Cheng et al. 2013).
Potential scour resistance under unsaturated conditions can
be used to strengthening a levee against crown scour due to
plunging overtopping floodwater (as occurred during
Hurricane Katrina). In addition, the slight change in the
hydraulic conductivity observed herein due to MICP
facilitates the erodibility improvement because the material
remains permeable which allows induced pore pressures to
dissipate.

The removal of overburden pressure can cause the
calcium carbonate bonds to degrade (Shahin et al. 2017).
This phenomena has implications for the -erodibility
assessments, as the sand was cemented under a confinement
of 50 kPa (which was then removed for the impinging jet
tests). Fig. 7(b) showed that debonding is initiated at
approximately 0.1% axial strain as the cementation renders
the soils brittle. Therefore, unloading, even at low
overburden stress, may lead to particle debonding
depending on the level of cementation.

5. Conclusions

Data from this study indicated the MICP process
improves the strength and resistance to erosion of sand via
bonding the particles with calcium carbonate. The
distribution of the calcium carbonate precipitation varied
with the level of the improvement. Triaxial testing was
conducted at relatively low confining stress, and results
indicated that improvement is achieved through the addition
of a cohesion component as assessed using the Mohr-
Coulomb criterion. Microscopic analysis showed that
precipitation takes place at the particle contact points as
well as on the particle surfaces. The change in the hydraulic
conductivity with the introduction the MICP process under
low confining stress are found to be minimal since the
cementation is achieved by forming mineral bridges
between particle contact points rather than filling the entire
voids.

Data from triaxial testing indicated that potential
debonding of MICP-treated sand was initiated at a relatively
small strain; softening behavior was attributed to the
occurrence of such debonding. The treated specimens
exhibited more of a dilative behavior compared to the
untreated specimens. In this case, the treated sand shows
brittle failure with distinct shear bands, while the untreated
sands exhibited a ductile failure with a bulging deformation
mode. The shear wave velocity was monitored during
shearing; its value provided an indication of bond
degradation and, therefore, a better understanding of the
shear response of the bio-treated soils.

The erodibility of treated sand under submerged
impinging jet indicated substantial increase in the critical
shear stress and decrease in the erosion rate parameter. Such
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a trend was observed as a function of level of cementation.
These results indicate sufficient potential of MICP for the
purpose of erosion and scour mitigation. More testing,
however, should be performed to confirm and extend the
improvement in erosion characteristics for a wider range of
soils and MICP-stabilization protocols.
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