
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Cyclic behavior of bio-cemented sands: State of knowledge from
experimental data and constitutive models

M. El Kortbawi & K. Ziotopoulou
University of California, Davis, CA, USA

ABSTRACT: Although natural cementation exists in aged soils, it is typically not accounted
for explicitly in design because its mechanisms are not well understood and difficult to charac-
terize. Recent advances in bio-cementation techniques have enabled the study of the effects of
cementation on the monotonic and cyclic response of sands. Experimental observations show
that treated sands demonstrate improved mechanical properties which increase their resistance
to liquefaction. While the interest of the industry in this technology has increased over the years,
its adoption in field applications will be limited until its cyclic response is fully understood. Con-
stitutive models are expected to connect soil mechanics theories, controlled laboratory experi-
ments, numerical simulations of cemented materials, and applications on a field scale. This
paper presents the state of our knowledge with regards to the experimental and constitutive
responses of these new materials and its goal is to identify critical research gaps towards enab-
ling the numerical prediction of the response of cemented soils subject to earthquake loads.

1 INTRODUCTION

Although natural cementation exists in aged soils, it is typically not accounted for explicitly in
design because its mechanisms are not well understood as well as difficult to characterize. In
an effort to characterize these geo-materials, cemented sands can be typically prepared
through the use of artificial cementing agents in a laboratory setting. Recent advances in arti-
ficial cementation has made it possible to explore the effects of cementation on the response of
sands. Most importantly for the work presented herein, there has been a substantial interest in
the development of novel ground improvement techniques employing bio-cementation as
cementing agent. Conceptually bio-cemented sands can behave similarly to naturally cemented
and aged sands, exhibiting increases in initial shear stiffness, peak shear strength, and cyclic
strength. The advantages of these novel techniques over traditional ones lie: (a) in the use of
native organisms present in the soil to bind sand particles together, which better represents the
brittle natural cementation in aged soils compare to other cementing agents, and (b) in the
sustainability of these methods due to the reduction in the carbon and energy footprint.
One promising method of the aforementioned techniques is Microbially-Induced Calcite Pre-

cipitation (MICP). The MICP bio-cementation process is made possible by ureolytic microorgan-
isms, which can hydrolyze provided urea to generate carbonate. When calcium is sufficiently
available, the process can super-saturate soil solutions and initiate mineral precipitation. The
resulting bio-cementation can bind soil particles together, coat particle surfaces, and reduce soil
void space thus altering overall engineering behavior of the soil. Experimental observations,
including those from small centrifuge, cyclic triaxial and direct simple shear tests, show that trea-
ted specimens demonstrate improved mechanical properties with respect to the untreated speci-
mens. Therefore, this bio-cementation technique is being thoroughly investigated to study its
potential for the mitigation of earthquake-induced liquefaction. Still, MICP’s adoption in the
field will be limited unless the cyclic response of the bio-cemented sands is fully understood.
Currently no quantitative frameworks exist which can accurately predict the behavior of

cemented as well as bio-cemented sands in the field. Despite the diversity of cementing agents,
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cemented soils are believed to show similar behaviors irrespective of the cementing agent (Lee
et al. 2004; Leroueil & Vaughan 1990). Therefore, a constitutive model is necessary to math-
ematically characterize the behavior of bio-cemented sands and thus facilitate its modeling
and advancement to field deployment. The development of a constitutive model for a material
typically relies on the body of data already collected from the experimental investigation of its
behavior. Since bio-cemented soils are relatively new materials, the body of data is still under
development. As a result, the development of this model can now only follow a hypothesis-
driven process based on the expected mechanisms as hinted by some valuable data.
A well-established constitutive framework capable of estimating the stress-strain behaviors

of clean sands during cyclic loading was developed by Boulanger & Ziotopoulou (2017). The
formulation of this plasticity model (referred to as PM4Sand) applies to uncemented sands
only. Thus, the ultimate goal of this work is to extend the application of this plasticity model
to account for natural and artificial cementation.
The objective of this paper is two-fold: first, to identify key mechanical behavior aspects of

bio-cemented sands from the readily available experimental data, and second, to review and
evaluate issues of currently available constitutive models as well as knowledge gaps pertaining
to the development of a new model incorporating the aforementioned behaviors. Hence, the
first section of this paper presents a literature review detailing the key elemental behaviors of
bio-cemented sands from experimental data. This will serve as a guidance tool throughout the
development of the model. The second section of this paper describes the state of constitutive
models for cemented sands alongside with their capabilities and limitations. It is envisioned
that this comprehensive review will enable the development of a new constitutive model cap-
able of tying the corresponding behaviors to the constitutive equations.

2 EXPERIMENTAL DATA: KEY BEHAVIORS OF BIO-CEMENTED SANDS

2.1 Pre-triggering behavior

This section summarizes observations related to the pre-triggering behavior of bio-cemented
sands and schematically illustrated in Figure 1.
Monotonic experiments on MICP-treated sands show an increase in the peak friction angle

(φpk) and accordingly, the peak shear strength depending on the level of cementation and the
confining pressure (Feng & Montoya 2015; Montoya & DeJong 2015). The increase in peak
friction angle and shear strength can be attributed to soil densification through the precipitation
of calcite and to the formation of cohesive bonds due to cementation. Scanning electron micros-
copy (SEM) images suggest that cementation not only creates cement bridges at particle-particle
contacts but also coats the particle surface. The latter mechanism fills the void space, signifi-
cantly decreases the void ratio and thus densifies the soil. As a result, increases in the peak fric-
tion angle (φpk) are likely emanating from both inter-particle bonding and increase in particle
surface roughness. In-creases in cohesion are also expected depending on the level of cementa-
tion. While for lightly cemented sands, the gained cohesion may appear insignificant, it is more
pronounced for moderately and heavily-cemented samples resulting in an enhanced tensile

Figure 1. Schematic of the expected key behaviors for bio-cemented sands from drained triaxial

experiments.
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strength. Bio-cementation monitored via shear-wave velocity measurements (Vs), shows an
increase in the soil matrix initial shear stiffness (Gmax) which can also be attributed to the added
bonds between the particles. During shearing, the shear stiffness decreases drastically as a result
of the breakage of the bonds. At large strains, it approaches the shear stiffness of a clean sand.
Further investigation is needed to learn about the effect of cementation on other dynamic prop-
erties such as damping ratio which are important for modeling purposes.
The same behaviors can be extended to bio-cemented sands under cyclic loading. MICP-trea-

ted sands exhibit an increase in the cyclic resistance due to 2 phenomena: the bonding of the
sand grains through calcite precipitation, and the enhanced dilative behavior (Simatupang et al.
2018; Xiao et al. 2018). In fact, cementation bonds particles together allowing for an improved
load transfer among particles and minimal particle rearrangement when subject to cyclic load-
ing. Yet, cyclic triaxial tests have shown that the effect of calcite precipitation is more influential
on the small-strain shear stiffness than on the cyclic resistance. Due to the enhanced dilative
nature of the treated soil, bio-cemented sands exhibit a delayed generation of excess pore pres-
sures for the same shaking intensity and duration. Consequently, more cycles are required to
trigger liquefaction in a cemented sand compared to a clean sand. However, it is likely that the
dissipation of excess pore pressure will take longer due to the reduced hydraulic conductivity
from the precipitation of minerals and thus affect the consequences of soil liquefaction.

2.2 Post-triggering behavior

This section summarizes observations related to the post-triggering behavior of bio-cemented
sands and schematically illustrated in Figure 1.
Cementation influences the volumetric tendencies of sands during drained and undrained

monotonic shearing. While a strain-hardening response is typically expected for a loose
untreated sand, undrained triaxial compression tests on bio-cemented sands have shown a peak
followed by strain-softening (Figure 1), indicating that the volumetric behavior of cemented
sands transitions from contractive to dilative depending on the level of the cementation. This is
due to the increase in the soil density and thus, the transition from a global to a localized shear-
ing failure (DeJong et al. 2017). This rate of dilation is faster as the level of cementation
increases, because the material becomes more brittle. This brittleness is driven by a rapid deg-
radation of the bonds upon attaining maximum shear strength, leading to the aforementioned
degradation in the shear stiffness. Nonetheless, the degraded shear stiffness remains slightly
larger than the one from an uncemented sand (similarly seen for cone tip resistance in centrifuge
tests). Furthermore, the breakage of the bonding among sand particles results in micromechani-
cal changes to the particle roughness and results in more fines in the final soil matrix. The
enhanced particle roughness and the introduction of fine material in the soil changes the state of
the end-product and leads to a shift in the critical state line (CSL), also reflected by the increase
of the residual friction angle (φcv ). The change in the latter may appear negligible for light
cementation but it becomes more significant for moderate and heavy cementation as particle
roughness, shape, and material gradation are substantially altered.
Figure 1 extrapolates the post-peak behaviors to high confinements. Under low confinements,

the above behaviors are clearly visible and the stress-strain behavior is controlled by the cemen-
tation. Under high confinements, the frictional contribution to the strength is more enhanced
hence, overshadowing the effect of the cementation. Thus, treated soils harden and show a rela-
tively more pronounced ductility. While this response resembles that of an uncemented sand,
the initial shear stiffness will generally be larger for a cemented sand (Nweke & Pestana 2017).
The above behaviors hold for cyclic loading, which is of interest in this work. Few

researchers (Simatupang et al. 2018; Xiao et al. 2018) have performed undrained cyclic triaxial
tests on biocemented sands and found that the cyclic stress ratio (CSR) for bio-cemented
sands follows the same trend for uncemented sands meaning that the effects of cementation
uniformly affect the relationship between cyclic stress ratio and loading duration:

CSR ¼ a NLð Þ�b ð1Þ
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Where a and b are empirical parameters and Nl is the number of cycles to liquefaction. Param-
eter b is of particular importance because it relates CSR to the amplitude of the cycles, confining
stresses and soil characteristics, with typical values ranging between 0.10 and 0.34 for clean
sands. Xiao et al. (2018) found that a single b-value (0.18) is suitable to fit the trends shown
during their tests varying cementation levels and confining pressures. This observation was con-
firmed by Simatupang et al. (2018) where the ů-value (0.14) was constant for treated Keisha
(coarse) sands but slightly increased for Toyoura (fine) sands with cementation. This mechanism
may be the result of the dilative nature of sand: the dilative tendency is more pronounced for a
finer than a coarser sand. Also, the strain accumulation for the fine sand is slower than the one
for the coarse sand which increases the number of cycles to liquefaction (Simatupang et al. 2018)
indicating that particle gradation plays an important role in the effectiveness of the cementation.
Finally, it is worth noting that the contribution of the cementation to the cyclic strength of

granular soils largely depends on the spatial distribution of the precipitated mineral at particle
surfaces and/or particle contacts, the relative size between calcites and grains, and the strength
of the cementing agent.

2.3 Recent findings from centrifuge model tests

Recent centrifuge tests were performed at the 1-m radius centrifuge facility at UC Davis.
Ottawa F65 was treated with MICP at an initial relative density (Dr) of 38%. Three levels of
cementation were achieved: lightly (target Vs≈200 m/s), moderately (target Vs≈325 m/s), and
heavily cemented (target Vs≈600 m/s) (Figure 2). A series of Vs and cone tip resistance (qc)
measurements were taken before and after each shaking event (Hernandez 2018).
The interpretation of the centrifuge test results confirmed some of the aforementioned behav-

iors regarding the cyclic response of cemented sands. Liquefaction was triggered at higher levels
of shaking for cemented specimens (in proportion to the level of cementation) compared to unce-
mented ones. Strain accumulation was slower at the start of loading and then increased with the
number of cycles. In general, cemented sands underwent smaller strains (in proportion to the
level of cementation) and vertical settlements for both liquefiable and non-liquefiable events.
Subsurface measurements showed a decrease in Vs and qc as the number of cycles increased,
which is justifiable by the breakage of the bonding. Plots of change in pore pressures confirmed
the development of negative excess pore pressure as cementation increases leading to a higher
cyclic resistance. Also, it can be seen from qc plots that it initially decreases with cementation
degradation and then increases due to the simultaneous occurrence of the breakage of the bonds
and the densification due to shaking. This behavior was seen for lightly and moderately cemented
sands. The effect of post-shaking densification was not observed for heavily cemented sands.
A comparison between the liquefaction triggering behavior of the cemented models and the

case history-based liquefaction triggering curves was performed. The left plot in Figure 2 shows
that liquefaction triggering curves versus tip resistance would shift upward and to the left. The
right plot in Figure 2 shows that the Vs-based triggering curves would shift down and to the right
for cemented sands, denoting an improvement in the overall cyclic response of cemented sands.

Figure 2. Behavior of bio-cemented sands at various levels of cementation compared to CPT-based and

Vs- based liquefaction triggering correlations (from Hernandez 2018).
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3 CONSTITUTIVE MODELS FOR BIOCEMENTED SOILS

3.1 Available constitutive models for cemented/bio-cemented sands (monotonic)

Constitutive models for cemented sands have focused almost exclusively on their monotonic
response. Early models (described in Reddy & Saxena, 1992) considered the effect of the added
cementation-induced tensile strength but did not properly predict the volume change behavior
of cemented sands. Yu et al. (2007) proposed a critical state framework for cemented sands
based on their existing model for reconstituted sands (CASM). The existing model was modified
to incorporate the effect of cohesion in the flow rule and the effect of increased strength through
an enlarged yield surface. However, the proposed model did not appropriately account for the
degradation of the cementation which is better modeled using a multi-surface framework. Yang
et al. (2008) presented an elastoplastic model with damage for unsaturated cemented soils under
cyclic loading. This model was able to reproduce the volumetric strain accumulation with the
load cycles but it was complicated and required many input parameters. Gao & Zhao (2012)
proposed a constitutive model for cemented sands with consideration of fabric anisotropy.
While both effect of fabric and degradation were considered, the model was not validated
against test results due to their scarcity in addition to other limitations.
Of the most recent constitutive models developed for cemented sands, the works of Gai & Sán-

chez (2018), Nweke & Pestana (2017), Rahimi et al. (2015) constitute the current state of consti-
tutive models for cemented sands. Rahimi et al. (2015) presented a bounding surface plasticity
model based on an existing model for sands (Imam et al. 2005) to which effects of added cohe-
sion and tensile strength were supplemented. A cementation term was added to the elastic con-
stants (shear modulus and bulk modulus) and the yield surface. This term was casted as a
decreasing linear relationship in function of the deviatoric plastic strain increment dεq,pl. To
account for the change in the volumetric behavior of cemented sands, a cohesion term was intro-
duced to the dilatancy relationship. Cohesion was assumed to decrease exponentially with deq,pl.
Although the model followed the bounding surface concept (which allows reversals due to cyclic
loading), the model was only assessed for the monotonic response of lightly cemented sands.
Nweke & Pestana (2017) developed a model which incorporates key aspects of the response

of MICP-treated sands. This work focused on identifying changes in shear strength and stiffness
following the degradation of calcite bonds leading to empirical rules that are subsequently
incorporated into the Nor-Sand model (Jefferies 1993). Similarly to previous works, a cementa-
tion parameter was added and a new incremental equation for the stress-strain relationship
including degradation of bonds was proposed. This model tackles weakly cemented sands and
thus assumes that the added cohesion and the shift in the critical state line (CSL) is insignificant.
More recent work by Gai & Sánchez (2018) presented a Cam-Clay type elastoplastic constitu-

tive model for MICP-treated sands. This model considered an enlarged yield surface via an
additive cementation term. This added term had a plastic deviatoric strain-dependent evolution
law which is a function of the mass of calcite and decreases as strains increase. The hardening
and flow rule were updated accordingly. The model is only applicable to monotonic loading.
This account of constitutive models for cemented sands can also be extended to include

weak rocks. Ciantia & di Prisco (2015) provided a fully developed constitutive model which
accounts for the effects of bonding and describes the decrease in stiffness and strength of soft
rocks due to the degradation of bonds when subject to wetting and chemical dissolution. The
model incorporates an additional tensile strength gained from inter-particle bonding as well as
an increased yield stress. Moreover, it introduces damage functions to characterize the degrad-
ation of the bonds using a multiscale approach (macroscopic and microscopic). In the same
line of thought, Gajo et al (2015) developed a framework which couples the mechanical and
chemical processes of bonded geomaterials. The proposed framework includes a micro-scale
model which depicts the evolution of the structure due to the formation or degradation of
bonds. This micromechanical model characterizes the specific reactive surface area and the
mean cross sectional area of the bonds and thus, informs the macromechanical mechanisms
such as the changes in strength and stiffness. Gajo et al (2019) built on the previous work and
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examined some key aspects of the model (e.g. elasticity and hardening law) and specialized it
for carbonate cemented sandstone and microbially cemented silica sand.

3.2 Available constitutive model for cyclic response of clean sands (no cementation)

While several constitutive models are available for cemented sands under monotonic loading,
no constitutive models are available for cemented sands under cyclic loading. There is no com-
prehensive framework which considers the effect of cementation on the microstructure and the
resulting cyclic response of cemented sands subject to shaking. Moving forward, this work will
focus on a new constitutive model which considers all the above. The behavior of cemented
sands builds on behaviors observed for clean sands and additionally, incorporates the effects of
cementation. Thus, this new model will be based on the PM4Sand model and be extended to
include cementation. The reader is referred to Boulanger & Ziotopoulou (2017) for a detailed
discussion of the formulation of the model as well as its parameters. Due to the lack of a large
body of data, a hypothesis-driven process is followed in the development of this model based on
the expected mechanisms as hinted by the experimental data presented in Section 2.
As a framework, the PM4Sand plasticity model offers a high versatility to allow for extending

it to other materials due to: 1) its ability to reasonably approximate the accumulation of plastic
shear strain when subject to cyclic loading, 2) its ability to update the contractiveness and dila-
tancy during each cycle, 3) its ability to macroscopically account for micromechanical responses
through the implementation of a fabric tensor. Hence, these features promote PM4Sand as a well-
established constitutive model for earthquake engineering applications. Furthermore, the afore-
mentioned features render this model suitable for the consideration of the effects of cementation.

3.3 Generic modifications to PM4Sand to account for cementation

In an effort to implement the effect of the cementation, constitutive components which control
the specific features in the model are identified and only outlined within the scope of this paper.
El Kortbawi et al. (2019) evaluates the versatility of the nonlinear plasticity model PM4Sand as
a baseline constitutive model and suggests that, due to the fact that cementation adds to the
response of a clean sand under monotonic and cyclic loading, the key behaviors summarized in
Section 2 can be captured through a reformulation of some constitutive equations. Global
behaviors in direct relationship with engineering applications of this model are prioritized in this
work. At a later stage, the proposed reformulations as hinted by the currently available experi-
mental data will be implemented and validated against other experimental results as they become
available. Theoretically, the key features for this model are the shear strength and stiffness prop-
erties as well as the dynamic properties (such as damping ratio and shear modulus degradation).
Constitutively, it is hypothesized that the characteristics of the new materials are:

• Cemented sands remain elastic for a higher loading than clean sands resulting in an increase
in the size of the elastic range which is directly reflected by an increase in the size of the yield
surface. In the same line of thought, an increase in the size of the yield surface means that the
soil can attain a higher strength before yielding. This line of thought was implemented by the
models discussed in Section 3.1 Also, it is important to mention that this constitutive model
enables the bounding and the dilatancy surfaces to update as the yield surface changes.

• Cemented sands are stiffer in shearing than clean sands, thus the small-strain shear stiffness
is considerably larger. The small-strain shear stiffness is related to the slope of the stress-
strain curve before the yield point. While qc-based Vs-based triggering curves are available
for uncemented sands, Simatupang et al. (2018) and Hernandez (2018) (Figure 2) clearly
show that these relationships for clean sands cannot be applicable to cemented sands.

• Cemented sands develop some sort of cohesion between the particles (unlike cohesionless
granular materials) and this cohesion term is a function of the level of cementation. It is
more pronounced for moderate and heavy cementation but can be safely disregarded for
light cementation (Nweke & Pestana 2017). It is anticipated that cohesion goes into the for-
mulation of a new bounding surface.
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Furthermore, additional input parameters are needed to describe the initial strength gained
by the cementation and the degradation of the cementation during shearing. Experimental
efforts (Gomez et al. 2017; Montoya & DeJong 2015; Weil et al. 2012; Hernandez 2018 and
others) have widely used shear wave velocity (Vs) to track the progression of the cementation.
The ratio of the improved Vs to the unimproved Vs is related to the amount of the initial
cementation and can be used to quantify its progression/degradation. Therefore, the change in
shear wave velocity is envisioned to be an additional parameter to the current model in order
to quantify the degree of the cementation. A relationship between shear wave velocity and the
cement content can be obtained from experimental observations. The user will be required to
input the post-treatment shear wave velocity to run the model in cemented mode.
The above behaviors are valid for the pre-triggering behavior (i.e. before yield). However,

these behaviors degrade as strains increase and subsequently revert more or less to a cohesion-
less granular material. This observation requires that all of the parameters discussed above be
a function of the plastic strains and thus degrade after yield.
More constitutively, the degradation of the cementation affects all the behaviors after yield

i.e. the progression of damage should be proportional to the increase in plastic strains. Some
of the most important mechanisms are outlined in the following:

• the effect of the cementation on the damping ratio and the degradation of the shear modulus
curves will most likely shift the curves. Currently, there is no available information on these
dynamic properties but it is hypothesized that the curves for cemented sands fall between a
lower limit (the curves for clean sands) and an upper limit (the ones for rocks). An experimen-
tal program should be designed to provide guidance on the amount and rate of degradation.

• the volumetric behavior is affected by the cementation and the flow and hardening rule as
well as the accumulation of fabric should be revisited.

• at large strains, the critical state line is affected by the remnants of the mineral precipitation
which results in its shift. However, this critical state is empirically-based and requires the
definition of a relative density. The notion of relative density for cemented sands remains at
the very least ambiguous within the research community. Furthermore, it might not be
applicable to this type of material. An undrained strength-based critical state is proposed.

This exercise provides guidance on the constitutive equations to be prioritized in order to
move forward towards the ultimate goal of this work, the development of a constitutive model
for the cyclic response of bio-cemented sands.

4 CONCLUDING REMARKS AND FUTURE WORK

This paper presented an overview of the current of knowledge on biocemented sands based on
experimental data and constitutive models. Based on the experimental data, a set of elemental key
behaviors for bio-cemented sands was summarized. From the current state of constitutive models,
it was perceived that a new model needs to be developed to qualitatively and quantitatively predict
the stress-strain response of bio-cemented sands which can be summarized in the following:

• Experimentally, cementation influences the pre-triggering and the post-triggering behavior
of sands in monotonic and cyclic modes. Its effects are largely a function of the level of
cementation and confinement. The elemental behaviors of primary importance in the pre-
triggering phase of the response include the increase of peak strength and cohesion as well
as the small-strain shear stiffness. Those of primary importance in the post-triggering phase
of the response include the change in volumetric behavior (more dilative), the degradation
of the bonds between particles, and the shift in the critical state line.

• Constitutively, the size of the yield surface, the plastic modulus (Kp), and the dilatancy
parameters are important parameters which the authors anticipate, based on the elemental
behaviors of the cemented sands, will need to be revisited. Additions to the model will
include an input parameter characterizing the level of cementation which subsequently
decays as the degradation of the bonds is initiated and strain is accumulated. The modifica-
tions made to these parameters lead in turn to mandatory changes in subsequent constitu-
tive equations such as bounding, yield and dilatancy surfaces.
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The main challenges accompanying this work are first, the ability to fully understand and
formulate an evolution law for the degradation of the bonds and second, to make sure that
the input parameter characterizing the level of the cementation which is provided by the
design engineer is commonly attainable using traditional site investigations.
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