Soil Dynamics and Earthquake Engineering 131 (2020) 106034

ELSEVIER

Contents lists available at ScienceDirect
Soil Dynamics and Earthquake Engineering

journal homepage: http://www.elsevier.com/locate/soildyn

EARTHQUAKE
ENGINEERING
I

Check for

Liquefaction resistance of Fraser River sand improved by a o

microbially-induced cementation

Guillermo Alexander Riveros, Abouzar Sadrekarimi -

Department of Civil and Environmental Engineering, Western University, London, Ontario, Canada

ARTICLE INFO ABSTRACT

Keywords:

Cyclic simple shear test

Liquefaction resistance
Microbial-induced calcite precipitation
Shear wave velocity

Microbially induced calcite precipitation (MICP) harnesses the natural metabolic action of bacteria to induce the
precipitation of calcium carbonate and alter soil engineering properties. This paper presents the results of using
MICP to improve the cyclic resistance of Fraser River sand specimens. The formation of calcite cementation
among sand particles is confirmed using scanning electron microscopic images and X-ray compositional analysis
of cemented sand clusters. The results show that the velocity of a shear wave (Vg) traveling through the specimen

starts to increase just as the calcium solution is introduced into each specimen. Liquefaction resistance of sand
samples is subsequently measured in a series of cyclic direct simple shear tests. MICP-treated samples exhibit
cyclic resistances of up to 67% higher than those of the untreated sand. Post-liquefaction volumetric strain and
changes in cyclic resistance in a repeated cyclic loading are also assessed and compared for the original and the

treated sand specimens.

1. Introduction

Despite being the least abundant element in the Earth’s crust [1],
carbon is commonly found on the planet’s surface as large reservoirs of
organic matter or as inorganic carbon in carbonate rocks such as lime-
stone [2]. Many organisms mediate in what is known as the “carbon
cycle”, by fixing inorganic carbon to form organic carbon and
re-mineralizing organic carbon back to inorganic carbon. Particularly,
bacteria facilitate the deposition of carbonate minerals on the Earth’s
surface by precipitating calcium carbonate (CaCO3) extracellularly as a
result of their metabolic process [3-5]. In an environment with a suffi-
cient concentration of calcium ions (Ca2+), CaCOg3 precipitation can be
stimulated by a microbial metabolism that increases the pH and the
concentration of carbonate ions (CO%’) on the cells’ surface. These cells
in turn serve as nucleation sites for the precipitated mineral. This pro-
cess is generally referred to as a “microbially induced calcite precipi-
tation (MICP)” and can occur via different metabolic processes.

MICP via urea hydrolysis involves the use of the microbial enzyme
urease (urea amidohydrolase; EC 3.5.1.5) to hydrolyze or break down
the organic compound urea. Urease positive bacteria, such as Spor-
osarcina pasteurii, use urea as a source of nitrogen and energy [6] and
produce the enzyme urease at different levels depending on the bacterial
strain [7]. Precipitation of CaCOs typically begins with the formation of
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an amorphous form of CaCOs with low stability and high solubility,
followed by a transformation into a metastable and transitional phase
known as vaterite, and ending in the subsequent transformation into a
more thermodynamically stable state as calcite [8]. In a soil, the
precipitated calcium carbonate can cement soil particles and fill void
spaces. An alkaline environment with pH = 8.3 to 9.5 [6,9] is critical to
trigger the hydrolysis of urea. If the pH level becomes acidic (<7.0), the
precipitated CaCO3 will begin to dissolve as opposed to fostering further
precipitation in the above chain of reactions. A local rise in pH may also
cause the microbes themselves to serve as nucleation sites for calcite
formation on the surface of bacterial cells [10].

The biological nature of MICP has made it an appealing and
environmentally-friendly process to improve the cyclic resistance and
liquefaction behavior of sandy soils [11-15]. In dynamic centrifuge
model tests on a thick deposit of loose Ottawa 50/70 sand, Montoya
et al. [12] demonstrated that MICP treatment increased liquefaction
resistance and reduced excess pore pressure following the application of
a cyclic load. Han et al. [13] found that microbial cementation improved
the cyclic liquefaction resistance of a poorly-graded sand by as much as
that achieved by chemical silica grouting, but within a much shorter
time period. In cyclic triaxial tests on three different types of silica sands,
Zamani et al. [15] observed that the improvement in cyclic resistance
due to MICP treatement was dependent on the size and the shape of sand

E-mail addresses: griveros@uwo.ca (G.A. Riveros), asadrek@uwo.ca (A. Sadrekarimi).

https://doi.org/10.1016/j.s0ildyn.2020.106034

Received 31 July 2019; Received in revised form 29 December 2019; Accepted 2 January 2020

Available online 16 January 2020
0267-7261/© 2020 Elsevier Ltd. All rights reserved.


mailto:griveros@uwo.ca
mailto:asadrek@uwo.ca
www.sciencedirect.com/science/journal/02677261
https://http://www.elsevier.com/locate/soildyn
https://doi.org/10.1016/j.soildyn.2020.106034
https://doi.org/10.1016/j.soildyn.2020.106034
https://doi.org/10.1016/j.soildyn.2020.106034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2020.106034&domain=pdf

G.A. Riveros and A. Sadrekarimi

particles. Sands with more angular particle shapes or with smaller par-
ticle sizes achieved higher levels of improvement. Indigenous bacteria in
natural soil have also been stimulated to induce CaCO3 precipitation.
Burbank et al. [11] treated a natural alluvial sand with an enriched
solution of molasses and urea to promote the growth of native bacteria
which use urea as a nitrogen source. Their laboratory cone penetration
tests indicated a large increase in tip resistance after treatment relative
to the untreated sand. Cyclic triaxial testing also showed a remarkable
increase in cyclic resistance by 2.5 to 4.5 times that of the untreated
samples. The significant improvement in cyclic resistance was attributed
to the highly uniform precipitation of CaCOs.

Several factors control the feasibility and the effectiveness of an
MICP treatment in a soil. These include bacterial activity, pore throat
size, pH level, composition of the treatment recipe, frequency of treat-
ment, as well as the mineralogical composition of a soil [16]. Pore throat
sizes in a soil matrix control the ease of microbial flow and therefore the
distribution of bio-cementation in a soil [17-19]. Using the particle
diameter larger than those of the 10% of a soil’s mass (D;) to represent
a soil’s mean pore throat size, Mitchell and Santamarina [17] present
Fig. 1 as an approximate guideline to identify the range of soil pore sizes
which can be treated by common bacteria. The region between bound-
ary lines 1:2 and 1:200 in this figure represent the range of D1 suitable
for biological activity.

As shown in Fig. 1, the effect of bacterial mineral precipitation de-
pends on the size of pore spaces, besides several other factors. This study
examines the effect of a biological treatment on the cyclic shearing
behavior and liquefaction resistance of Fraser River sand using bender
element and direct simple shear tests. Fraser River sand is an alluvial
deposit found in the Fraser River Delta. Located in the lower mainland of
British Columbia, Canada, this area (including Metro Vancouver) is one
of the most populated and fastest growing regions in Western Canada.
However, because of its location between major tectonic plate bound-
aries, there is a high risk of a large earthquake and liquefaction failure of
thick deposits of loose Fraser River sand underlying this area [20,21]. A
widespread liquefaction and lateral spreading could damage major
bridges, roads, and utilities, and disrupt operations of the Vancouver
International Airport, the Tsawwassen Ferry Terminal, the Roberts Bank
Deltaport, as well as the major submarine transmission cables and
pipelines [22]. This is the first experimental study aimed at demon-
strating the application of an MICP treatment to improve the cyclic
liquefaction resistance of Fraser River sand. With the objective of better
understanding the treatment’s effects, only a single application of the
treatment is studied.
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Fig. 1. Microorganism size limits for treatment of soils (after Mitchell and
Santamarina [17]).
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2. Description of materials used
2.1. Microorganism and growth conditions

Sporosarcina ureae (referred to as S. ureae hereafter) was used in this
study for the treatment of Fraser River Sand through MICP. S. ureae is an
endospore-forming, urease-positive, motile, aerobic bacterium, with
optimum growth temperature and pH of 25 °C and 7, respectively [23].
This species is commonly found in soil and can tolerate pH levels of up to
10. Cells are round to oval with a diameter of approximately 1.0-2.5 pm
and may grow individually, in pairs, tetrapads, or in packets of eight or
more cells by division in two or three perpendicular planes. As shown in
Fig. 2, colonies are creamy in colour, turning yellowish in a nutrient agar
medium. Same as all bacterial cells, S. ureae possesses small bristle-like
external fimbriae which facilitate the clinging of cells as solid microbial
colonies in Fig. 2a, or as a liquid biofilm in Fig. 2b [24]. As a crucial
requirement in MICP treatment, the urease in S. ureae has been found to
be remarkably active with an enzymatic activity of greater than 9300
pmol urea hydrolyzed per minute for each milligram of protein at a pH
of 7.5 [25].

For the preparation of growth medium and chemical reagents, all
equipment and individual solutions were first sterilized to prevent
contamination with unwanted foreign species. Given that S. ureae has
been observed to grow well on peptone-containing media [26], nutrient
agar and broth containing 22% peptone and 13% beef extract were used
as solid and liquid growth media, respectively. Colonies were first plated
on petri-dishes (5.5 cm dia.) with nutrient agar (23 gr/L) as the source of
energy and incubated for a period of 24 h at a temperature of 25 °C. A
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Fig. 2. Sporosarcina ureae cultured as (a) solid colonies, and (b) a liquid bio-
film media.
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single colony was subsequently inoculated in 30 mL of a nutrient broth
(8 gr/L) with a pH = 7.17 and incubated aerobically at 25 °C without
agitation.

Bacterial growth was continuously monitored by means of a UV-Vis
spectrophotometer (HACH DR6000). An absorbance spectrophotometer
is an instrument that measures the amount of light a solution absorbs by
comparing the intensity of incident light reaching the sample with the
intensity of light passing through it. Because suspended particles in a
given compound cause the scattering of light, a spectrophotometer is
used to estimate the number of bacterial cells in suspension for micro-
biological applications. A higher bacterial concentration in a liquid
culture results in a higher absorbance of light. In this case, absorbance is
referred to as Optical Density (OD¢), where ¢ is the wavelength of light
used in a spectrophotometer test. Because organic materials exhibit a
higher optical density under light with ¢ = 600 nm, readings are
commonly taken as ODgg. Measurements in a sample relative to a blank
reference liquid containing everything in the sample except the cells
being analyzed (i.e. plain media vs. inoculated media) provides an es-
timate of the bacterial cell concentration in the liquid, which can be
subsequently used to estimate the growth phase of the population cell.

In order to determine the amount of time required to reach a sta-
tionary growth phase for S. ureae and measure the maximum cell den-
sity, series of 1.0 mL resuspended cultures were placed in 1.5 mL
polystyrene cuvettes and tested in the spectrophotometer at various time
intervals. Since only the optical density of the multiplying suspended
particles was of interest, a sample of the pure nutrient broth was used as
a blank. By measuring ODg at different time intervals, the stationary
growth phase of S. ureae was reached approximately 7 days (10,000
min) after inoculation, as shown in Fig. 3, with ODggo = 1.2 by the two
distinct trials. Accordingly, the incubation of bacteria was stopped after
7 days by storing the harvested bacteria in a refrigerator at 4 °C to
minimize their activity and the formation of dead bacterial cells.

A statistical procedure was followed in this study to estimate the
number of viable bacterial cells by serial dilution. In this method, four
(4) series of ten-fold dilutions were carried out by successively mixing 1
mL of bacterial liquid culture in 9 mL of autoclaved-sterilized water (i.e.,
volumetric ratio of 1:10) to reduce the number of bacterial cells to a
countable concentration (300-30 colonies). From each of the dilutions,
10% of volume (1 mL) was taken and plated on an agar petri dish. The
colony forming units (CFUs) on the petri dish were counted in each
series and multiplied by the total dilution factor of that series. Ulti-
mately, 50 colonies were counted on a petri dish plated after the fourth
dilution (104, resulting in 5 x 10° CFU per 1.0 mL volume of the liquid
culture. This cell density falls within the ranges of CFU and viable cell
counts used by other researchers investigating the effectiveness of MICP
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Fig. 3. Growth curve for Sporosarcina ureae in a liquid broth medium.
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[27-30].
2.2. Preparation and optimization of reagents

The biochemical reactions involved in urea hydrolysis increase the
local pH of the solution due to the generation of hydroxide ions (OH™)
and ammonium (NH4"). Accordingly, pH measurements can be used to
monitor the progress of urease activity [6,31]. Fig. 4 presents the
observed changes in pH with time, measured using a digital pH meter
(Mettler Toledo) after mixing 15 mL of S. ureae stock (inoculum size: 5 x
10° CFU/mL) with 15 mL of urea at two different concentrations. The
two mixtures were maintained at a room temperature of 22 °C. As shown
in Fig. 4, the initial pH of the harvested stock was 8.4. However, for both
trials a limiting pH value of approximately 9.2 was reached after 48 h as
the concentration of products resulting from the hydrolysis of urea
increased. This suggests that the concentration of urea was not a limiting
factor in the enzymatic activity. Instead, the continuously increasing pH
caused the rate of urea hydrolysis to decrease, reaching a stagnant point
at pH > 9. Similar observations have also been reported by several other
investigators [6,32,33] using other types of ureolytic bacteria.

Given that ureolysis reactions are largely controlled by the micro-
organism type, the mole ratios of different constituents cannot be used to
estimate reagent concentrations required to yield a predetermined
concentration of precipitated CaCOs (e.g., 1 mol of urea will not result in
1 mol CaCOs). Therefore, an experimental optimization program shown
in Fig. 5 was developed to establish treatment reagent concentrations
which would enhance the precipitation of CaCOs. In this figure, pH; and
pHt are respectively the initial and the final pH before and after adding
specific compounds. A standard urea solution was prepared and filter-
sterilized at a concentration of 0.5 M (or 3% by volume) to enhance
the growth of S.ureae [23]. Note that urea was not added to the growth
medium at this stage, as the combined processes of population growth
and urea hydrolysis would have occurred simultaneously, altering the
ODgpo meant to serve only as an index of growth. As part of the opti-
mization program, three separate laboratory tests were conducted in
similar autoclaved Erlenmeyer flasks containing 30 mL samples of
S. ureae stock mixed with 30 mL of 0.5 M urea solution and maintained
at room temperature. At the room temperature, the previously refrig-
erated bacteria were reactivated in the urea solution. The pH; measured
after the first hydrolysis cycle (48 h) averaged 9.3 for all three tests. In
the first stage, Test 1 was driven to induce CaCOs precipitation by
mixing in 30 mL of autoclaved 0.75 M CaCly. In Tests 2 and 3, the pHs of
stock mixtures was reduced by adding 5 mL of autoclaved 0.8 M (or 5%
by volume) acetic acid to each solution, in order to reactivate enzymatic
activity and begin a new hydrolysis cycle. As a result of urea hydrolysis,
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Fig. 4. Changes in pH during urea hydrolysis for two different concentrations
of urea.
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Fig. 5. Laboratory optimization program for biomineralization of CaCOs. pH; and pHs are respectively the initial and the final pH before and after adding spe-

cific compounds.

a higher pH; was reached in each cycle. CaCl, was chosen as the calcium
source as it would precipitate the most stable form of CaCO3 [33-35].
Two days later, the amount of CaCOs3 precipitate in Test 1 was filtered
from solution, air-dried, and compared with the theoretical chemical
yield, resulting in 56% yield. In the second stage, Test 2 was driven to
induce CaCOj3 precipitation by mixing in 30 mL of autoclaved 0.75 M
CaCly, while pHs of the stock mixture for Test 3 was reduced a second
time by adding another 5 mL of 5% acetic acid. After an additional 48 h
period, the amount of CaCOj3 precipitated in Test 2 was weighed and
compared with the theoretical chemical yield, resulting in 83% yield.
Finally, Test 3 was driven to induce CaCOs precipitation by mixing in 30
mL of autoclaved 0.75 M CaCl,. As with the previous tests, the amount of
CaCOs precipitated in Test 3 was weighed and compared with the
theoretical chemical yield, resulting in 72% yield.

Based on the observed results, the reagent concentrations used in
Test 2 and summarized in Table 1 were selected as the basis for the bio-
cementation treatment applied to the sand specimens in this study. The
biological solution contained the cultured stock along with the com-
pounds produced after two cycles (96 h) of urea hydrolysis. The
cementation reagent contained calcium chloride, supplemented with 2/
3 by volume of dissolved urea in order to foster further CaCOj3 precipi-
tation after injecting the reagent.

The mineralogy of the CaCOs precipitate was subsequently examined
using a powder X-ray diffractometer (Rigaku RINT 2500) with Cu-K
radiation (£ = 1.54 A). Fig. 6 presents the diffraction pattern as a series
of reflections with varying intensities at different values of twice the X-
ray striking angle, 20 [36]. Each mineral crystal is identified through the
unique and distinct three-dimensional spacings among its interatomic
planes using the reflected X-ray’s wavelength and the Bragg’s law. Ac-
cording to Fig. 6, the mineral phases identified in the precipitate are
calcite (74%) and vaterite (26%), which are the most common phases of
CaCOj3 polymorphs produced by MICP [37,38]. Note that vaterite is a

Table 1
MICP treatment reagents employed in this study.
Reagent Contents
Biological 15 mL bacterial stock (5 x 10° CFU/mL of S. ureae) + 15 mL
solution 0.5 M urea +5 mL 0.8 M acetic acid
Cementation 30 mL 0.75 M CaCl, + 20 mL urea
reagent
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Fig. 6. X-ray diffraction compositional analysis of the CaCO3 precipitate.

less stable form of CaCO3 [39], often formed in the presence of colloidal
silica, iron pyrites [40], or organic compounds such as those produced
by microbial activity [38,41]. The amounts of each phase (i.e., % by
weight) were estimated from a reference intensity ratio anlaysis of the
diffraction pattern, which involved the comparison of intensity peaks
with predetermined standard values from reference databases [42,43].

2.3. Description of material tested

Fraser River sand samples were obtained from an excavation site in
Richmond, British Columbia near the north arm of Fraser River. Fig. 7
shows a scanning electron microscopic (SEM) image of the sand parti-
cles, displaying their generally sub-angular to angular shapes. X-Ray
diffraction analysis describe the sand’s mineralogical composition as
55% orthoclase feldspar, 35% quartz, and 10% muscovite [44].

Sieve analysis were conducted to determine the particle size distri-
bution of Fraser River sand in compliance with ASTM D-422 standard
procedure [45]. The average gradation is shown in Fig. 8, which clas-
sifies the material as a poorly graded clean sand (SP) per the Unified Soil
Classification System (USCS). Other index characteristics including the
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Fig. 7. SEM image of Fraser River Sand particles showing angular to sub-
angular shape.
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Fig. 8. Particle size distribution of the Fraser River sand used in this study.

maximum (epay) and minimum (epi,) void ratios, and the specific
gravity of sand particles (Gg) of respectively 0.96, 0.63, and 2.69 were
also determined following ASTM standard methods [46-48]. Further-
more, with a D19 = 0.15 mm, the organism-to-particle size ratio of
S. ureae and Fraser River sand ranges from 1:60 to 1:150, falling within
the bounded region in Fig. 1 for the suitability of microbiological
treatment.

3. Experimental method
3.1. Equipment used

Laboratory shear tests were conducted at the University of Western
Ontario using an advanced cyclic direct simple shear (DSS) testing de-
vice (manufactured by GDS Instruments) equipped with bender ele-
ments for the measurement of shear-wave velocity (Vs). The DSS device
includes a vertical electro-mechanical actuator for applying vertical
stress, and a horizontal actuator that allows the application of simple
shearing to a soil specimen. The vertical actuator has a displacement
range of 50 mm and a maximum force capacity of 5 kN. The horizontal
actuator has a displacement range of 25 mm with a maximum load ca-
pacity of 2 kN. When mounted, a specimen is axially confined between
the upper and the lower pedestals of the DSS mold. A stack of Teflon-
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coated stainless-steel rings provide a rigid radial boundary for the
specimen while allowing unrestricted application of horizontal
displacement during shear. Specimen saturation is accomplished by
flushing water through the inlet and outlet connections in the top and
bottom pedestals, allowing the ingress of water through sintered porous
disks into the specimen. A latex membrane, secured by O-rings at the top
and bottom pedestals, prevents the leakage of pore water.

The bender elements inserted into the DSS pedestals consist of small
cantilever piezoelectric plates which are shallowly embedded at the top
and bottom of the specimen during confinement. A voltage signal is
transmitted to one of the bender elements, which subsequently converts
this signal to a sinusoidal mechanical vibration with a set wavelength by
means of its piezoelectric properties. The shear wave propagating
through the sample is then received by the other bender element and
converted back to an electric voltage signal.

3.2. Sample preparation

Several studies have obtained relatively uniform void ratios in
samples prepared by moist tamping [49-51]. To prepare loose samples
with reasonably uniform void ratios which would undergo liquefaction
during undrained shearing, specimens for both the untreated and
treated experiments of this study were prepared by moist tamping.
Specimen preparation procedures are briefly described in the following
paragraphs.

3.2.1. Untreated samples

Untreated specimens were prepared by mixing dry sand with 5% by
weight of distilled water. The moist sand was subsequently scooped and
tamped to the desired specimen height inside the DSS device’s mold.
Moisture in the sand structure creates a capillary effect among sand
particles, producing a very loose fabric that can be readily molded. The
void ratio of each specimen was controlled by varying the weight of dry
sand tamped into the specimen mold. The sample mold consisted of a
bottom steel pedestal which supported a stack of Teflon-coated steel
rings internally lined with a latex membrane (0.82 mm thick). The steel
rings had an inner diameter of about 71.96 mm and a thickness of 1.05
mm each. Given the constraints in size provided by the rings’ inner
diameter and the latex membrane, all specimens were prepared with a
diameter of 70.3 mm.

3.2.2. Samples for MICP treatment

Sand specimens for biological treatment were prepared in a similar
manner to those for untreated testing. For these specimens, however, the
dry sand was first sterilized in an autoclave and then mixed with 10% by
weight of the biological solution to create a more uniform distribution
and retention of bacteria on particle surfaces. The bacterial solution was
pre-mixed with dry sand instead of being flushed through the sand after
sample preparation, as the finely porous disks in the upper and lower
pedestals (which ultimately confined the specimen) would act as filters,
thus impeding a high concentration of cells from reaching the sand. An
hour of retention time was allowed for the bacteria to attach on the
surfaces of the sand particles.

3.3. DSS and bender element tests

3.3.1. Consolidation and saturation

Untreated specimens tested in the DSS device were initially loaded to
a vertical seating stress of 5 kPa and saturated with de-aired water by
means of a differential pressure head system at a rate of approximately
0.83 mL/min. These samples were subsequently consolidated to the
target vertical stress (¢'yc) until the rate of vertical deformation signif-
icantly reduced, thus indicating the end of primary consolidation.
Conversely, the MICP-treated specimens were first consolidated to the
target ¢’y prior to injecting the cementation reagent to preserve the
integrity of the cementation bonds. Once the vertical deformation
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appeared to have stabilized (reaching the end of primary consolidation),
the samples were slowly flushed with approximately 40 mL of the
cementation solution by means of a differential pressure head system at
a rate of approximately 0.83 mL/min. Samples were left to cure for 7
hours at a room temperature of 22 °C while maintaining a constant ¢'y..
Finally, deaired and deionized water was flushed through the specimens
to remove the effect of matric suction in the moist-tamped specimens as
well as the residual CaCl, and other chemicals. Full saturation was
reached once air bubbles were no longer visible leaving the drainage
tube, and the specimen volume change was re-stabilized. Note that
carbon dioxide flushing, as commonly used for saturating sand speci-
mens, was not applied to avoid acid generation and the degradation of
calcite cementation.

3.3.2. Bender element tests

The amount of precipitated calcite is often not a valid indicator of
MICP-induced improvements of soil mechanical characteristics [52-54].
This is due to variations in soil fabric and uniformity of calcite distri-
bution produced by the precipitation environment (e.g. temperature,
urease activity). Accordingly, instead of calcite content, Vg was used
here to capture the increase in small-strain stiffness of the sand matrix as
an indirect measurement to monitor biochemical activity and cemen-
tation level at particle contacts in real time. Baseline bender element
tests were first performed on untreated specimens to determine Vs of the
original Fraser River sand. In these specimens, Vg was measured soon
after the consolidation stage when changes in vertical displacement had
stabilized. For the MICP-treated samples, Vg measurements were taken
after injecting the cementation reagent and monitored until Vg was
observed to stabilize. Several methods for interpreting a shear wave
signal have been proposed [55,56], with the peak-to-peak method
proven to provide accurate measurements of Vg [57,58]. In this method,
which was also used in this study, the travel time (At) is defined as the
time difference between the peaks of the incipient wave and the first
received wave. The shear wave travel distance is taken as the tip-to-tip
distance between the bender elements along the specimen height [57].
Near-field effects caused by compression waves and electrical noise [55,
59-61] were also minimized by generating shear waves at an excitation
frequency of 33.3 kHz to produce a shear wavelength of less than half of
the specimen height.

3.3.3. Cyclic simple shear tests

Cyclic DSS tests were carried out on specimens consolidated to
average relative densities (D) of 65, 52, and 22% at ¢’y = 100 kPa.
Cyclic shearing was carried out while maintaining a constant-volume
condition in order to observe the undrained shearing behaviour of the
sand specimens. In these tests, no shear-induced pore water pressure was
produced and the changes in total vertical stress required to maintain a
constant specimen height were taken as the equivalent pore water
pressure which would have been produced in a truly undrained test on a
saturated sample [62-66]. As pore water pressure was not measured, the
drainage tubes attached to the sample were left open to allow complete
drainage of excess pore pressure in the sand samples. Cyclic shear
loading is specified in terms of a cyclic stress ratio (CSR), defined as the
ratio of the applied shear stress (tcyc) to 6’y as below:

CSR =120

ve

(Eq. 1)

Shear strain is also calculated as the horizontal displacement of the
specimen’s top platen divided by the specimen’s height prior to
shearing. Like many other researchers [65,67,68], cyclic shearing was
applied at a frequency of 0.1 Hz in order to obtain consistent and stable
cyclic stress paths. MICP-treated specimens consolidated to D;. = 52%
and 65% were subjected to an additional cyclic shearing stage after the
first liquefaction event by zeroing the shear load, reconsolidating the
specimen to the same ¢’y = 100 kPa, and subsequently re-applying the
same CSR as in the first cyclic shearing stage. This was done in order to
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compare the specimens’ cyclic shearing behaviour and re-liquefaction
resistance with that exhibited in its first liquefaction event. As previ-
ously described, two series of bender element and direct simple shear
tests were conducted, namely those performed on untreated specimens
and those done on MICP-treated samples. In summary, the testing pro-
gram comprised 25 cyclic DSS tests as well as 25 measurements of Vg
using bender elements.

4. Test results
4.1. Shear wave velocity

Vg was recorded in the treated samples approximately 48 hours after
the application of treatment when Vg had stabilized and reached a
constant value. For example, Fig. 9 shows a sharp increase in Vg of about
50 m/s at the onset of injecting the cementation reagent which is pro-
duced by the initial bonding of microbes on particle surfaces. Vg con-
tinues to increase with time, ultimately gaining about 90 m/s and
reaching a maximum limit of 275 m/s in 48 hours after which no further
increase is observed. This is similar to Vs increments of 110 and 94 to 98
m/s, observed by respectively Montoya and DeJong [53] and Safavi-
zadeh et al. [69] in microbial cementation treatments of Ottawa 50/70
sand and fly ash specimens. The rise of pH in the treated sample is also
superimposed on Fig. 9. The similar rates of increase in pH and Vg in-
dicates that the precipitation of CaCO3 was the result of an increase in
the concentration of urea hydrolysis products with time.

Vg is often normalized with respect to the effective overburden stress
in order to account for the effect of ¢’y as below [70]:

A%
Vs] = VS —
O,

where, Vg, is the overburden stress-normalized shear wave velocity, p is
the stress normalization exponent, and P, is a reference pressure (= 100
kPa). Fig. 10 shows that Vg measured in the untreated samples (with D,
= 16-36%) increases from about 149 m/s to a maximum of 303 m/s
with the increasing of ¢’y from 50 to 900 kPa. These data show a general
trend which is fitted with a power function using p = 0.25, irrespective
of sample density. This value concurs with that typically used for silica
sands. As also shown in Fig. 10, in spite of their lower densities in some
cases, MICP-treated samples with D, = 7-38% registered higher Vg than
the untreated samples. For the treated sand, the ultimate Vg increases
from a minimum of 246 m/s to a maximum of 395 m/s with increasing
o'ye from 100 to 900 kPa. This corresponds to p = 0.19 fitted to Vg
measured in the MICP-treated samples. Fig. 10 further shows increases

(Eq. 2)
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Fig. 9. Increases of Vs and pH immediately after the application of MICP
treatment and a subsequent 48-h period for a Fraser River sand sample.
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Fig. 10. Increases of Vg with normalized o'y, showing the effect of MICP
treatment on Fraser River sand (this study), Ottawa 20/30 and Ottawa 50/70
sands [19], and fly ash [69].

in Vg with ¢y, for microbially-treated samples of Ottawa 20/30 and
Ottawa 50/70 sands [19] and fly ash [69], which are more or less
comparable to those measured in this study for Fraser River sand.

4.2. SEM images

SEM images were taken to corroborate the DSS test results by
examining the microstructural fabric and the pattern of calcium car-
bonate precipitation. Untreated and treated specimens were preserved
and dried at 40 °C in an oven and then a cluster of particles were
mounted on the SEM apparatus for imaging. Fig. 11 shows several SEM
images of the treated samples. Particle-to-particle bonds are clearly
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visible in Fig. 11a and b, conforming with the observed increase of Vg in
Fig. 9. Calcite crystals are also seen to have formed on particle surfaces
as shown in the higher magnification images of Fig. 11c and d. Superior
mechanical characteristics (e.g., strength, stiffness) are achieved when
calcite is deposited at particle contacts, forming load-bearing bridges
rather than at the location of individual bacterial cells [71-73]. In
addition to particle cementation, these images show that precipitated
calcite grains also occupy void spaces within the soil matrix, effectively
densifying the sand matrix.

4.3. Cyclic DSS tests

The undrained cyclic shearing behaviour of the original untreated
Fraser River sand is compared with that of the MICP-treated specimens
consolidated to ¢’y = 100 kPa. All medium-dense and dense samples
(D = 52% and 65%) were subjected to a repeated cyclic shearing stage
to study post-liquefaction volumetric strains and the effect of a prior
cyclic loading history on the re-liquefaction resistance of the treated
sand.

Figs. 12 and 13 show typical cyclic stress paths and stress-strain re-
sponses of an untreated and a treated Fraser River sand samples sub-
jected to the same ¢’y = 100 kPa and CSR = 0.10. While the untreated
sample undergoes large decrements of ¢’y particularly in the first stress
cycle in Fig. 12, the MICP-treated sample demonstrates a much slower
and a rather steady ¢’y reduction with each stress cycle in Fig. 13 which
resembles a cyclic mobility type of behavior. The liquefaction failure
criterion is defined here as the number of cycles (N1) required to reach a
single-amplitude shear strain (ysa) of 3.75% [65,67,74,75]. This strain
level is equivalent to reaching a single-amplitude axial strain of 2.5% in
a triaxial test, which is the definition of liquefaction adopted by the
National Research Council [76]. As further indicated by the stress-strain
curves, a total of 14 loading cycles were applied to reach liquefaction (at
vsa = 3.75%) in the untreated specimen. Whereas, the treated specimen
required a much larger N|, = 94 cycles to attain the liquefaction criterion

Fig. 11. SEM images of MICP-treated Fraser River sand highlighting (a and b) particle cementation at particle-to-particle contacts, and (c and d) increased particle

angularity and surface roughness produced by CaCOj3 crystals on particle surfaces.
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Fig. 12. Cyclic (a) stress path and (b) stress - strain response of an untreated
Fraser River sand specimen consolidated to ¢’y. = 100 kPa and D,. = 46% in a
constant-volume DSS test subjected to CSR = 0.10.

in Fig. 13, with most cycles confined to small strains (<0.5%). The shear
strain progressively increased beyond ysa ~ 0.5% from the 92nd cycle
until liquefaction was reached.

Given the importance of excess pore pressure generation on soil
liquefaction due to cyclic loading [77-79], Fig. 14 shows the generation
of equivalent pore pressure ratio, ry (= Au/c’y.) with Ny, for treated and
untreated specimens subjected to comparable CSR in the cyclic DSS
tests. As demonstrated in this figure, the untreated sand samples display
a sharp rise in r, starting from the first few cycles, while those of the
MICP-treated samples show a reduced rate of pore pressure generation,
requiring a larger number of cycles to liquefaction. The rise of ry in the
treated samples resembles the characteristics of a dense sand, suggesting
the higher dilatancy of these specimens due to particle cementation.

5. Discussion on the effects of MICP treatment
5.1. Vs and Gpay
As previously described by Equation (2), Vg is primarily dependent

on ¢'y.. The effect of ¢’y on both untreated and treated samples was
described in Fig. 10 by a power function, yielding § = 0.25 and 0.19,
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Fig. 13. Cyclic (a) stress path and (b) stress-strain response of an MICP-treated
Fraser River sand specimen consolidated to ¢’y = 100 kPa and D,. = 53% in a
constant-volume DSS test subjected to CSR = 0.10.
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Fig. 14. Comparison of excess pore pressure ratios (r,) versus the number of
cycles to liquefaction (Np) for untreated and MICP-treated specimens of Fraser
River sand.
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respectively. Despite some scatter, Fig. 15 further shows a larger average
Vs1 = 250 m/s measured in the treated specimens compared to Vg =
179 m/s of the original sand, without a strong trend with the consoli-
dation void ratio (e.). The observed increase in Vg1 from 179 to 250 m/s
would minimize liquefaction triggering potential in Fraser River sand
[80,81].

The larger Vs values of MICP-treated samples are also indicative of
their higher stiffness compared to the untreated sand. The maximum
shear modulus (Gpax) corresponding to small shear strains induced by a
shear wave is estimated from Vg according to the following relationship:

Gonax(MPa) = pVy (Eq. 3)
where, p is the total density of the soil mass in kg/m>. Fig. 16 compares
Gmax values of the untreated sand with those of the treated specimens.
Same as Vg, treated samples show significantly larger Gpax than those of
the original sand as a result of particle cementation and stiffer particle
contacts, with Gpax consistently maintaining a gain of about 46 to 123
MPa. These are slightly lower than those measured by Nafisi and Mon-
toya [82] in MICP-treated samples of Nevada sand (Dsp = 0.13 mm; Dy,
= 40%) as illustrated in Fig. 16. This could be partly due to the
one-dimensional consolidation of Fraser River sand samples in the DSS
tests of this study as opposed to isotropic consolidation imposed on the
Nevada sand samples in a triaxial cell.

The variations of Gyax With 6'¢/P, for the samples of this study are
further fitted with power functions in Fig. 16. While the stress exponent
is about 0.50 for the untreated sand, it decreases to about 0.38 in the
treated samples. This suggests a lower effect of ¢’y on Gpax (i.e., stift-
ness) measured in the MICP-treated samples as the sand particles are
further restrained by the CaCOs; cementation among them. Lower
sensitivity of soil stiffness to effective stress is also reported by several
other investigators for cemented sands [12,19,32,82,83]. For example,
Chang and Woods [83] investigated the stress-dependency of Gp,ax for an
artificially-cemented sand and found that the stress exponent decreased
with increasing the level of cementation. Lin et al. [19] examined the
initial tangent Young’s moduli obtained from the stress-strain curves of
triaxial tests and found that the stress exponent reduced from 0.53 and
0.88 in respectively untreated Ottawa 20/30 and Ottawa 50/70 sands to
0.09 and 0.19 in MICP-treated samples of the same sands. In fact, the
stress exponent of 0.38 obtained for the treated samples of Fraser River
sand concurs with that suggested by Nafisi and Montoya [82] for
lightly-cemented clean sands.
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Fig. 15. Variations of Vg; with e. in untreated and MICP-treated Fraser River
sand samples.
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Fig. 16. Variations of G,y with normalized ¢'y. for the Fraser River sand of
this study and Nevada sand [82] displaying the effect of MICP treatment.

5.2. Cyclic liquefaction behaviour

Figs. 17 to 19 compare the cyclic strength curves obtained for the
original and the MICP-treated Fraser River sand specimens tested in this
study. These figures show larger number of cycles (Ny) to reach the
liquefaction criterion of ysp = 3.75% at a given CSR for the treated
samples. This increased resistance results primarily from CaCOs;
cementation at particle-to-particle contacts, which helps to maintain
most of the loading cycles at small shear strains (see Fig. 13) and reduces
the rate of excess pore pressure generation (see Fig. 14) which eventu-
ally leads to liquefaction.

Because of densification during post-consolidation flushing of the
specimens with the cementation reagent, precise control of D, was quite
difficult in preparing the treated specimens. The resulting D, of the
treated specimens are thus somewhat different than those of the original
sand, particularly for the loose (Fig. 17) and the medium-dense (Fig. 18)
tests. This may have produced some bias in examining the effect of MICP
treatment on the cyclic strength curves of Figs. 17 to 19. To mitigate this
bias, the cyclic stress ratio required to cause liquefaction in 15 cycles
(CRR;5) is used here to compare the cyclic liquefaction resistances. This
corresponds to an equivalent earthquake magnitude of 7.5 [84,85].
CRR;5 is determined by fitting the cyclic strength curves with the
following power function:
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Fig. 17. Comparison of cyclic strength curves from DSS tests on untreated (D,
= 26-27%) and MICP-treated (D, = 15-20%) samples of Fraser River sand. The
number beside each datapoint shows D..
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Fig. 18. Comparison of cyclic strength curves from DSS tests on untreated (Dy,.
= 44-46%) and MICP-treated (D, = 50-53%) samples of Fraser River sand. The
number beside each datapoint shows Dy..
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Fig. 19. Comparison of cyclic strength curves from DSS tests on untreated (Dy,
= 63-65%) and MICP-treated (D,. = 62-67%) samples of Fraser River sand. The
number beside each datapoint shows Dy..

CSR=a(N;)™" (Eq. 4)

In which, coefficient “a” corresponds to the CSR which would pro-
duce liquefaction in one loading cycle (i.e., N, = 1) and the exponent “b”
describes the effect of soil characteristics on CSR. These fitting param-
eters are subsequently summarized in Table 2 for loose (Dy < 35%),
medium-dense (35 < D;. < 60%) and dense (60 < D, < 85%) sand
samples. In addition to the higher (“a”) coefficients shifting the cyclic
strength curves of the treated samples to larger Ny, the relatively larger
(“b”) exponents reflect the steeper cyclic strength curves of the treated

samples compared to those of the original sand. This suggests that the

Table 2
Summary of the parameters used to fit Equation (4) to data presented in Figs. 17
to 19

Sample density Untreated Treated

a b a b
Loose 0.111 0.107 0.220 0.231
Medium-dense 0.122 0.118 0.248 0.193
Dense 0.148 0.122 0.345 0.281
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cyclic liquefaction resistance of the bio-cemented specimens has become
more sensitive to N, in comparison to the original untreated Fraser River
sand.

Using the fitting parameters of Table 2 in Equation (4), Fig. 20 shows
the variations of CRRy5 with D;.. Although the values of CRR15 for both
the treated and the untreated sand increase with increasing Dy, the
trend established for the treated samples indicates a 42 to 67%
improvement in CRR;s compared to that of the untreated sand. This
improvement in liquefaction resistance stemming from a single treat-
ment with MICP at a given D, is even greater than that achieved by only
increasing Dyc.

5.3. Re-liquefaction resistance

The above discussion showed that MICP treatment can significantly
reduce the liquefaction potential of Fraser River sand. Nevertheless, an
in-situ sand deposit could experience a repeated cyclic loading in an
aftershock or in a future seismic event. Whether the strengthening effect
of MICP would remain following liquefaction, or diminish, requiring
additional treatments could be a major concern. To address this ques-
tion, untreated and MICP-treated specimens of medium-dense and dense
Fraser River sand were subjected to a repeated cyclic loading. Following
the first cyclic shearing in these tests, the shear stress was removed, the
specimens were reconsolidated to ¢’y = 100 kPa, and the same CSR was
subsequently re-applied. For the untreated sand, Fig. 20 shows an in-
crease in re-liquefaction resistance (i.e., requiring a higher Ny for a given
CSR in Figs. 18 and 19) following post-liquefaction reconsolidation and
densification of Fraser River sand samples. In contrast, a reduction oc-
curs in the re-liquefaction resistance of the MICP-treated samples,
requiring fewer Np, to liquefy despite a higher D;. during the second
cyclic loading application. This reduction probably occurs because of
the breakage of the cementation bonds among sand particles. Never-
theless, the treated samples still show much higher resistances to cyclic
loading than the untreated original sand. The SEM images previously
shown in Fig. 11 indicate that CaCOs precipitation occurred on the
surfaces of individual sand particles as a result of the treatment. Hence,
not only were the particles bonded by CaCOs precipitated at particle-to-
particle contacts, but also their surface roughness and angularity
increased. Accordingly, the higher re-liquefaction resistance of the
treated samples compared to that of the original Fraser River sand is
perhaps the result of densification due to CaCO3 precipitants, increased
particle angularity and surface roughness, as well as some residual
CaCOg particle-to-particle bonds. Therefore, the reinforcing effect of an
MICP treatment may remain to a large extent — not principally through
CaCOj3 bonds — and reduce the liquefaction potential of a treated sand
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Fig. 20. Variations of CRR;5 with Dy.
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deposit in a future seismic event. In general, the combined effects of
cementation, increased particle angularity, and densification due to
CaCOj3 precipitation produced a remarkable increase in Fraser River
sand’s resistance to cyclic loading.

5.4. Comparison with other studies

Differences in shearing mode, Dy, effective stress level, and sand
characteristics make a direct comparison between the CRR;5 found here
with those reported in other studies complicated. Changes in liquefac-
tion resistance are thus compared through an improvement factor (Ir)
defined as the ratio of CRR to produce liquefaction in a treated (CRRy)
sample over that of an untreated original (CRR,) sand (i.e., Ir = CRRy/
CRR,). These are plotted in Fig. 21 versus the number of cycles (NL) to
produce liquefaction. Ny, can be related to the moment magnitude of an
earthquake (M) with N, = 22, 15, and 10 cycles corresponding to
respectively My, = 8.0, 7.5, and 7.0 [86]. For a given Ni, CRR is calcu-
lated from Equation (4) using the fitting parameters of Table 2.

The improvement factors found in this study are compared in Fig. 21
with those extracted from cyclic triaxial test results on MICP-treated
samples of other clean sands [13,14,87], all consolidated to an
isotropic confining stress of 100 kPa. The range of Iy (= 1.72 to 1.32)
realized in Fraser River sand is generally comparable to or higher than
those obtained for these other clean sands. However, the degrading
trends of Ir with increasing Ny, observed in the cyclic DSS tests of this
study are opposite to the increasing values of Iz with Ny, found from the
cyclic triaxial tests. This difference could be due to a relatively higher
resilience of the cementation bonds in simple shearing, requiring a
larger CSR to break the bonds and induce liquefaction at lower number
of cycles. Whereas, particle cementation bonds are readily crushed
under compression loading, resulting in a relatively smaller gain in
liquefaction resistance at lower Ny..

5.5. Post-liquefaction volumetric strain

An important feature of post-liquefaction behaviour is the accumu-
lation of settlement as the shear-induced excess pore pressure dissipates.
Liquefaction-induced ground settlement has often caused significant
damages to critical lifelines and structures supported on shallow foun-
dations in the past earthquakes. Post-earthquake settlement can be
particularly detrimental if it occurs unevenly, resulting in differential
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underground structures. Settlements in the order of 10 to 20 cm have
been documented in many sand deposits following previous earthquakes
[88-91]. A classic example of liquefaction-induced settlement is the
large tilting and settlement of more than 300 apartment buildings
following the 1964 Niigata earthquake in Japan [92]. Differential set-
tlement from the compression of loose sand pockets caused severe
damage to major structures following the 1963 Skopke earthquake in
Macedonia [91]. Large settlements also occurred following soil lique-
faction in the 1960 Chilean earthquake [88] and the 1959 Jaltipan
earthquake in Mexico [93]. Extensive settlement of buildings was
observed in response to subsoil liquefaction following the 1990 Luzon
earthquake at the city of Dagupan, Philippines [94,95]. Widespread
ground settlement and lateral spreading also induced significant damage
to buildings and underground utilities in the Marina District and Trea-
sure Island of San Francisco following the 1989 Loma Prieta earthquake
[96]. Subsoil liquefaction also caused many buildings in the Adapazari
City of Northwestern Turkey to settle or tilt in the aftermath of the
Kocaeli earthquake of August 17, 1999.

Post-liquefaction reconsolidation vertical strains (¢'y) were measured
in the medium-dense and dense specimens by unloading the shear stress,
and then reconsolidating the specimens to the original ¢’y = 100 kPa.
Because of the lateral constraint imposed by the stack of annular rings
around the sample, ¢y is essentially equal to the reconsolidation volu-
metric strain (¢'yo1). This would represent ¢’y for a nearly level-ground
sand deposit (far away from any free face with little or no lateral
displacement), beneath a wide building, or in a deep sublayer. Fig. 22
shows the variations of ¢y, with the maximum shear strain (ymax)
attained in the first cyclic loading stage on Fraser River sand samples
subjected to different CSR. ymax can be regarded as a measure of the
amount of disturbance sustained by a soil deposit following an earth-
quake. According to this figure, MICP treatment had little effect on ¢'yo)
probably because of the breakage of the interparticle cementations. This
suggests that the residual CaCO3 bonds and changes in particle texture
and shape were inadequate to realize a positive reduction in the post-
liquefaction compressibility and €'y, of the Fraser River sand speci-
mens tested in this study. Irrespective of D;., CSR, or MICP treatment,
Fig. 22 indicates the following range of relationships between &'y, and

Ymax*

e,,=(0.19-0.26) (Eq. 5)

Although these data were obtained from uniformly loaded speci-
mens, the type of cyclic loading (whether uniform or irregular), loading

Vmax
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Fig. 21. Comparisons of improvement factors (Ir) found in the cyclic DSS tests of this study (green lines) with those extracted from cyclic triaxial tests on: (a) clean
silica sand (D5 = 0.21 mm) specimens consolidated to D, = 30% and treated with different amounts of bacterial cell counts (MP10, MP11, MP12) by Han et al. [13],
and (b) Tohoku Keisha No. 4 (Dsp = 0.79 mm) sand [87] and a calcareous (Dso = 0.36 mm) sand from south China [14]. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 22. Relationship between €'y, and ynmax measured in the cyclic DSS tests on
Fraser River sand specimens.

frequency, and saturation are generally found to have negligible effects
on the ¢'yo] — Ymax relationship for sands [97,98]. A strong effect of ymax
on ¢y, has been also reported by several other investigators [97-106] in
cyclic DSS tests. Furthermore, the range of €'y, (= 0.8-3.3%) shown in
Fig. 22 for Fraser River sand is consistent with those reported by several
other investigators in laboratory element tests [75,99,102,1071, shaking
table experiments [91,108], or from field observations [77,89,97,99,
102,109]. For example, Nagase and Ishihara [102] measured ¢y, =
4.0%, 2.5%, and 1.2% following cyclic DSS tests on specimens of Fuji
River sand prepared at D,. = 47%, 73%, and 93%, respectively. Ac-
cording to field measurements, re-consolidation of a 12.1 m deep sand
fill resulted in level-ground surface settlements of 0.10 to 0.15 m
following the 1971 San Francisco earthquake [91], which correspond to
€'vol = 0.8-1.2%.

As discussed above, we have demonstrated the successful application
of MICP for improving the liquefaction resistance and stiffness of Fraser
River sand. This technique can be used as a more attractive and less
expensive ground improvement method to mitigate soil liquefaction in
the Fraser River delta and the lower mainland British Columbia. MICP is
an environmental-friendly and sustainable natural process which uses a
microorganism abundant in soil. Compared to most conventional
ground improvement methods (e.g., stone columns, deep dynamic
compaction, vibro-replacement, deep soil mixing, chemical grouting),
MICP has little adverse environmental impacts (e.g., air or water
pollution, excessive vibration, greenhouse gas emission) and can be
applied both prior to and after construction beneath new or existing
buildings and other infrastructure. The raw material (bacteria, urea,
calcium source) for bio-cementation are also relatively cheap and
economical [110]. These would allow a sustainable growth of the Fraser
River delta while protecting existing natural resources and the
environment.

6. Conclusions

In this study, a single application of a microbially-induced calcite
precipitation (MICP) treatment was successfully employed to alter the
behavior of Fraser River sand. X-Ray diffraction analysis of the precip-
itated CaCOg indicated that calcite and vaterite were the primary min-
eral phases produced by the treatment. Microscopic images of the
treated samples showed clear evidences of cementation not only coating
particle surfaces but also at particle contacts. Calcite crystal faces
formed around the microorganisms were also visible in the highly
magnified images. Principally as a result of the higher stiffness produced
by particle cementation, shear-wave velocities (Vs) of the sand at
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various effective stresses increased by about 31% with a single cycle of
the treatment. The corresponding gain in maximum shear modulus
(Gmax) ranged from 46 to 123 MPa, with a lower sensitivity to changes in
effective stress.

The MICP treatment improved the sand’s resistance against pore
water pressure generation and cyclic liquefaction, as indicated by the
larger number of cycles required to induce liquefaction. The pattern of
excess pore pressure generation with the number of cycles showed a
dramatic change from a sharp rise in r, to a more gradual and steady
increase with number of cycles. This suggests a change of the failure
mechanism from liquefaction failure in the untreated sand to cyclic
mobility in the MICP-treated samples. The results suggest that microbial
cementation can be more effective for mitigating the risk of liquefaction
in Fraser River sand than soil densification alone.

Furthermore, re-liquefaction of treated medium-dense and dense
specimens showed a small decrease in cyclic resistance from that
exhibited in the first liquefaction event, perhaps due to breakage of the
CaCO3 bonds following the first cyclic loading. Nonetheless, the
strengthening effect of MICP treatment was shown to mostly remain,
plausibly because of residual unbroken bonds and densification, thus
continuing to reduce the liquefaction potential of a treated sand deposit
in a future seismic event. Lastly, post-liquefaction settlement, measured
as the volumetric strain produced after the first cyclic loading, was
shown to be unaffected by the treatment, as it was seen to follow the
same direct relationship with the maximum shear strain as the original
sand.

With the promising application to Fraser River sand, MICP can be
implemented as a sustainable and a more economical approach to
improve the engineering properties of a Fraser River sand deposit for
liquefaction mitigation.
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