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Effect of Light Biocementation on the Liquefaction
Triggering and Post-Triggering Behavior of Loose Sands

Minyong Lee, S.M.ASCE1; Michael G. Gomez, M.ASCE2;
Maya El Kortbawi, S.M.ASCE3; and Katerina Ziotopoulou, M.ASCE4

Abstract: Microbially induced calcite precipitation (MICP) is an environmentally conscious ground-improvement method that can enhance
the engineering properties of granular soils through the precipitation of calcium carbonate (CaCO3) on soil particle surfaces and contacts.
Although numerous studies have shown the ability of biocementation to improve the liquefaction resistance of loose sands, the effects of light
cementation levels on undrained cyclic behaviors have remained relatively unexplored. A series of undrained monotonic and cyclic direct
simple shear tests were performed to examine the effect of light biocementation (ΔVs < 100 m=s and CaCO3 contents <0.9%) on the lique-
faction triggering and post-triggering behavior of loose Ottawa F-65 sand subjected to varying loading magnitudes [cyclic stress ratio
(CSRÞ ¼ 0.1 to 0.3]. Results suggest that the presence of light biocementation can significantly improve the liquefaction triggering resistance
of loose sands, with log-linear increases in the number of cycles required to trigger liquefaction, which consistently correlated with
cementation-induced Vs increases. Despite these remarkable pretriggering improvements, almost no improvements were observed in
post-triggering strain accumulation and postcyclic reconsolidation behaviors, with Vs measurements indicating that small-strain improvements
were largely erased following shearing events. DOI: 10.1061/(ASCE)GT.1943-5606.0002707. © 2021 American Society of Civil Engineers.

Author keywords: Biogeotechnics; Biocementation; MICP; Liquefaction; Calcite; Cemented sands; Ground improvement.

Introduction

Traditional geotechnical ground-improvement methods use high
mechanical energy and energy-intensive materials to improve soil
engineering properties, consequently resulting in considerable green-
house gas emissions, potential for groundwater contamination, and
other impacts on environmental quality (Karol 2003; DeJong et al.
2010; Kendall et al. 2018). Sparked, in part, by increased awareness
of the environmental consequences of conventional geotechnical soil
improvement methods, biomediated soil-improvement technologies
have been recently developed to achieve engineering performances
comparable to conventional techniques (e.g., chemical grouting and
deep dynamic compaction) while achieving significant environmen-
tal benefits (Seagren and Aydilek 2010; DeJong et al. 2010, 2013).
Microbially induced calcite precipitation (MICP) is one such tech-
nology that can improve the engineering properties of granular soils
through the precipitation of calcium carbonate (CaCO3) minerals on
soil particle surfaces and contacts (Ferris et al. 1996; Stocks-Fischer
et al. 1999; DeJong et al. 2006).

In the biocementation process, microorganisms containing ure-
ase enzymes catalyze a hydrolysis reaction that degrades supplied
urea, producing carbonate ions and alkalinity (Mobley et al. 1995;
Stocks-Fischer et al. 1999). When sufficient calcium ions are
supplied via treatment solutions or surrounding groundwater, the
production of carbonate ions from ureolysis may enable supersatu-
ration of soil pore fluids with respect to calcium carbonate (CaCO3)
minerals, thereby enabling precipitation (Ferris et al. 2004; Gomez
et al. 2019). The resulting biocementation can dramatically increase
the shear strength and stiffness of soils (DeJong et al. 2006; Montoya
and DeJong 2015; Gomez et al. 2018a; Nafisi et al. 2020) with gen-
erally only minor reductions in hydraulic conductivities for clean
sandy soils (Gomez and DeJong 2017; San Pablo et al. 2020).

Biocementation has been proposed for a wide range of engineer-
ing applications including geotechnical soil improvement (Martinez
and DeJong 2009; van Paassen et al. 2010; Feng and Montoya 2016;
Gomez et al. 2017; Lin et al. 2016; Gao et al. 2019; Xiao et al. 2020;
and many others), rock fracture sealing (Cuthbert et al. 2013; Phillips
et al. 2016; Minto et al. 2016), soil scour and erosion prevention
(Gomez et al. 2015; Montoya et al. 2018; Tao et al. 2018;
Ghasemi and Montoya 2020), divalent contaminant immobilization
(Fujita et al. 2004; Bhattacharya et al. 2018; He et al. 2019; Jiang
et al. 2019), concrete repair (Ramakrishnan et al. 1998, 2001;
Ramachandran et al. 2001; DeMuynck et al. 2008), and construction
material development (Bernardi et al. 2014; Choi et al. 2016; Li et al.
2016, 2020; Xiao et al. 2019b).

Of these potential applications, MICP has been most notably
proposed as an environmentally conscious method to mitigate
earthquake-induced soil liquefaction (Montoya et al. 2013; Darby
et al. 2019; Lee et al. 2020; and others). Biocementation improves
soil undrained cyclic behaviors through a variety of different mech-
anisms including (1) CaCO3 bonding between soil particles, which
limits soil particle movements and contractive tendencies during
cyclic shearing, (2) increases in soil dry densities resulting from
precipitated CaCO3 mineral solids that densify soils and increase
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dilative tendencies at larger strains, and (3) CaCO3 soil particle
coatings that can increase soil particle surface roughnesses and in-
terparticle frictional resistances. Collectively, these mechanisms
suggest that at small strains, when the integrity of cemented bonds
is maintained, and at larger strains, when cemented bonds are
sheared and destructured, the presence of biocementation can im-
prove soil shearing behaviors. Although such mechanisms have
been extensively described by prior researchers (DeJong et al.
2010; and others), the magnitudes of biocementation needed to mo-
bilize each of these mechanisms and their respective individual and
combined effects on soil behaviors during undrained cyclic loading
have remained less clear.

Metrics to characterize each of the aforementioned individual
mechanisms have not been agreed upon in past literature; however,
it is hypothesized that (1) CaCO3 bonding between soil particles
may be best assessed using small-strain stiffness measurements
(e.g., shear-wave velocity changes); (2) improvements in large-
strain behaviors resulting from precipitated CaCO3 solids may
be best described using soil dry density, CaCO3 content measure-
ments, and mechanical testing; and (3) increases in soil particle sur-
face roughnesses may be characterized using direct imaging of soil
specimens and large-strain mechanical testing.

Numerous studies have examined the effect of CaCO3 biocemen-
tation on the undrained cyclic behavior of sands. Studies have over-
whelmingly concluded that the addition of biocementation increases
soil cyclic resistances, with magnitudes of improvement generally
correlating to cementation levels quantified by CaCO3 contents
and/or shear-wave velocity (Vs) increases (Montoya et al. 2013
and others). More recent studies have significantly furthered our
understanding of how biocemented materials may behave under a
range of different conditions including various cementation levels,
applied loadings, confining stresses, and fines contents. For example,
Simatupang et al. (2018) performed undrained cyclic triaxial tests on
lightly biocemented Toyoura and Keisha No. 4 sand specimens im-
proved using enzymatically induced carbonate precipitation (EICP)
with CaCO3 contents of less than 0.8%. Although pretriggering
behaviors appeared to be primarily governed by interparticle CaCO3

bonding, as described by shear-wave velocity increases (ΔVs), im-
provements in post-triggering strain accumulation behaviors appeared
to primarily reflect CaCO3-induced increases in soil dry densities.

Zamani and Montoya (2019) performed undrained cyclic direct
simple shear (DSS) tests on biocemented silty sand specimens and
found that when ΔVs increases were near 300 m=s, significant im-
provements in liquefaction triggering were achieved, with observed
improvements also significantly influenced by soil fines contents.
Xiao et al. (2019a) conducted a series of undrained cyclic triaxial
tests on biocemented calcareous sands prepared to different initial
relative densities (Dr) and concluded that the effect of biocementation
on liquefaction triggering was more beneficial than that which could
be attributed to cementation-induced dry-density changes alone, with
large benefits afforded by the presence of cohesive bonds.

Darby et al. (2019) performed a series of centrifuge tests on
untreated and biocemented loose (Dr ≈ 38%) Ottawa F-65 sand
specimens subjected to multiple shaking events and found that when
ΔVs increases were near and above 60 m=s, significant increases in
peak base accelerations were required to trigger liquefaction. Fol-
lowing the initial triggering event, these biocemented specimens also
maintained greater resistances to triggering during subsequent load-
ing events when compared with similar uncemented specimens, sug-
gesting that cementation-induced improvements persisted following
triggering. Riveros and Sadrekarimi (2020) performed undrained
cyclic DSS tests on biocemented Fraser River sand specimens with
ΔVs increases near 90 m=s and observed significant changes in pre-
triggering excess pore-pressure generation, which transitioned from

rapid increases in uncemented specimens to more gradual and steady
development with cycles in biocemented materials.

Although prior studies have provided significant insights regard-
ing the potential of biocementation for liquefaction mitigation appli-
cations, to date, the spectrum of pretriggering and post-triggering
behaviors of sands near the transition from uncemented to lightly
cemented conditions has remained poorly characterized. An im-
proved understanding of the effect of low levels of biocementation
may not only improve our understanding of MICP soil improve-
ment, but may also provide a unique opportunity to better under-
stand the behavior of naturally cemented soils, many of which
involve weak bonding between particles resulting from cold-welding
and light mineral coatings (Mitchell 2008). The importance of even
small amounts of cementation on the behavior of natural geomate-
rials has long been recognized (Saxena and Lastrico 1978; Clough
et al. 1981, 1989; Rad and Clough 1982; Saxena et al. 1988), how-
ever, a systematic study of its effects has remained challenging due
to sample disturbance limitations (Frydman et al. 1980; Bachus et al.
1981; Clough and Bachus 1981; and others) and the limited sensi-
tivity of traditional large-strain in situ testing instruments to light
cementation levels (Rad and Tumay 1986; Akili and Nabil 1988;
Puppala et al. 1993; and others). Even when high-quality naturally
cemented sand samples can be identified, researchers are unable to
control specimen initial conditions (e.g., cementation magnitudes,
initial Dr, curing stresses, and others), and cementation hetero-
geneity and disturbances resulting from stress relief are unavoidable.

Acknowledging these limitations, researchers have turned
toward artificial cementation agents, such as portland cement, to re-
create natural cementation in the laboratory. Although potentially
representative of some ground-improvement processes, many of
these cementation agents exhibit increased ductility when compared
with naturally cemented geomaterials. Biocementation may afford
significant advantages with respect to these aspects through the
transformative ability to recreate perfectly cemented soil specimens
in the laboratory using CaCO3 mineral bonds that are likely more
mineralogically and mechanically representative of natural cemen-
tation (Ismail et al. 2002; DeJong et al. 2006; Gomez et al. 2018a).

In this study, a DSS testing program was performed to further
our understanding of the effect of light levels of biocementation
on the undrained monotonic and cyclic behavior of loose poorly
graded sands. Although various definitions have been proposed to
describe light, moderate, and heavy biocementation levels (Montoya
and DeJong 2015; Nafisi et al. 2020; and others), in this study, we
refer to the achieved specimens that had cementation-induced ΔVs
increases of 100 m=s or less as being lightly cemented. Twenty-eight
undrained cyclic DSS tests were performed on biocemented Ottawa
F-65 sand specimens prepared to loose initial relative densities
(Dr ≈ 30%) and treated to varying cementation levels corresponding
to ΔVs increases ranging from 0 to 100 m=s and CaCO3 contents
from 0% to 0.9% with applied cyclic stress ratios (CSRs) ranging
from 0.1 to 0.3 (σ 0

v initial ¼ 100 kPa).
In addition, 34 undrained cyclic DSS tests were performed on

uncemented specimens prepared to loose (Dr ≈ 30%), medium-
dense (Dr ≈ 55%), and dense (Dr ≈ 75%) initial relative densities
with identical applied CSRs in order to compare the behavior of
biocemented specimens with that of similar uncemented specimens
and to benchmark improvements resulting from biocementation
through comparisons with improvements achievable via soil den-
sification. In all cyclic tests, the shearing phase was followed by
drained reconsolidation to the initial overburden stress. Following
the cyclic testing program, seven undrained monotonic tests were
performed on loose biocemented specimens treated to similarly
light biocementation levels (ΔVs ¼ 0 to 93 m=s) to further explore
the effect of light cementation on soil stress–strain behaviors and
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compare monotonic behaviors with previous results from cyclic
testing. For all specimens, Vs and Dr values were characterized
prior to shearing events.

For biocemented specimens, changes in Dr, CaCO3 contents,
and Vs values resulting from the biocementation process were also
assessed. Following testing, relationships between specimen prop-
erties, including Dr and biocementation magnitudes, and observed
behaviors, including pretriggering excess pore-pressure generation,
post-triggering strain accumulation, and postshearing reconsolida-
tion strains, and Vs changes were examined. The achieved results
provide new understandings regarding the effect of light levels of
biocementation on soil pretriggering and post-triggering behaviors
and offer new insights regarding how biocementation degrades dur-
ing undrained cyclic loading and how its influence on soil behavior
evolves during the shearing process.

Materials and Methods

Sand Material

All tests involved Ottawa F-65 sand (US Silica, Ottawa, Illinois)
following previous investigations by Ziotopoulou et al. (2018),
Darby et al. (2019), Carey et al. (2020), Burdalski and Gomez
(2020), El Ghoraiby et al. (2020), and others. The sand had a D10

of 0.13 mm, D30 of 0.18 mm, D50 of 0.21 mm, D60 of 0.23 mm, no
fines (Carey et al. 2020), and a USCS classification of SP following
ASTM D2487-17e1 (ASTM 2017). The minimum and maximum
void ratios for this sand were 0.51 and 0.78, respectively, following
ASTM D4253-16e1 and ASTM D4254-16 (ASTM 2016a, b) as re-
ported by Carey et al. (2020). Although the effect of soil type was
not considered in this study, Ottawa F-65 sand was selected for lab
testing due to its chemically inert quartz mineralogy, near-uniform
grain-size distribution, and low fines content. These attributes were
expected to be advantageous for this particular study because they
allowed for other potentially complicating factors related to changes
in specimen fines contents, gradations, and other variables to be

minimized and therefore the effect of light levels of biocementation
on soil behaviors to be better isolated.

Direct Simple Shear Apparatus

Fig. 1 provides images of the direct simple shear testing apparatus,
shear- and pressure-wave monitoring system, treatment solution ap-
plication system, and specimen configuration. An electromechanical
dynamic cyclic simple shear apparatus (EMDCSS) (GDS Instru-
ments, Hook, UK) was used to perform all monotonic and cyclic
tests. The apparatus included several load cells and LVDTs to mea-
sure applied axial forces (5-kN range and 0.045% accuracy), shear
forces (5-kN range and 0.045% accuracy), axial displacements
(25-mm range and 0.1% accuracy), and shear displacements (15-mm
range and 0.1% accuracy). All tests involved pinned porous stone
disks (2-mm pin lengths) to limit potential shear localization at
soil–top platen interfaces. A ring retainment system was used to limit
potential rocking of DSS rings during shearing.

Specimen Preparation

DSS specimens were dry-pluviated using a custom-fabricated plu-
viation device, and the pluviator aperture was adjusted while main-
taining a constant fall height to achieve different targeted relative
densities. Specimens were 70.22 mm in diameter and had heights
near 22 mm. After pluviation, samples were placed within the
DSS loading frame, and a vertical effective stress of 100 kPa
was applied to simulate stress conditions near 10 m within a
saturated soil deposit. Following stress application, a series of
small-amplitude strain-controlled drained cycles were applied to
all specimens to ensure proper engagement of specimens at the
porous disk and soil interface, as well as to establish K0 condi-
tions throughout specimens.

A series of preconditioning protocol development tests were
performed prior to this study to determine the appropriate number
of drained cycles needed to properly engage specimens without
resulting in densification. A protocol was selected wherein 75

Fig. 1. (a) DSS testing apparatus, treatment application setup, and bender-extender element monitoring system; and (b) DSS specimen configuration
including saturation and treatment application ports and ring retainment system.

© ASCE 04021170-3 J. Geotech. Geoenviron. Eng.
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small-strain, strain-controlled drained cycles (amplitude of
0.01 mm and 0.05% shear strain) were performed immediately fol-
lowing pluviation and before saturation and biocementation treat-
ments. This protocol was identified by (1) analyzing changes in
specimen relative densities and stiffnesses resulting from the appli-
cation of varying numbers of small-strain drained cycles, and
(2) comparing the number of loading cycles required to trigger
liquefaction for preconditioned specimens with past independent
experimental data available for Ottawa F-65 sand (Ueda et al.
2018; Morales et al. 2020) to ensure consistency. In all cases, speci-
men Dr values changed by less than 2% following both initial sat-
uration and small-strain drained cycling.

Following this preconditioning sequence, specimens were satu-
rated with 450 mL (≈12–13 pore volumes) of deionized water that
was boiled and deaired using a Nold deaerator device (Geokon,
Lebanon, New Hampshire) to eliminate the potential for partial sat-
uration of specimens and matric suction effects. Saturation solu-
tions were pumped slowly from the bottom cap to the top cap
for at least 30 min until no bubbles were observed exiting the speci-
men over a period of 10 min. Saturation was verified using
compressional-wave velocity (Vp) measurements from bender-
extender elements, and Vp values exceeded 1,400 m=s in speci-
mens before shearing. For untreated specimens, shearing events
proceeded immediately after saturation. For biocemented speci-
mens, biocementation treatments were applied following satura-
tion. All reported biocemented specimen total Dr values were
calculated for conditions present immediately prior to undrained
shearing events at a vertical effective stress of 100 kPa by oven-
drying and weighing specimens after testing. TotalDr values there-
fore account for both dry sand masses as well as additional masses
resulting from generated CaCO3 biocementation.

Although the concept of relative density may not hold strictly
true for biocemented sands, due to potential soil gradation changes
and corresponding changes in emin and emax values, it is unlikely
that such effects were significant given the low cementation mag-
nitudes considered herein (<0.9% CaCO3 by mass). The use of to-
talDr values allowed for the response of biocemented specimens to
be compared with other uncemented specimens on the basis of dry
density alone. For biocemented specimens, estimates of initial rela-
tive densities prior to biocementation (Dr initial), were also further de-
termined from total Dr measurements while removing precipitated
CaCO3 masses as informed by measured soil CaCO3 contents.
Dr initial values were identical with total Dr values for uncemented
specimens due to the lack of CaCO3 precipitates. The ΔDr values
were also determined and reflect the difference between Dr initial and
total Dr values and therefore reflect the impact of precipitated
CaCO3 masses on Dr. All DSS specimens had pore volumes (PVs)
between 32 and 35 mL (porosity ≈ 40%).

Biocementation Treatments

Biocemented specimens were augmented prior to cementation us-
ing Sporosarcina pasteurii (S. pasteurii, ATCC 11859) cells at cell
densities between 107 and 108 cells=mL to enable urea hydrolysis
and the biocementation process. S. pasteurii cells were cultured in
sterile ATCC 11,859 growth media (0.13M Tris Base, 20 g=L yeast
extract, 10 g=L ðNH4Þ2SO4, pH-adjusted to 9.0, autoclaved at
121°C) by inoculating with a frozen stock culture stored at −80°C.
Inoculated growth media was incubated for at least 24 h at 30°C
using a double-orbital shaker [150 rounds per minute (rpm)]. Dur-
ing the pelleting process, cultured growth media (50 mL) was trans-
ferred to a sterile conical tube, centrifuged at 4,150g for 10 min to
pellet cells, and the remaining clear supernatant was discarded.
Sterile isotonic saline (9 g=LNaCl) was added to rinse pelleted

cells, and again the tube was centrifuged and the resulting super-
natant was discarded. Sterile saline was then added to obtain a total
volume of 10 mL, and the optical density (OD) of this cell suspen-
sion was measured at a wavelength of 600 nm (OD600) with a mi-
croplate spectrophotometer. Cell densities were estimated from
OD600 measurements using a lab-specific cell density to OD600 cal-
ibration curve generated using total direct cell counts (Burdalski
2020). Cell suspensions were added to solutions containing 100 mM
urea, and pH and conductivity measurements in time were used to
verify ureolytic activity.

Augmentation solution volumes [250 mL (8.3 PV)] were pre-
pared by adding rinsed cell suspensions to deionized water-based
solutions containing 100 mMNH4Cl, 10 mM urea, and 0.2 g=L
yeast extract. In order to obtain uniform cell distributions through-
out DSS specimens, augmentation solutions were applied in four
different injection phases. First, 75 mL (2.5 PV) of augmentation
solution was injected from the bottom cap to the top cap at a flow
rate of 10 mL=min, and all produced effluent was discarded. Next,
75 mL of the augmentation solution was injected from top to bot-
tom, and all generated effluent was collected and mixed with the
remaining 100 mL of fresh augmentation solution. Lastly, 75 mL of
this mixture was injected again from bottom to top and then injected
again from top to bottom, each time collecting and homogenizing
effluent solutions. After injections, augmentation solutions resided
within specimens for at least 1 h to encourage cell attachment to soil
surfaces prior to cementation injections. During the start of cemen-
tation injections, augmentation solution samples were collected to
verify that active urea hydrolysis had occurred during augmentation
treatments via measured solution pH increases. Although the efficacy
of the selected augmentation procedure was not investigated exten-
sively in this study, the procedure was similar to that presented by
Gomez et al. (2019), and solution OD600 measurements performed
before and after augmentation suggested that between 90% and 95%
of the injected cells were retained within specimens.

After augmentation, calcium-containing cementation solutions
were applied to specimens to initiate biocementation. Cementation
solution volumes [250 mL (8.3 PV)] contained 100 mMNH4Cl and
urea and CaCl2 concentrations at a ratio of 1.5 to 1.0. Although urea
to calcium concentration ratios were constant, applied CaCl2 con-
centrations were altered to achieve varying degrees of light cemen-
tation as reflected by varying ΔVs increases. To achieve targeted
ΔVs values between 15 and 100 m=s, CaCl2 concentrations be-
tween 50 and 250 mM were applied. Although the authors acknowl-
edge that varying chemical concentrations could have impacted the
properties of the achieved CaCO3 precipitation, more extensive in-
vestigations by the authors have shown that when applied chemical
concentrations are varied between 50 and 500 mM, no significant
differences in reaction kinetics, CaCO3 mineralogy, or CaCO3 mor-
phology were observed (Burdalski and Gomez 2020).

During cementation injections, 150 mL (5 PV) cementation sol-
ution volumes were injected from the bottom to the top of speci-
mens at a flow rate of 10 mL=min. Cementation solution injections
resided within specimens for a minimum of 18 h to ensure reaction
completion. For all tests, only a single cementation solution injec-
tion was applied. For select tests, fluid samples were collected dur-
ing saturation injections (which displaced residing cementation
solutions), and urea and solution pH measurements were performed
and indicated near-full hydrolysis of the injected urea concentra-
tions with post-treatment pH values near 8.4 (Gomez et al. 2018b).
After cementation, specimens were resaturated using 450 mL of
deaired deionized water that was pH-adjusted to 7.0 using sodium
hydroxide to limit potential CaCO3 dissolution. Saturation was
again verified using compressional-wave velocity (Vp) measure-
ments from bender-extender elements, and Vp values exceeded
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1,400 m=s in specimens before shearing. Measurements of axial
strains during treatments suggested that all performed injections
had no detectable effects on specimen dry densities.

Several preventative measures were incorporated into the testing
program to ensure that specimen porous disks remained pervious
following biocementation treatments, including (1) applying only
low concentrations of urea (10 mM) during augmentation to limit
the potential for abiotic precipitation upon the introduction of cal-
cium during cementation (Gomez et al. 2019); (2) cleaning porous
disks with 0.8 M acetic acid and sonication prior to all tests to re-
move CaCO3 that may have accumulated within disks; and (3) ap-
plying cementation solutions at a relatively fast injection rate to
limit reactions during solution transport. Observations of injection
flow rates during initial saturation, cementation treatment, and
post-treatment saturation injections, as well as measured specimen
axial strains and applied total stresses, during injections suggested
that no detectable clogging of porous stones occurred.

Shear- and Compression-Wave Velocity Measurements

Shear-wave velocity (Vs) measurements were performed for spec-
imens at various points in time using bender-extender elements
(Lings and Greening 2001) to verify similar initial conditions be-
tween specimens, nondestructively track changes in biocementa-
tion magnitudes, and assess postshearing Vs changes related to
specimen densification and cementation damage. Bender-extender
elements were installed within specimen top and bottom end plat-
ens and were excited using a 24-V 100-Hz square wave generated
by a signal generator. All received signals were measured and re-
corded with an oscilloscope using a sampling frequency of 1 MHz.
Vs values were determined from known sensor spacings and mea-
surements of shear-wave transmission and arrival times.

Vs measurements were performed for biocemented specimens
(1) before and immediately after augmentation, (2) before, immedi-
ately after, and≈18 h after cementation injections, (3) immediately
prior to shearing, and (4) after shearing and reconsolidation events.
Vs measurements were performed for uncemented specimens
(1) immediately before shearing, and (2) after shearing and recon-
solidation events. As described previously, bender-extender elements
were also used to transmit and receive compression waves to assess
specimen saturation before shearing events using Vp. Compression
waves were transmitted, received, and interpreted using a similar
process as shear waves; however, elements were excited differently
by adjusting sensor wiring.

Undrained Cyclic Shearing

Undrained cyclic shearing events were performed under equivalent
undrained (constant volume) conditions with no pore-pressure
measurements. Cycles were stress-controlled and involved applica-
tion of cyclic stress ratios (CSR ¼ τ=σ 0

v initial) of 0.1, 0.15, 0.2,
0.25, and 0.3. The loading was applied at a frequency of 0.05 Hz
for all tests with the exception of select uncemented loose speci-
mens, wherein a lower frequency of 0.01 Hz was used to improve
the ability of the DSS apparatus to achieve the intended loading. Dis-
placement and stress measurements were recorded at a sampling fre-
quency of 200 data points per cycle for all tests (either 2 or 10 Hz
depending on applied loading frequency). All cyclic shearing events
were terminated once specimens experienced a double-amplitude
shear strain (DASS) of 24%.

Following the undrained cyclic shearing event, specimens were
slowly recentered to back to their initial position (shear deformation
≈ 0%) while maintaining the current vertical stress after failure
(≈0 kPa). Reconsolidation was completed by reapplying the initial

vertical stress of 100 kPa. Vertical displacements were allowed to
stabilize for 5 min before final Vs measurements were completed
following shearing and reconsolidation events. Although it is ac-
knowledged that actual postliquefaction reconsolidation behaviors
cannot be fully captured in equivalent-undrained DSS tests, the
reapplication of the vertical total stress in this testing program fol-
lowing cyclic loading was intended to interpret the potential for
volume change in these materials following liquefaction.

Undrained Monotonic Shearing

All monotonic tests were completed under equivalent undrained
(constant volume) conditions with a shearing rate of 0.022mm=min
(approximately 0.1% shear strain per minute). Shearing proceeded
until all specimens achieved single-amplitude shear strains (SASS)
of 24%, intended to induce a similar magnitude of damage to ce-
mented specimens as undrained cyclic shearing events. For all
tests, displacement and stress measurements were recorded at a
sampling frequency of 0.5 Hz. Following monotonic shearing
events, vertical effective stresses were unloaded (≈0 kPa), and
specimens were slowly recentered to back to their initial positions
(shear displacement ≈ 0%). Reconsolidation was completed by
reapplying the initial vertical stress of 100 kPa. Vertical displace-
ments were again allowed to stabilize for 5 min prior to Vs mea-
surements following shearing and reconsolidation events.

CaCO3 Content Measurements

Following DSS testing, soil specimens were oven-dried for at least
18 h and subsampled for CaCO3 content measurements. CaCO3

contents were quantified using a pressure chamber method in
accordance with ASTM D4373-14 (ASTM 2014) by reacting
CaCO3 minerals within soil subsamples of 10–15 g with 1 M hy-
drochloric acid to generate CO2 gas and a corresponding increase in
test chamber pressure. Calibration relationships between generated
chamber pressures and CaCO3 masses were used to determine soil
CaCO3 contents from observed pressures. A minimum of three
measurements were completed for each DSS specimen with the
average CaCO3 content reported. Individual measurements for the
same specimen differed by no more than 0.1% by mass, and co-
efficients of variation (COV) for the subsample measurements were
generally less than 15%.

Scanning Electron Microscope Imaging

Scanning electron microscope (SEM) images were completed with
a FEI XL830 Dual-Beam Focused Ion Beam Scanning Electron
Microscope (FEI Company, Hillsboro, Oregon) using an acceler-
ation voltage of 1 kV and magnifications of 200× and 500×. Prior
to imaging, soil specimens were oven-dried for an additional 2 days,
mounted to imaging pedestals using carbon tape, and sputter-
coated using a 60%/40% Au/Pd alloy.

Results

Summary of Undrained Cyclic Tests

Undrained cyclic tests were performed on loose biocemented spec-
imens as well as uncemented specimens prepared to different initial
Dr values. Table 1 summarizes the results of all uncemented un-
drained cyclic tests including specimen initial properties (e.g., pack-
ing, initial Dr, and initial Vs), applied loading (CSR ¼ τ=σ 0

v initial),
pretriggering results [e.g., cycles to excess pore-water pressure ra-
tios (ru ¼ Δu=σ 0

v initial) of 0.475 and 0.95, and cycles to 3% SASS],
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and post-triggering results (e.g., cycles to 5% SASS, 9% SASS, and
24%DASS, reconsolidation vertical strains, and ΔVs changes after
shearing and reconsolidation events). Uncemented loose specimens
had average Dr values of 30.2% (standard deviation of 3.1%) and
average initial Vs values of 143 m=s (standard deviation of 7 m=s).
Uncemented medium-dense specimens had average Dr values of
53.6% (standard deviation of 5.6%) and average initial Vs values
of 154 m=s (standard deviation of 8 m=s). Uncemented dense
specimens had average Dr values of 75.9% (standard deviation
of 3.8%) and average initial Vs values of 166 m=s (standard
deviation of 4 m=s).

Table 2 summarizes the results of all biocemented undrained
cyclic tests including specimen initial properties (e.g., packing,
initial Dr, and initial Vs), postcementation specimen properties
[e.g., ΔVs from cementation, CaCO3 content by mass, COV for
CaCO3 content measurements, total Dr values before shearing (in-
cluding cementation contributions), and increases in totalDr values
(ΔDr) from cementation], pretriggering results (e.g., cycles to ru of
0.475 and 0.95, and cycles to 3% SASS), and post-triggering
results (e.g., cycles to 5% SASS, 9% SASS, and 24% DASS,

reconsolidation vertical strains, and ΔVs changes after shearing
and reconsolidation events). All biocemented tests were completed
on initially loose specimens with average initialDr values of 31.0%
(standard deviation of 3.3%) and average initial Vs values of
147 m=s (standard deviation of 8 m=s), which were similar to other
uncemented loose tests. Biocemented specimens achieved total Dr
increases up to 5.8% and ΔVs increases up to 100 m=s.

Biocementation-Induced Changes in Vs, Dr , and Soil
Microstructure

For all specimens, increases in biocementation were expected to
result in consistent increases in soil Vs values attributed to the for-
mation of CaCO3-based cementitious bonds between soil particles.
Fig. 2 presents relationships among measured ΔVs increases, soil
CaCO3 contents, and cementation-induced totalDr increases for all
DSS specimens (data provided in Tables 1 and 2). As shown, light
levels of cementation were achieved for all biocemented sand spec-
imens with CaCO3 contents up to 0.9%, which corresponded to
maximum ΔVs increases of 100 m=s and increases in soil relative

Table 1. Summary of uncemented undrained cyclic test results

Specimen initial propertiesa

Loading
CSR

Pretriggering results Post-triggering results

Packingb
Dr initial

(%)
Vs initial
(m=s)c

Cycles to
ru ¼ 0.475

Cycles to
ru ¼ 0.95

Cycles to
3% SASS

Cycles to
5% SASS

Cycles to
9% SASSd

Cycles to
24% DASSd

Reconsolidation
strain (%)e

ΔVs after
shearing and
reconsolidation

(m=s)

L 27.1 152 0.1 14.27 17.01 16.77 17.13 17.66 19.16 1.74 1
L 28.1 150 0.1 18.95 23.51 23.19 23.62 24.22 25.61 2.54 14
L 30.8 153 0.1 16.22 20.51 20.59 20.67 21.66 23.17 2.59 12
M 50.1 162 0.1 32.02 45.01 45.60 46.61 48.72 52.75 2.08 —
M 55.1 155 0.1 15.08 20.02 20.59 21.60 24.65 29.28 1.86 −13
D 73.4 167 0.1 21.93 33.01 35.72 41.71 62.21 115.73 1.83 −3
D 73.9 173 0.1 37.16 58.02 63.18 71.20 107.22 N/A 1.94 −26
D 82.1 — 0.1 64.02 96.53 104.23 119.24 204.21 N/A 1.60 —
L 28.4 137 0.15 0.76 0.99 0.77 0.80 0.80 1.14 2.30 3
L 29.9 139 0.15 0.46 1.02 0.65 0.66 1.22 2.21 2.37 −3
L 33.5 — 0.15 0.74 0.99 0.75 0.76 0.78 1.60 2.64 —
M 56.1 143 0.15 1.73 3.01 2.69 3.64 6.66 N/A 1.78 −5
M 58.4 157 0.15 2.09 3.51 3.66 5.62 10.74 18.27 1.80 −11
D 75.4 163 0.15 2.86 5.03 7.68 22.23 80.20 174.25 1.43 −12
D 79.4 — 0.15 3.96 6.52 10.21 35.24 N/A N/A 1.28 —
L 25.5 151 0.2 0.17 0.51 0.19 0.19 0.19 0.63 2.44 −4
L 32.8 — 0.2 0.17 0.50 0.18 0.18 0.17 1.06 2.61 —
L 34.7 139 0.2 0.25 0.50 0.26 0.26 0.57 1.06 2.44 7
M 43.8 142 0.2 0.21 0.52 0.25 0.60 1.58 2.18 2.31 18
M 48.0 — 0.2 0.60 1.01 0.65 0.69 1.62 3.12 2.22 —
D 70.0 — 0.2 0.65 2.02 2.65 6.21 29.24 N/A 1.74 —
D 77.1 167 0.2 0.69 2.01 3.14 6.21 18.20 49.24 1.70 −5
L 29.7 142 0.25 0.15 0.51 0.15 0.15 0.16 0.61 2.20 3
L 29.0 133 0.25 0.15 0.50 0.15 0.16 0.17 0.58 2.42 13
M 52.5 164 0.25 0.18 0.53 0.20 0.64 1.65 3.16 2.03 −12
M 63.8 162 0.25 0.38 1.01 0.56 1.58 3.67 7.68 1.57 −18
D 78.2 171 0.25 0.38 1.02 1.69 6.22 43.25 N/A 1.50 −33
D 78.8 167 0.25 0.46 1.02 1.61 3.74 46.25 N/A 1.33 −25
L 27.2 141 0.3 0.12 0.49 0.12 0.12 0.13 0.55 2.75 32
L 35.5 139 0.3 0.12 0.49 0.12 0.12 0.13 0.54 3.01 18
M 52.0 147 0.3 0.42 0.53 0.21 0.62 1.64 3.63 1.72 −7
M 56.2 153 0.3 0.43 1.02 0.23 0.62 1.65 3.64 1.60 −16
D 69.8 164 0.3 0.42 1.02 0.72 3.20 18.24 34.73 1.36 −15
D 76.5 160 0.3 0.47 1.52 1.71 5.70 32.22 N/A 1.70 −11
aAll specimens were initially consolidated to σ 0

v ¼ 100 kPa.
bL = loose; M = medium-dense; and D = dense.
cVs values are reported when bender element measurements were available.
dN/A denotes when 9% SASS or 24% DASS was not achievable (dense samples).
eAll specimens were reconsolidated back to σ 0

v ¼ 100 kPa.
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Table 2. Summary of results from biocemented undrained cyclic tests

Specimen initial propertiesa Postcementation specimen properties

Loading
CSR

Pretriggering results Post-triggering results

Packingb
Dr initial

(%)
Vs initial
(m=s)

ΔVs from
cementation

(m=s)

CaCO3

by mass
(%)

COV for
CaCO3

measures
(%)

Total Dr
(%)

ΔDr
(%)

Cycles to
ru ¼ 0.475

Cycles to
ru ¼ 0.95

Cycles to
3% SASS

Cycles to
5% SASS

Cycles
to 9%
SASS

Cycles
to 24%
DASS

Reconsolidation
strain (%)c

ΔVs after shearing
and reconsolidation (m=s)

L 34.0 158 6 0.17 7 35.0 1.1 0.1 27.0 36.5 36.6 36.7 37.6 38.6 3.25 −6
L 37.1 167 14 0.13 10 37.9 0.8 0.1 66.1 85.0 85.6 85.7 86.7 87.7 2.46 −22
L 31.0 150 14 0.13 12 31.8 0.8 0.1 78.0 93.5 93.3 93.6 94.1 94.6 3.11 6
L 31.0 161 19 0.11 25 31.7 0.7 0.1 109.0 125.5 125.6 126.1 126.6 127.1 3.16 −20
L 27.3 159 35 0.46 3 30.2 2.9 0.1 1,162.2 1,236.0 1,236.7 1,237.2 1,237.7 1,238.6 2.51 −26
L 36.1 146 55 0.49 9 39.2 3.1 0.1 3,022.1 3,115.0 3,115.6 3,116.1 3,116.7 3,117.6 3.18 −64
L 34.9 140 3 0.14 28 35.8 0.9 0.15 1.2 1.5 1.2 1.2 1.2 1.6 3.02 0
L 31.2 142 10 0.20 15 32.4 1.2 0.15 5.8 7.0 6.7 6.7 7.6 8.1 2.66 1
L 29.2 148 15 0.03 52 29.4 0.2 0.15 2.7 3.0 3.1 3.1 3.2 3.7 2.57 −6
L 31.4 144 20 0.19 13 32.6 1.2 0.15 21.1 24.0 23.7 23.7 24.1 24.6 2.96 −11
L 34.3 141 50 0.44 4 37.0 2.8 0.15 39.0 44.5 44.6 44.7 45.6 46.1 3.25 −52
L 26.2 140 51 0.34 7 28.4 2.1 0.15 23.0 26.0 25.8 26.1 26.6 27.1 3.00 −37
L 27.6 151 64 0.61 1 31.5 3.8 0.15 555.0 594.5 595.7 596.7 598.6 599.6 2.44 −63
L 34.5 144 82 0.63 2 38.4 4.0 0.15 1,413.1 1,452.5 1,453.6 1,454.6 1,455.7 1,457.1 2.32 −72
L 26.8 137 92 0.72 6 31.4 4.5 0.15 1,552.1 1,575.0 1,575.6 1,576.1 1,576.7 1,577.6 2.44 −80
L 31.8 159 16 0.14 10 32.7 0.9 0.2 0.6 1.0 0.7 0.7 1.1 1.6 2.51 −18
L 29.8 146 36 0.43 10 32.5 2.7 0.2 5.9 8.0 7.2 7.7 8.6 9.6 2.30 −38
L 28.6 158 54 0.41 7 31.1 2.6 0.2 9.0 11.5 11.2 11.6 12.6 13.2 2.36 −57
L 31.2 157 77 0.51 9 34.4 3.2 0.2 42.0 47.0 47.1 47.6 48.2 49.1 2.73 −77
L 30.3 146 95 0.93 2 36.1 5.8 0.2 627.0 648.0 649.1 650.1 651.7 653.6 2.25 −87
L 30.9 135 9 0.19 22 32.1 1.2 0.25 0.2 0.5 0.2 0.2 0.2 0.6 3.34 −4
L 30.6 146 36 0.30 13 32.5 1.9 0.25 1.4 2.0 1.6 1.7 2.1 2.6 2.58 −29
L 29.1 143 70 0.38 16 31.5 2.4 0.25 2.7 3.0 2.7 2.7 3.1 3.6 2.57 −73
L 28.4 142 100 0.66 3 32.6 4.2 0.25 43.0 47.5 47.6 47.7 48.6 49.2 2.52 −92
L 37.0 144 14 0.17 9 38.1 1.1 0.3 0.2 0.5 0.3 0.3 0.3 0.6 2.93 −14
L 25.1 139 32 0.38 12 27.6 2.4 0.3 0.4 0.5 0.3 0.3 0.6 1.0 2.69 −24
L 27.9 139 64 0.45 11 30.7 2.8 0.3 2.1 3.0 2.6 2.7 3.1 3.6 2.62 −47
L 35.5 142 93 0.69 4 39.8 4.3 0.3 3.0 4.0 3.7 4.2 4.6 5.6 2.47 −94
aAll specimens were initially consolidated to σ 0

v ¼ 100 kPa.
bL = loose; M = medium-dense; and D = dense.
cAll specimens were reconsolidated back to σ 0

v ¼ 100 kPa.
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densities (total Dr) up to 5.8%. The near linear relationship ob-
served between CaCO3 contents and Vs increases was consistent
with observations from past studies (Gomez and DeJong 2017;
Gomez et al. 2018a; Darby et al. 2019; and others). The limited
scatter in the relationship shown in Fig. 2 (≈� 20 m=sΔVs for
similar CaCO3 contents) suggests that the employed biocementa-
tion processes produced similar and relatively uniform distributions
of cementation on soil particle contacts and surfaces for all cemen-
tation levels considered. As expected, cementation-induced in-
creases in soil total Dr values were relatively small, with most
biocemented specimens achieving total Dr values that were within
the scatter of Dr variations observed for similar uncemented loose
specimens (data provided in Table 1).

Fig. 3 presents SEM images of select uncemented and bioce-
mented sand specimens. Biocemented specimens hadΔVs increases
of 36 and 77 m=s, corresponding to CaCO3 contents of 0.30% and
0.51% by mass, respectively. As shown, uncemented specimens had
subrounded and rounded particles with no evidence of CaCO3 crys-
tals on soil particle surfaces [Figs. 3(a and b)]. In contrast, rhombo-
hedral CaCO3 crystals were visible on sand particle surfaces in
biocemented specimens with corresponding increases in crystal
frequencies observed with increases in cementation [Figs. 3(c–e)].

Unlike more heavily biocemented materials observed in many
past studies (DeJong et al. 2006; Montoya and DeJong 2015; Feng
and Montoya 2016; Gomez et al. 2018a; and others), these light
levels of cementation did not noticeably coat soil particle surfaces
with CaCO3 precipitates, suggesting that particle surface rough-
nesses were not likely significantly altered. Collectively, these
results along with those presented in Fig. 2, which showed limited
densification, suggested that the dominant improvement mecha-
nism present in the lightly biocemented specimens was CaCO3

bonding between soil particles.

Effect of Biocementation on Pretriggering Behaviors

Fig. 4 presents representative undrained cyclic responses for loose
specimens with varying levels of biocementation (ΔVs ¼ 0, 16,
36, 54, 77, and 95 m=s) subjected to an applied CSR of 0.2.
Figs. 4(a–f) present responses in order of increasing cementation
magnitude where the first column presents shear stress versus ver-
tical effective stress, the second column presents shear stress versus
shear strain, the third column presents shear stress versus cycle
number, and the fourth column presents ru versus cycle number.

As specimens achieved higher magnitudes of cementation, as in-
dicated by largerΔVs increases, dramatic increases in the number of
cycles required to trigger liquefaction (criteria of either 3% SASS or
ru ¼ 0.95) were observed. For example, although the uncemented
specimen [Fig. 4(a)] achieved a SASS of 3% after 0.2 cycles and
a ru of 0.95 after 0.5 cycles, the most significantly biocemented
specimen with a ΔVs of 95 m=s [Fig. 4(f)] required 649 and 648
cycles to achieve a SASS of 3% and ru of 0.95, respectively. For
biocemented specimens with ΔVs values exceeding 77 m=s, some
initial dilation was also observed upon initiation of shearing [Figs. 4
(e and f)], in contrast to the immediate contractive behaviors exhib-
ited by more weakly cemented and uncemented loose specimens.

Despite these significant improvements in liquefaction trigger-
ing resistances, all lightly biocemented specimens exhibited post-
triggering behaviors that were much more similar to uncemented
specimens; only 0.4 cycles were required to accumulate strains
from 3% SASS to 24% DASS in the uncemented specimen, and in
even the most significantly biocemented specimen (ΔVs¼95m=s)
only 4.5 cycles were required to accumulate similar strains. Fur-
thermore, no significant changes in specimen failure envelopes
were observed with increases in cementation (first column). For
example, although the failure envelope for the uncemented speci-
men appeared to have a friction angle near 29.1°, friction angles for
biocemented specimens ranged from 29.2° to 31.9° with no consis-
tent trends observed with cementation level.

Fig. 5 presents cycles to different ru thresholds as a function of
ΔVs increases [Figs. 5(a–c)] and total Dr values [Figs. 5(d–f)] to
explore the effect of biocementation magnitudes and relative den-
sity differences on excess pore-pressure generation prior to lique-
faction triggering (e.g., ru ¼ 0.95). Figs. 5(a–c) present the number
of cycles needed to generate ru of 0.475, the number of cycles
needed to increase ru from 0.475 to 0.95, and the ratio between
these two values versus ΔVs increases for all loose specimens
of varying biocementation levels. Figs. 5(d–f) present similar plots
versus total Dr for all biocemented specimens and uncemented
specimens prepared to different initial Dr values.

As shown, pretriggering excess pore-pressure generation was
evaluated in two equal increments, wherein the number of cycles
needed to generate ru of 0.475 and increase ru from 0.475 to 0.95
represented the first and second half of excess pore-pressure gener-
ation prior to triggering, respectively. As shown, significant increases
in both the number of cycles required to generate a ru of 0.475 and to
increase ru from 0.475 to 0.95 were observed with increases in bio-
cementation [Figs. 5(a and b)]. In addition, for almost all specimens,
more cycles were required to generate ru of 0.475 than to increase ru
from 0.475 to 0.95, with more significant differences observed for
specimens subjected to lower applied CSRs [Fig. 5(c)]. Although
this trend was expected due to the presence of lower effective
stresses, and thus lower soil shear stiffnesses at higher excess pore
pressures near triggering, more significant differences between the
cycles required to generate ru of 0.475 and the cycles required to
increase ru from 0.475 to 0.95 were observed with increases in bio-
cementation when compared with similar uncemented specimens.

For example, whereas ratios between these cycle values were
less than 5 for all uncemented specimens, these ratios appeared
to consistently increase with biocementation magnitudes, reaching
values near 70 atΔVs increases near 100 m=s [Fig. 5(c)]. This sug-
gested that although uncemented specimens required fewer cycles to
trigger liquefaction, pore pressures generated per cycle of loading
were relatively similar for most cycles prior to triggering (i.e., cycles
up to ru of 0.95). In contrast, biocemented specimens appeared to
require significantly more cycles during the first half of pretriggering
excess pore-pressure generation (ru of 0.475) when compared with
the second half (ru from 0.475 to 0.95). This behavior likely results

Fig. 2. Relationships among cementation-induced shear-wave velocity
increases (ΔVs), soil CaCO3 contents, and changes in soil total relative
densities (ΔDr) for all biocemented and uncemented loose (Dr initial ≈
30%) Ottawa F-65 specimens subjected to undrained cyclic and mono-
tonic loading.
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from the presence of lightly cemented bonds, which hold particles
together and inhibit the generation of excess pore pressure at small
strains during the start of cyclic loading, but become less effective at
inhibiting excess pore-pressure generation as they gradually degrade
with increases in strain magnitudes during later cycles.

Although biocementation appeared to significantly influence pre-
triggering excess pore-pressure generation, the same conclusion

cannot be drawn when examining Dr changes for uncemented
specimens, where the effects observed were more limited. Although
modest increases in both the number of cycles needed to generate ru
of 0.475 and to increase ru from 0.475 to 0.95 were observed with
increases in Dr for uncemented specimens [Figs. 5(d and e)], the
ratios between these cycle values were again less than 5 for all un-
cemented tests, regardless of total Dr [Fig. 5(f)], suggesting that Dr

Fig. 3. SEM images of (a and b) untreated Ottawa F-65 sand and biocemented Ottawa F-65 sand specimens withΔVs increases of (c and d) 36 m=s;
and (e and f) 77 m=s.
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changes alone had relatively insignificant effects on pretriggering
excess pore-pressure generation.

Relationships between excess pore-pressure generation and de-
veloped shear strains were explored in order to further examine the
effect of biocementation on soil pretriggering response, as well as
the associated progressive destructuration of bonds during shearing.
Fig. 6 presents maximum excess pore-water pressure ratios (ru) that
specimens experienced prior to first achieving a given shear strain
magnitude for loose specimens of varying biocementation levels
subjected to a CSR of 0.2. All shear strains are presented as ab-
solute values; thus, information about cycle numbers and stress
reversals is not shown. The provided data are representative of sim-
ilar trends observed for other biocemented specimens at different
applied CSRs.

As shown in Fig. 6(a), prior to triggering, biocemented specimens
developed significantly smaller shear strains than uncemented spec-
imens at similar maximum ru values. For example, once specimens
experienced a maximum ru value near 0.6, the uncemented specimen
developed shear strains near 1.5%, and the biocemented specimen
with the largest increase in Vs (ΔVs ¼ 95 m=s) experienced shear
strains of only 0.25%. In addition, whereas the uncemented speci-
men appeared to exhibit measurable shear strains once ru values in-
creased above ≈0.05, biocemented specimens appeared to require
significantly larger maximum ru values exceeding≈0.4 before shear
strains greater than 0.15% were observed.

Threshold ru values, or ru values after which further increases
in ru resulted in large increases in shear strains, also appeared
to systematically track with increases in biocementation levels.

Fig. 4. Results from undrained cyclic DSS tests performed on loose (Dr initial ≈ 30%) Ottawa F-65 specimens of varying cementation levels (assessed
by ΔVs) subjected to a CSR of 0.2: (a) ΔVs ¼ 0 m=s; (b) ΔVs ¼ 16 m=s; (c) ΔVs ¼ 36 m=s; (d) ΔVs ¼ 54 m=s; (e) ΔVs ¼ 77 m=s;
(f) ΔVs ¼ 95 m=s; (g) shear stress versus vertical effective stress; (h) shear stress versus shear strain; (i) shear stress versus cycle number; and
(j) ru (¼Δu=σ 0

v initial) versus cycle number.
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For example, whereas the ΔVs ¼ 36 m=s specimen had a thresh-
old ru near 0.4, theΔVs ¼ 95 m=s specimen had a larger threshold
ru closer to 0.55. Interestingly, at larger shear strains post-
triggering (>5%), biocemented specimens appeared to experience
larger ru values than uncemented specimens for similar shear
strains [Fig. 6(b)]. It is hypothesized, however, that this result
may be simply an artifact of the more rapid shear strain development
that occurred in uncemented specimens, in contrast to biocemented
specimens, wherein many more cycles were required to generate
such strains, which allowed for accompanying ru increases to more
fully develop.

Collectively, these trends suggest that biocemented specimens
can tolerate higher maximum excess pore-water pressure ratios

(i.e., lower vertical effective stresses) than uncemented specimens
before significant shear strains develop, with threshold ru values
proportional to cementation level. This behavior likely results from
the presence of cemented bonds in biocemented specimens, which
provide tensile strength and allow for higher soil shear stiffnesses to
be maintained with increases in ru, thus preventing shear strain de-
velopment. However, it appears as though once biocemented spec-
imens experience vertical effective stresses below some critical
value (at some threshold ru), the gradual breakage of cemented
bonds intensifies, and bonds become insufficient toward preventing
shear deformations, resulting in abrupt increases in shear strains
and further mobilization of soil contractive volumetric tendencies,
thus increasing ru.

(a) (b) (c)

(d) (e) (f)

Fig. 5. Number of cycles from (a) ru ¼ 0 to 0.475; (b) ru ¼ 0.475 to 0.95; (c) ratio of (cycles from ru ¼ 0 to 0.475/cycles from ru ¼ 0.475 to 0.95)
versusΔVs from cementation for loose (Dr initial ≈ 30%) biocemented specimens; number of cycles (d) from ru ¼ 0 to 0.475; (e) from ru ¼ 0.475 to
0.95; and (f) ratio of (cycles from ru ¼ 0 to 0.475/cycles from ru ¼ 0.475 to 0.95) versus totalDr for all biocemented and uncemented specimens with
varying relative densities.

Fig. 6. Evolution of maximum excess pore-pressure ratios (ru ¼ Δu=σ 0
v initial) with shear strain for loose specimens of varying cementation levels

subjected to a CSR of 0.2, wherein the maximum excess pore-pressure ratio (ru) is the largest ru value that a specimen has experienced prior to
achieving different shear strains. Plots present similar data for shear strains from 0% to (a) 3%; and (b) 15%. Data points were evaluated at discrete
increments of 0.05% shear strain.
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Established liquefaction triggering criteria were employed in or-
der to examine changes in soil liquefaction triggering resistances
with changes in biocementation levels, Dr, and applied loading
magnitudes. The two liquefaction triggering criteria considered
were (1) number of loading cycles required to achieve a SASS
of 3% (Ishihara 1993), and (2) number of loading cycles required
to achieve a ru of 0.95 (Ishihara 1993; Wu et al. 2004). A criterion
of ru ¼ 0.95 was used instead of ru ¼ 1.0 to account for potential
variations in laboratory measurements, as recommended by Wu
et al. (2004). Fig. 7 presents relationships between the number
of loading cycles required to achieve SASS of 3% and the number
of loading cycles required to achieve ru of 0.95 for all loose spec-
imens of varying biocementation levels subjected to different ap-
plied loading magnitudes.

As shown, both liquefaction triggering criteria yielded nearly
identical results, with almost all specimens following a 1∶1 trend.
Results between criteria diverged only slightly for specimens sub-
jected to higher CSR values (>0.2) when triggering occurred
within less than one cycle for both approaches. Because no signifi-
cant differences were observed between criteria and all tests were
completed under equivalent-undrained conditions with no direct
pore-pressure measurements, the number of loading cycles to
3% SASS was used to evaluate liquefaction triggering for all fur-
ther results presented in this study.

Fig. 8 presents relationships between the number of cycles to
3% SASS versus ΔVs from cementation [Fig. 8(a)], soil CaCO3

contents [Fig. 8(b)], and total Dr values [Fig. 8(c)]. As mentioned
previously, all biocemented specimens shown in Figs. 8(a and b)
had similar initial Dr values near 30%. For all CSR magnitudes,
increases in biocementation, as indicated by Vs and CaCO3 content
increases, resulted in log-linear increases in the number of cycles
required to trigger liquefaction, with the most pronounced effects at
low CSR values [Figs. 8(a and b)].

For example, as ΔVs values increased from 0 m=s (unce-
mented) to 50 m=s, cycles to trigger liquefaction increased by
nearly 2 orders of magnitude for CSR of 0.1, 0.15, and 0.2 spec-
imens, respectively; however, cycles to trigger liquefaction in-
creased by a significant but smaller 1–1.5 orders of magnitude for
specimens at CSRs exceeding 0.25. At higher levels of biocemen-
tation near a ΔVs of 100 m=s, tests could only be performed at
CSR values exceeding 0.15, and results suggested improvements
in the cycles to trigger liquefaction between 1.5 and 3 orders of
magnitude when compared with similar uncemented specimens.
When comparingΔVs-based [Fig. 8(a)] and CaCO3 content–based
[Fig. 8(b)] relationships, similar trends were observed; however,
noticeably larger scatter was observed in the CaCO3 content–based
relationship. As discussed previously, even when identical cemen-
tation treatment techniques are used, variations in ΔVs increases
can occur at the same CaCO3 content (Fig. 2) as a result of small
differences in the distribution of biocementation on particle surfa-
ces and contacts. The better correlation between the number of
cycles to liquefaction triggering andΔVs suggests that Vs measure-
ments may offer improved assessment of triggering behaviors when
compared with mass-based quantification of biocementation.

Fig. 8(c) provides the relationship between number of cycles to
trigger liquefaction (3% SASS) and total Dr for all biocemented
loose specimens as well as uncemented specimens prepared to dif-
ferent initial Dr values (≈30%–75%). It should be mentioned that
total Dr variations for cemented specimens are again indicative of
both small differences in initial preparation and small dry-density
increases resulting from biocementation. As shown for uncemented
specimens, when soil Dr values increased, increases in the number
of cycles to trigger liquefaction were also observed; however, im-
provements were not as significant as those obtained with increases
in biocementation. For example, when Dr values increased from
≈30% to 75% for uncemented specimens subjected to a CSR of
0.1, increases in the number of cycles to trigger liquefaction of less
than 1 order of magnitude was observed. When compared with
loose biocemented specimens (under the same applied CSR of
0.1), however, a ΔVs increase of only 19 m=s would be needed
to achieve similar improvement.

Fig. 7. Number of cycles to 3% SASS versus number of cycles to ru ¼
0.95 for specimens of varying biocementation (indicated byΔVs) sub-
jected to different applied CSRs. A 1∶1 trendline is provided to compare
criteria.

(a) (b) (c)

Fig. 8. Number of cycles to 3% SASS versus (a) ΔVs from biocementation; (b) CaCO3 contents for loose (Dr initial ≈ 30%) specimens of varying
biocementation; and (c) number of cycles to 3% SASS versus total relative densities (Dr) for all biocemented and uncemented specimens of varyingDr.
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These results may have significant practical implications be-
cause densification of loose soils via various ground-improvement
techniques (e.g., deep dynamic compaction) is oftentimes consid-
ered for liquefaction mitigation. Although soil densification did
yield modest improvements in liquefaction triggering resistances,
for the loading magnitudes considered in this study, the presence of
light levels of biocementation resulted in more dramatic improve-
ments in liquefaction triggering behaviors.

Fig. 9 presents relationships between applied CSRs versus num-
ber of cycles to trigger liquefaction (3% SASS) [Fig. 9(a)] and im-
provement ratios versus applied CSRs [Fig. 9(b)] for varying
biocementation levels. Improvement ratios were determined by di-
viding the number of cycles needed to achieve 3% SASS in bio-
cemented specimens by that required for identical uncemented
specimens. Because biocemented specimens with identical ΔVs

values were not tested at different CSR values, and the number
of cycles to liquefaction triggering was shown to change dramati-
cally with even small increases in ΔVs, trendline relationships be-
tween ΔVs values and number of cycles to 3% SASS presented in
Fig. 8(a) were used to develop curves by estimating cycles to 3%
SASS for consistent ΔVs increments.

As shown in Fig. 9(a), developed curves allow for changes in
liquefaction resistances with changes in applied CSRs to be under-
stood for a single cementation level (i.e., ΔVs increase). Several
main trends are observed from these liquefaction triggering curves:
(1) with increases in biocementation magnitudes, increases in the
number of cycles to 3% SASS occur for all applied CSRs, and
(2) the effect of biocementation on soil liquefaction triggering re-
sistances was more pronounced at lower applied CSRs than at
higher CSRs. Similar trends can be observed in Fig. 9(b), where
improvement ratios are largest with increasing biocementation at
lower applied CSRs. For example, the highest cementation level
considered (ΔVs ¼ 100 m=s) had an improvement ratio of 10,363
at a CSR of 0.1; however, this same cementation level corresponded
to an improvement ratio of only 43 at a CSR of 0.3.

Although changes in cyclic resistances with applied loading
magnitudes are expected even for uncemented soils (Idriss and
Boulanger 2008), these resistances appeared to be more signifi-
cantly influenced by applied loading magnitudes with increases in
biocementation. It is hypothesized that the greater improvement ra-
tios observed at lower CSRs are related to the mode of cemented
bond destructuration, which involves more gradual fatigue-like
deterioration at smaller applied CSRs, in comparison with more

abrupt damage of cemented bonds at higher applied CSRs. A
power-law function is commonly used to describe the functional
form of liquefaction triggering curves (e.g., CSR ¼ a × Nb

L,
wherein NL is number of cycles to 3% SASS, and a and b values
are empirically fit parameters that capture the vertical position and
slope of curves, respectively). However, this functional form did
not appear to reasonably capture observed trends for biocemented
specimens in this study. Significant discrepancies have also been
reported between past studies, wherein the slopes of liquefaction
triggering curves (i.e., b values) have been suggested to decrease
(Hernandez 2018; Xiao et al. 2018, 2019a), remain constant, or
even increase (Riveros and Sadrekarimi 2020) with increasing bio-
cementation, suggesting that further investigation of this aspect is
needed.

Effect of Biocementation on Post-Triggering Behaviors

Numbers of cycles to different strain thresholds following trigger-
ing were examined in order to explore changes in post-triggering
behaviors with changes in biocementation magnitudes and relative
densities. Fig. 10 presents the number of cycles from 3% to 9%
SASS versus ΔVs from cementation [Fig. 10(a)], the number of
cycles from 3% to 9% SASS versus total Dr [Fig. 10(b)], and the
number of cycles from 3% SASS to 24% DASS versus ΔVs from
cementation [Fig. 10(c)].

As shown in Figs. 10(a and c), for all biocementation levels and
applied CSRs, almost no detectable changes in post-triggering
strain-accumulation behaviors were observed when compared with
the behavior of the uncemented specimens. For example, a maxi-
mum of only three additional cycles were required for biocemented
specimens relative to uncemented specimens to progress from
3% to 9% SASS [Fig. 10(a)], with a maximum of only four addi-
tional cycles required to progress from 3% SASS to 24% DASS
[Fig. 10(c)]. The limited improvements in post-triggering strain-
accumulation behaviors with increases in biocementation suggest
that biocemented bonds may be already significantly damaged
prior to triggering, with the effect of light cementation diminished
at larger strains due to the absence of cohesive bonds and the lim-
ited densification of specimens (ΔDr < 5.8%).

In contrast, when the post-triggering behavior of uncemented
specimens prepared to different Dr values was compared with that
of biocemented loose specimens, significant differences were ob-
served [Fig. 10(b)]. For example, when theDr of uncemented spec-
imens was increased from ≈30% to 75%, the number of cycles

Fig. 9. Relationships between (a) applied CSRs versus number of cycles to 3% SASS; and (b) improvement ratios (N3% SASSCemented=
N3%SASSUncemented) versus applied CSRs for loose (Dr initial ≈ 30%) specimens of varying biocementation levels (ΔVs ¼ 0, 10, 25, 50, 75, and
100 m=s).
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from 3% to 9% SASS increased by over two orders of magnitude
for all applied CSRs [Fig. 10(b)]. Large improvements in post-
triggering strain-accumulation behaviors with increases in soil Dr
were in stark contrast to the minimal effects of light biocementation
and resulted from increasingly dilative volumetric behaviors (Bolton
1986). Interestingly, when compared on the basis of total Dr, results
from biocemented and uncemented specimens were relatively con-
sistent [Fig. 10(b)], further suggesting that light biocementation may
have minimal effects on soil post-triggering shearing behaviors be-
yond those afforded by small dry-density increases.

In addition to strain accumulation, changes in reconsolidation
behaviors following shearing events were also examined with
changes in soil biocementation levels and Dr. Fig. 11 presents
reconsolidation strains versus ΔVs from cementation for all bioce-
mented loose specimens [Fig. 11(a)] as well as Dr for all bioce-
mented loose specimens and uncemented specimens prepared to
varying initial Dr values [Fig. 11(b)]. Reconsolidation vertical
strains were measured during the reapplication of the 100-kPa

vertical effective stress following the accumulation of 24% DASS
for all samples.

As shown in Fig. 11(a), as biocementation magnitudes in-
creased, almost no effects on reconsolidation strains were observed.
For example, for biocemented specimens with ΔVs values near
100 m=s, average reconsolidation strains were reduced by only
1.65% (0.04% strain) when compared with uncemented specimens.
In several instances, reconsolidation strains for biocemented spec-
imens with ΔVs increases of less than 50 m=s even exceeded
those for similar uncemented specimens. In contrast, soil Dr in-
creases were observed to have much more dramatic effects on re-
consolidation behaviors, with average reconsolidation strains
decreasing by nearly 36% (0.88% strain) for uncemented speci-
mens when Dr was increased from ≈30% to 75% [Fig. 11(b)].
Reconsolidation trends were consistent with previous post-
triggering strain-accumulation behaviors and again suggested that
light levels of biocementation (ΔVs < 100 m=s) may afford al-
most no improvements in large-strain soil behaviors.

(a)

(c)

(b)

Fig. 10. Number of cycles from 3% to 9% SASS versus (a)ΔVs from cementation for loose (Dr initial ≈ 30%) specimens of varying biocementation;
(b) Dr for all biocemented specimens and uncemented specimens prepared at varying Dr; and (c) number of cycles from 3% SASS to 24% DASS
versus ΔVs from cementation for loose (Dr initial ≈ 30%) specimens of varying biocementation.

(a) (b)

Fig. 11. Reconsolidation strains versus (a) ΔVs from cementation for loose (Dr initial ≈ 30%) specimens of varying biocementation levels; and
(b) total Dr for all biocemented loose specimens and uncemented specimens prepared at varying initial Dr.
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Fig. 12 presents relationships between ΔVs changes measured
following shearing and reconsolidation events and ΔVs increases
resulting from biocementation. TheΔVs changes measured follow-
ing shearing and reconsolidation were indicative of both Vs de-
creases resulting from biocementation damage during shearing
events, as well as potential Vs increases resulting from soil densi-
fication during reconsolidation. For all biocemented specimens,
shearing events were stopped following the accumulation of
24% DASS; thus, all specimens experienced similar shear-strain
magnitudes prior to reconsolidation. For all uncemented speci-
mens, ΔVs increases from biocementation were nonexistent;
however, following shearing and reconsolidation events, small in-
creases in Vs values of less than 25 m=s were observed resulting
from some densification.

For biocemented specimens, ΔVs increases from cementation
had similar magnitudes to ΔVs decreases following shearing and
reconsolidation events, suggesting that small-strain stiffness im-
provements resulting from light biocementation were largely erased
following shearing events, irrespective of applied CSRs or cemen-
tation levels. Some biocemented specimens plotted above the 1∶1
trendline by less than 25 m=s and may be suggestive of small Vs
increases due to specimen densification and/or some retention of
cementation integrity (i.e., bonding). The absence of significant
ΔVs increases from biocementation remaining following shearing

events was consistent with other post-triggering observations,
which suggested that light biocementation had limited effects at
larger strains.

Summary of Undrained Monotonic Tests

Undrained monotonic tests were performed on loose specimens of
varying biocementation levels to examine changes in stress-strain
behaviors and volumetric tendencies with changes in cementation
and to relate observed monotonic responses to previous cyclic re-
sults. Table 3 summarizes the results of all undrained monotonic
tests, including specimen initial properties (e.g., packing, initialDr,
and initial Vs), postcementation specimen properties [e.g., ΔVs
from cementation, CaCO3 content by mass, COV for CaCO3 con-
tent measurements, total Dr values before shearing (including ce-
mentation contributions), and increases in total Dr values (ΔDr)
from cementation], and test results (e.g., peak shear stress from
0% to 3% SASS, corresponding CSR to achieve 3% SASS in
0.25 cycles, reconsolidation vertical strains, andΔVs changes after
shearing and reconsolidation events). All specimens had initial Dr
values between 26.4% and 33.3% and initial Vs values between
136 and 152 m=s. Biocemented specimens achieved Dr increases
up to 4.5% and Vs increases up to 93 m=s, which were consistent
with the light biocementation levels investigated in cyclic tests
(Fig. 2).

Effect of Biocementation on Undrained Monotonic
Behaviors

Fig. 13 presents results from undrained monotonic tests including
shear stresses versus shear strains [Fig. 13(a)], shear stresses versus
vertical effective stresses [Fig. 13(b)], and excess pore-water pres-
sures versus shear strains [Fig. 13(c)] for loose specimens of vary-
ing biocementation levels (ΔVs ¼ 0, 16, 44, 81, and 93 m=s).

As shown, all specimens exhibited initially contractive tenden-
cies at strains less than 0.25%, with increasingly dilative behaviors
observed at larger strains with increases in biocementation. Bioce-
mented specimens withΔVs increases less than or equal to 44 m=s
exhibited strong contractive volumetric tendencies, with positive
excess pore-water pressures observed at all shear strains. In more
significantly biocemented specimens (ΔVs values of 81 and
93 m=s), however, dilative volumetric behaviors were observed
with negative excess pore-water pressures generated at higher shear
strains. Corresponding increases in vertical effective stresses in
more significantly biocemented specimens resulted in increases
in shear strengths and stiffnesses with increases in biocementation.

Fig. 12. Shear-wave velocity changes (ΔVs) following shearing and
reconsolidation events versus shear-wave velocity increases (ΔVs)
from cementation for loose (Dr initial ≈ 30%) specimens of varying ce-
mentation with different applied CSRs. Data points plotting near the
1∶1 trendline suggest that increases in Vs from cementation were elimi-
nated following shearing and reconsolidation events.

Table 3. Summary of results from undrained monotonic tests

Specimen initial propertiesa Postcementation specimen properties Results

Packingb
Dr initial

(%)
Vs initial
(m=s)

ΔVs from
cementation

(m=s)

CaCO3 by
mass
(%)

COV for
CaCO3

measures (%)
Total Dr

(%)
ΔDr
(%)

Peak τ
from 0 to 3%
SASS (kPa)

CSR 3%
SASS in

0.25 cycles
Reconsolidation

strain (%)c

ΔVs after
shearing

and reconsolidation
(m=s)

L 30.3 138 0 0.00 — 30.3 — 17.7 0.18 2.95 −2
L 33.3 139 5 0.20 35 34.6 1.3 20.0 0.20 2.82 −9
L 32.6 141 16 0.32 14 34.6 2.0 24.0 0.24 2.78 −20
L 27.5 140 44 0.40 10 30.0 2.6 30.8 0.31 2.80 −48
L 26.4 136 73 0.43 11 29.2 2.8 32.9 0.33 2.85 −74
L 28.3 152 81 0.64 9 32.3 4.0 49.1 0.49 1.41 −86
L 31.2 138 93 0.71 9 35.6 4.5 72.0 0.72 2.44 −99
aAll specimens were initially consolidated to σ 0

v ¼ 100 kPa.
bL = loose; M = medium-dense; and D = dense.
cAll specimens were reconsolidated back to σ 0

v ¼ 100 kPa.
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Although some of these improvements may have also resulted
from increases in soil cohesion and interparticle friction, only small
differences in failure envelopes were observed with increases in
biocementation, suggesting that observed improvements were pri-
marily related to changes in volumetric behaviors. When compar-
ing behaviors at shear strains of less than 3%, representative of
strain magnitudes experienced in cyclic specimens prior to trigger-
ing, significant differences in peak shear strengths and stiffnesses
were observed. For example, from 0% to 3% shear strain, the peak
shear strength of the uncemented specimen was only 17.7 kPa,
whereas the most significantly biocemented specimen (ΔVs of
93 m=s) achieved a peak shear strength of 72 kPa, an increase
of over 300%.

In order to compare observed undrained monotonic responses to
pretriggering behaviors observed in undrained cyclic tests, the CSR
required to achieve 3% SASS in 0.25 cycles (equivalent to triggering
during undrained monotonic shearing) was determined by taking the
peak shear stress observed from 0% to 3% SASS in monotonic tests
(Fig. 13) and normalizing this value by the initial vertical effective
stress of 100 kPa. The ΔVs magnitudes resulting in triggering in
0.25 cycles for CSRs applied during cyclic testing were also deter-
mined from results presented in Fig. 9(a). Fig. 14 presents CSRs
required to achieve 3% SASS in 0.25 cycles determined from both
undrained monotonic and cyclic tests versus ΔVs from cementation
for loose specimens of varying biocementation levels.

As expected, CSRs required to trigger liquefaction in 0.25
cycles agreed well between both cyclic and monotonic tests, with
CSR values increasing from near 0.2 for uncemented loose speci-
mens to near 0.7 for biocemented loose specimens with ΔVs values
near 100 m=s. Biocemented cyclic results were only plotted up to a
ΔVs increase of 25 m=s because applied CSR values exceeding 0.3
were not investigated during cyclic tests. The observed consistency
between test results suggests that the liquefaction triggering behavior
of biocemented soils may be further characterized through the stra-
tegic combination of monotonic and cyclic undrained tests in future
studies.

Conclusions

A study was completed to evaluate the liquefaction triggering and
post-triggering behaviors of lightly biocemented loose sands.
Twenty-eight undrained cyclic DSS tests were performed on bio-
cemented Ottawa F-65 sand specimens prepared to loose relative
densities, treated to varying light biocementation levels (ΔVs ¼
0–100 m=s, CaCO3 contents ¼ 0%–0.93%), and subjected to dif-
ferent loading magnitudes (CSR ¼ 0.1–0.3). Thirty-four similar
undrained cyclic DSS tests were also performed on uncemented
specimens prepared to loose (Dr ≈ 30%), medium-dense (Dr≈
55%), and dense (Dr ≈ 75%) relative densities to compare the re-
sponse of biocemented soils with behavioral improvements achiev-
able through densification. Seven undrained monotonic tests were
also performed on biocemented loose specimens to further inves-
tigate stress-strain behaviors and observations from cyclic testing.

From the results of this study, the following conclusions can
be made:

Fig. 13. Results from undrained monotonic tests on loose (Dr initial ≈ 30%) specimens of varying biocementation levels, including plots of (a) shear
stresses versus shear strains; (b) shear stresses versus vertical effective stresses; and (c) excess pore-water pressures (Δu) versus shear strains.

Fig. 14. Relationships between applied CSRs required to achieve 3%
SASS in 0.25 cycles and ΔVs from cementation for loose (Dr initial ≈
30%) specimens of varying cementation as determined from both un-
drained monotonic and cyclic DSS tests.
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• The presence of light levels of biocementation can significantly
improve the pretriggering behaviors of loose sands with more
limited shear strains observed with increasing ru and signifi-
cantly more cycles required to generate excess pore-water pres-
sures initially during undrained cyclic loading.

• Light levels of biocementation can dramatically improve the
liquefaction resistance of loose sands with the number of cycles
required to trigger liquefaction increasing by over 3 orders of
magnitude at smaller applied CSRs and higher biocementation
levels (ΔVs ≈ 100 m=s).

• Pretriggering improvements afforded by light biocementation
(ΔVs ≈ 100 m=s) exceeded those achievable through soil den-
sification (Dr ≈ 30%–75%) for all loading magnitudes consid-
ered (CSR ¼ 0.1–0.3).

• Pretriggering behaviors observed for biocemented specimens
correlated best with increases in soil Vs rather than CaCO3 con-
tents or increases in Dr from precipitated CaCO3 masses.

• In stark contrast to pretriggering behaviors, post-triggering
strain-accumulation and reconsolidation behaviors were not
significantly improved by the presence of light levels of bioce-
mentation, with Vs measurements suggesting that small-strain
stiffness improvements afforded by light biocementation were
largely erased following shearing and reconsolidation events.

• Undrained monotonic tests demonstrated that light levels of bio-
cementation can result in large increases in shear strengths and
stiffnesses through increasingly dilative volumetric tendencies
with interpreted cyclic strengths that were consistent with those
obtained from undrained cyclic testing.
Although the obtained results suggest that light levels of bioce-

mentation can dramatically improve soil liquefaction–triggering re-
sistances, further investigations are needed to provide a more
comprehensive understanding of these materials including potential
improvements in post-triggering behaviors obtainable at higher ce-
mentation levels and the effect of various practical loading scenar-
ios, treatment techniques, and initial soil conditions.
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