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Axisymmetric Simulations of Cone Penetration
in Biocemented Sands

Maya El Kortbawi, S.M.ASCE1; Diane M. Moug, Ph.D., A.M.ASCE2;
Katerina Ziotopoulou, Ph.D., P.E., M.ASCE3; Jason T. DeJong, Ph.D., F.ASCE4;

and Ross W. Boulanger, Ph.D., P.E., F.ASCE5

Abstract: With the recent advances in the biogeotechnics field and specifically microbially induced calcite precipitation (MICP), cone
penetration testing (CPT) has become a valuable tool to overcome the challenges associated with intact sampling of improved soils, evaluate
the spatial extent and magnitude of the applied MICP treatment, and assess the consequential improvement of engineering properties.
Although the CPT cone tip resistance (qc) can effectively monitor the improvement of densified clean sands, no relationship exists to estimate
cementation and strength parameters in MICP-treated sands. This paper proposes a relationship between the apparent cohesion (c) stemming
from the MICP-induced cementation bonds at particle contacts and the change in tip resistance Δqc in initially loose sands. To develop a
broadly useful correlation, available experimental CPT data in biocemented soils were used to guide computation simulations using a direct
axisymmetric model of cone penetration in biocemented sands. The CPT numerical model uses the finite-difference method with a rezoning
algorithm for large-deformation problems along with the Mohr-Coulomb constitutive model. The biocemented sand was characterized by
Mohr-Coulomb strength parameters and an elastic shear modulus informed by shear-wave velocity measurements (Vs). The correlation
parameters of interest were identified (c, qc, and Vs), and results of the numerical simulations were validated against available experimental
data. Once validated, the numerical simulations were extended to different initial conditions, and the trends between parameters of interest
were analyzed and interpreted. Results from the simulations are consistent with experimental data and show an increase in the cone tip
resistance as the cementation level increases. The cementation level is modeled through apparent cohesion and the shear stiffness model
parameters, which both increase as the cementation level increases. A linear relationship is proposed between the apparent cohesion and the
change in cone tip resistance as a function of the confining stress. DOI: 10.1061/(ASCE)GT.1943-5606.0002914.© 2022 American Society
of Civil Engineers.

Introduction

The cone penetration test (CPT) has been increasingly used as
a tool for evaluating whether ground improvement is needed
and for quantifying whether realized ground-improvement meth-
ods are effective. Current ground-improvement methods include,
among others, dynamic compaction, vibrocompaction, chemical
grouting, and deep soil mixing, all of which are generally energy-
and resource-intensive and can have significant impacts on the

environment (e.g., Pinske 2011; Raymond et al. 2020). Over the
last decade, alternative biomediated ground-improvement methods
that use soil microorganisms to induce calcite precipitation or de-
saturation have emerged. These biomediated ground-improvement
methods have received increased interest due to their potential eco-
nomic advantages (e.g., cost effectiveness) and lower environmental
impact (e.g., less invasive and disruptive than traditional methods)
(Hall et al. 2022).

Microbially induced calcite precipitation (MICP) is a biomedi-
ated ground-improvement method in which active urease enzymes
hydrolyze supplied urea and in the presence of sufficient calcium,
induce the precipitation of calcite at particle surfaces and contacts
(DeJong et al. 2010). These biocementation bonds improve the en-
gineering properties of the treated soil and its mechanical response
(e.g., DeJong et al. 2006; Montoya and DeJong 2015; Gomez and
DeJong 2017). As a result, biocementation has become an important
alternative for mitigation of erosion, slope stability, and earthquake-
induced liquefaction hazards.

Previous researchers (Bachus et al. 1981; Frydman et al. 1980;
Molenaar and Venmans 1993) highlighted challenges in physical
sampling naturally cemented sands due to the destruction of bonds
in compression and shear during conventional sampling, and in ten-
sion when extracted from the ground. These cementation bonds are
important to preserve because they alter the mechanical response of
the soil by contributing to an apparent cohesion between soil par-
ticles, thereby increasing the strength and stiffness of the soil. Sim-
ilar to naturally cemented sands, the in situ characterization and
posttreatment verification of biocemented sands is challenging due
to the disturbance associated with the sampling process. As a result
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of sampling challenges and design conservatism, the improved
strength-deformation behavior of cemented sands is rarely consid-
ered in design. Furthermore, sampling may not be representative
given the variable conditions (e.g., changes in density, confining
stress, and microstructure with depth) present in field applications.
To overcome these challenges, geophysical and CPT tests provide
near-continuous in situ measurements with depth that allow for a
more direct characterization of posttreatment biocementation.

Despite sand biocementation becoming an increasingly viable
ground-improvement approach (e.g., Esnault Filet et al. 2016) and
overcoming the challenges of sampling cemented sands for testing,
relationships between their strength properties and in situ test data
remain largely uncharacterized. This is largely due to the limited
availability of in situ characterization data and complementary
strength data. A comprehensive database for biocemented soils is
still under development, but when sufficiently populated, it will ben-
efit researchers in biogeotechnics and the geotechnical community
by (1) extending the knowledge from artificial biocementation proc-
esses to similar natural cementation processes where soil characteri-
zation may be improved despite high costs and limited available
methods for soil sampling, (2) developing tools to characterize soils
that may have greater resistance to certain natural hazards (e.g., ero-
sion or liquefaction) than current practice can assess, and (3) tran-
sitioning construction to more sustainable ground-improvement
practices without loss of functionality or reliability. Although some
relationships with shear-wave velocity (Vs), strength parameters
(e.g., cohesion and friction angle), and cement content have been
recently published (e.g., Cui et al. 2017; Hoang et al. 2020), a re-
lationship between CPT cone tip resistance qc and apparent cohe-
sion has not been developed at this time.

The goals of this study are to enable the verification of field
biocementation treatment through CPT testing and relate CPT-
measured qc to strength properties of initially loose MICP-treated
sands. The connection between the field-measured CPT qc as the
end-of-construction quality assurance and control (QA/QC) and a
strength parameter like cohesion will provide a project-specific ba-
sis for either simplified strength-based analyses or for constitutive
model parameters used in more advanced numerical analyses. These
numerical analyses may include the design of ground-improvement
techniques, the evaluation of present site conditions, and/or the post-
disaster remediation of sites following a hazardous event. To this

end, this paper investigates the relationship between the change in
cone tip resistance (Δqc) due to cementation and the apparent co-
hesion (c) for initially loose biocemented sands. It also proposes a
mechanistic approach for synthesizing data from numerical cone
penetration simulations validated against large-scale and field-scale
experiments, and additional parametric simulations with varying
cementation levels and confining stresses.

Fig. 1 conceptually illustrates the approach followed while the
following sections describe the various data sources and analysis
components. First, the published data from two experiments (a
large-tank experiment and a centrifuge test) with CPT qc and Vs
measurements were collected (“Cone Penetration Resistance for
Biocemented Sands” section). Second, numerical simulations under
similar conditions were performed to reproduce the experimental
results by varying the input parameters to the model. The simulation
results were then validated against the experimental data. Once va-
lidated for the confining pressures from the experiments, the sim-
ulations were extended to higher confining stresses, and the trends
were analyzed and interpreted in order to fit a relationship between
the input parameter to the Mohr-Coulomb constitutive model c and
the output from the cone penetration model qc. The following sec-
tions describe this approach in greater detail.

Although other approaches have been followed for the simula-
tion of cone penetration in cemented sands (“Cone Penetration
Numerical Simulations” section), the present approach provides
a valuable tool in synthesizing data that are validated against the
experiments. Without disregarding the complexity of the actual
mechanisms during cone penetration, the simplicity of the Mohr-
Coulomb model is still preferred at this time. Results from labora-
tory tests on biocemented sands have been used to directly map to
how biocementation changes Mohr-Coulomb model parameters.
This process provides a strong experimental basis and guidance
for parametric studies for this modeling work. The Mohr-Coulomb
constitutive model used here with a modified secant shear modulus
and a nondegrading cohesion for the cemented sands still allows for
a reasonable approximation of the constitutive behaviors due to two
competing mechanisms: (1) the nondegrading cohesion inhibiting
dilation, which is offset by (2) the enhanced dilation of cemented
sands. However, the authors understand that the actual mechanisms
during cone penetration are more complex due to the degradation of
the biocementation and its effects.

Fig. 1. Proposed approach for the development of aΔqc − c relationship for biocemented sands from experimental and numerically synthesized data.

© ASCE 04022098-2 J. Geotech. Geoenviron. Eng.
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Cone Penetration Resistance for
Biocemented Sands

Two published experiments evaluated the use of CPTas a site char-
acterization tool for biocemented sands. These experiments are
briefly summarized here because their data sets will be used
in subsequent sections to validate the simulated qc under similar
conditions.

Large-Scale Tests

Gomez et al. (2018) treated two 1.7-m-diameter tank specimens at a
relative density DR of 45% with MICP to assess the effect of bio-
cementation on CPT and shear-wave velocity (Vs) measurements.
Two biological treatment approaches were used (stimulation and
augmentation, one in each tank) to investigate the influence of dif-
ferences in the biological treatment on the spatial distribution of the
cementation. They found that this variation did not significantly
affect the magnitude and spatial distribution of biocementation.
Thus, for our purposes, data sets from both tanks will be used.

Pretreatment and posttreatment CPT soundings were per-
formed using a 1.6-cm-diameter cone penetrometer at several
locations where the level of cementation varied from light to
heavy [Fig. 2(a)]. Light cementation is defined as a soil with
Vs ∼ 300 m=s, and heavy cementation is defined as a soil with Vs ∼
1,200 m=s (after Montoya et al. 2013). Vs and calcite content by
mass, measured at the same locations, were used to characterize the

cementation level, and they were found to have a positive linear
relationship. The average confining stress at the sample locations
was approximated as 13 kPa. CPT soundings reported the tip re-
sistance qc. The qc values were not corrected for excess pore-water
pressures because drained conditions were expected to prevail due
to the low cone penetration velocity and the high permeability of
biocemented sands. Gomez et al. (2018) have provided more details
on the biological treatments and the experimental setup.

Comparing pretreatment and posttreatment CPT data showed
that qc increased with the increase of soil calcite content and Vs
(i.e., the level of cementation), with more significant increases
in qc occurring at higher calcite contents. A strong correlation be-
tween soil calcite content and Vs has been previously established
(e.g., Gomez and DeJong 2017; Gomez et al. 2018; Darby et al.
2019). At lower calcite contents (i.e., less than 3%), increases in qc
were less significant, probably due to the insensitivity of the cone to
low levels of cementation. This limitation of the CPTwas overcome
by Vs measurements, which, due to their nondestructive nature, are
sensitive to even the smallest changes in particle bonding.

Data sets from this study were also analyzed within the KG
framework (“Model Validation” section), which was proposed by
Schneider and Moss (2011) for cemented and aged soils and is
based on the small-strain (Rix and Stokoe 1991) and large-strain
characteristics (Eslaamizaad and Robertson 1997) using parameters
from field testing. This analysis was done to evaluate the relation-
ship between Vs and normalized cone tip resistance (qc1N) of bio-
cemented sands relative to naturally cemented soils (“Soil Model

Fig. 2. Cone penetration profiles from (a) large-tank experiment (data from Gomez et al. 2018); and (b) centrifuge model test (data from Darby et al.
2019) showing an increased cone tip resistance before [plots (a and b)] and after [only plot (b)] triggering of liquefaction.

© ASCE 04022098-3 J. Geotech. Geoenviron. Eng.
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Calibration” section). The KG boundary values were found to rea-
sonably capture the distinction between uncemented and cemented
sands.

Centrifuge Model Tests

Darby et al. (2019) performed a set of centrifuge model tests on
MICP-treated Ottawa sand at a relative density DR of 38% and dif-
ferent levels of cementation (i.e., light, medium, and heavy cemen-
tation defined based on Vs measurements). Control tests on clean
sands at loose and dense states were first performed, and then the
biocementation process was induced in loose centrifuge models.
All models were spun to a centrifugal acceleration of 80g (mid-
depth confining stress was approximated at 35 kPa) and subjected
to 9–16 shaking events with acceleration amplitudes ranging from
0.02g to 0.55g. Similar to the large-tank experiment, calcite content
measurements, pretreatment and posttreatment CPT soundings, and
bender element Vs measurements were combined to assess the ef-
fect of biocementation on the cone penetration resistance and the
stiffness of the treated specimens. This study also investigated the
effect of biocementation on the liquefaction resistance and the post-
shaking cementation degradation [Fig. 2(b)], which are outside the
scope of the present work but shown here for completeness.

The present work focuses on the measured qc prior to shaking,
whereas the Darby et al. (2019) centrifuge study focused specifi-
cally on dynamic responses. More details on the experimental setup
and postshaking behaviors have been given by Darby et al. (2019).
Compared with the pretreatment CPT profiles, posttreatment CPT
profiles showed an increase in qc as the level of cementation in-
creased, due to the filling of void space with the cementation and
thus the presence of the bonding between the particles. Measured
qc increased from a middepth value of 2.3 MPa for the uncemented
loose model to 4.6, 9.9, and 17.8 MPa for the lightly, moderately,
and heavily cemented models, respectively, with an effective ver-
tical stress at middepth ranging from 32 to 36 kPa. These increases
in qc corresponded to increases in Vs and calcite contents in all
models and appeared to be linearly correlated to the increase in
calcite content, as reported by Gomez et al. (2018) at 1g and 13 kPa
confinement.

Cone Penetration Numerical Simulations

The availability of CPT data pretreatment and posttreatment is cru-
cial for verifying that ground improvement was achieved. However,
there are currently no available methods to relate changes in CPT
measurements to mechanical properties of the improved soil, which
limits the utility of such data. The mechanical properties of initially
loose MICP-treated sands have been increasingly investigated. Re-
search on lightly cemented sands (Puppala et al. 1995; Lee et al.
2011) and on biocemented sands (Burbank et al. 2013; Gomez et al.
2018; Darby et al. 2019) has reported that cementation results in an
increase in the cone tip resistance and sleeve friction and a decrease
in the friction ratio due the pronounced increase in tip resistance
compared with the sleeve friction. This increase in qc is a direct
representation of the increase in strength of the cemented sand,
which is mostly attributed to the cohesive bonds. These studies in-
dicated that changes in CPT data can be related to changes in soil
mechanical properties due to biocementation.

Researchers (DeJong et al. 2010; Feng and Montoya 2016;
Nafisi et al. 2020) have shown that biocementation increases the
initial shear stiffness (Gmax), peak strength (τpk), and dilative tend-
encies of treated sands while suppressing the initial contractive
behavior due to the presence of the cementation bonds. This results
in improved strength properties such as increased cohesion and

friction angle. These improvements degrade after the accumulation
of plastic strains and the sheared treated sand loses the cementation
bonds (El Kortbawi et al. 2022b).

CPT-based relationships are advantageous because the improved
strength-deformation behavior is difficult to measure accurately in
the laboratory due to sampling challenges. As a result, there is a lack
of understanding of how changes in CPT data relate to changes in
soil strength properties. Due to the lack of CPT data coupled with
conventional laboratory testing of biocemented sands, there is a gap
in the understanding and quantification of the strength properties of
these biocemented sands, such as apparent cohesion. To address this
issue, a numerical direct cone penetration model is used herein.

Simulations of cone penetration in cemented sands have
been recently performed by Schweiger and Hauser (2021) and
Rakhimzhanova et al. (2021). Schweiger and Hauser (2021) simu-
lated undrained cone penetration in cemented clayey silt using
the particle finite-element method (PFEM) and the clay and sand
model (CASM) for structured soil. Large deformations due to the
cone penetration were handled by the PFEM, whereby frequent re-
meshing was performed in deformed regions. The numerical model
consisted of a rigid cone penetrating a saturated soil at constant
velocity. At approximately 25 to 30 cone radii, stationary values of
tip resistance and pore pressures were obtained. Structured soils
were represented by overconsolidated soils in the CASM constit-
utive model due to the similarities in their behaviors. The results of
the simulations confirmed that before the degradation of the cemen-
tation, the cone tip resistance and pore pressures increased with the
level of cementation whereas they decreased after the degradation.
The trends in the results in terms of changes in pore pressure, un-
drained shear strength, and cone correction factors were analyzed
by Hauser and Schweiger (2021).

Rakhimzhanova et al. (2021) utilized the discrete-element
method (DEM) to simulate constant-rate vertical cone penetration
in cemented sandstone. The cemented sandstone was represented
by frictional elastic spheres with different bond strength values.
The results of the simulations were then compared with the pub-
lished Soil Behavior Type (SBT) classification system based on
CPT, demonstrating the utility of numerical cone penetration sim-
ulations for relating in situ data to cemented sand properties.

For the present study, cone penetration numerical simulations
were validated against existing data and subsequently parametri-
cally performed to produce data for development of a relationship
between Δqc and c, accounting for its dependence on confining
stress. Simulations were performed in the explicit finite differ-
ence (FD) program Fast Lagrangian Analysis of Continua (FLAC)
version 8.1 (Itasca 2019) with the Mohr-Coulomb constitutive
model. The cone penetration model has been used in previous stud-
ies (e.g., Moug 2017; Moug et al. 2019a, b) and has been validated
against laboratory tests. Although the present work and Schweiger
and Hauser (2021) used a similar approach in terms of remeshing
regions around the cone with large deformations, the tools used
(FD versus PFEM, respectively) for the simulation of the cone
penetration and the characterization of the cemented soil (Mohr
Coulomb versus CASM, respectively) differed. The present work
and Rakhimzhanova et al. (2021) also used different tools (FD versus
DEM, respectively) and approaches (mesh moving up versus pen-
etrometer moving down, respectively). Despite these differences,
the aforementioned studies have similar trends in their findings.

Axisymmetric Cone Penetration Model

The direct axisymmetric cone penetration model (Fig. 3) simu-
lated the steady-state penetration of a standard cone with a 3.57-cm
diameter (10-cm2 cone area) into a soil column using a user-defined

© ASCE 04022098-4 J. Geotech. Geoenviron. Eng.
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Arbitrary Lagrangian Eulerian (ALE) algorithm coupled with
FLAC’s Lagrangian formulation that allows for large deformations
(Moug 2017; Moug et al. 2019a). The model was developed to sim-
ulate penetration at large depths such that the cone’s self-weight and
ground surface effects can be neglected. The model was initialized
with stress and material properties for a wished-in-place cone at the
depth of interest. The penetration was then simulated until a steady-
state stress distribution, pore pressure, and tip resistance prevailed,
which was approximately 25 cone diameters of simulated penetra-
tion (Lu et al. 2004).

Boundary conditions simulated soil flowing upward relative to
a stationary cone (i.e., soil flows from the bottom of the model and
exits at the top). The far-field total vertical stress was applied at the
bottom boundary, a penetration velocity of 0.02 m=s was applied
at the top boundary, and an infinite elastic boundary condition was
assumed for the right radial boundary, which is far away from the
cone to prevent boundary effects. The axisymmetric boundary to
the left imposed no displacement in the x-direction for the soil
node at the tip of the cone and constrained vertical movement due
to the rigidity of interface elements in this direction. The other soil
nodes along the cone face and the shaft could deform parallel to the
boundaries of the cone. The mesh near the cone face was highly
discretized, and the adjacent soil zones were connected by Mohr-
Coulomb interface elements obeying the Mohr-Coulomb friction
criterion.

The interface coefficient of friction (the ratio of the interface
friction angle and the soil’s critical state friction angle) represents
the friction along the cone face and ranges from 0 to 1 for a per-
fectly smooth and a perfectly rough cone, respectively. An interface
coefficient of friction equal to 0.60 was used for these simulations,
which is consistent with the value used for simulated cone penetra-
tion in sand by Moug et al. (2019b). The soil zone sizes increase
following a power distribution away from the cone. Large defor-
mations of the model geometry, which will concentrate near the
cone tip and shoulder, can lead to numerical instability and hence
were accommodated with an ALE algorithm, which performs grid
rezoning and model property remapping throughout the penetration
depth. Details of the ALE algorithm and the model’s implementa-
tion have been given by Moug (2017) and Moug et al. (2019b).

Initial stress conditions corresponded to a normally consolidated
Ko condition. Drained conditions were imposed by minimizing
the pore-water bulk modulus.

Soil Model Calibration

Mohr-Coulomb, an elastic-perfectly plastic model, is used for sim-
ulating penetration in cemented sands due to its simplicity and its
applicability to soils with cohesion (e.g., Cui et al. 2017; Nafisi et al.
2020). The calibration of the Mohr-Coulomb constitutive model was
guided by the aforementioned experimental data and other bench-
scale tests data (e.g., triaxial and direct simple shear tests), previous
research on the mechanical behavior of biocemented and naturally
cemented sands (El Kortbawi et al. 2022b), and empirical correla-
tions developed hereafter. Mohr-Coulomb model parameters were
assigned to capture the drained penetration in uncemented and bio-
cemented sands.

Similar to sands, drained conditions prevail in biocemented sands
due to their open structure reflected by the modest changes in hy-
draulic conductivity after cementation (Gomez and DeJong 2017).
Literature on cemented sands (e.g., Dupas and Pecker 1979; Saxena
et al. 1988) also suggested that although strength parameters (all in
effective stress terms), cohesion c, and friction angle ϕ, are affected
by cementation, changes in friction angle are of secondary impor-
tance and the main contributor to the improvement in the behavior is
the apparent cohesion term c. This hypothesis has been corroborated
by a sensitivity analysis on the friction angle using the cone penetra-
tion model, not included here for brevity (El Kortbawi et al. 2022a).

Furthermore, the dilation angle ψ was not activated in the sim-
ulations because preliminary calibrations suggested an overestima-
tion in the tip resistance. This overestimation is most likely due to
the double counting of the cementation effects through a nonde-
grading cohesion and an enhanced dilatancy occurring simultane-
ously. Consequently, apparent cohesion is the primary parameter
for study, whereas the friction angle ϕ and the dilation angle ψwere
held constant at 30° (midrange and typical value for silica sands)
and 0° (restricted dilation to compensate for the nondegrading co-
hesion with large deformations), respectively.

Due to the interconnection between strength and stiffness for
biocemented sands, a relationship relating a strength parameter,
namely apparent cohesion c, and a stiffness parameter, namely Vs,
on the element level enables the estimation of the unknown appar-
ent cohesion for the large-scale experiments. Previous research on
biocemented sands (e.g., Simatupang et al. 2018; Nafisi et al. 2020)
characterized a coupled interaction between strength and stiffness
in which both entities increase postcementation; however, initial
shear stiffness increases faster and more significantly relative to
strength. This mechanism is represented by a linear relationship
between apparent cohesion (c) and the change in shear-wave veloc-
ity (ΔVs) due to the contribution of the cementation. Linearity was
corroborated by the trends discussed previously in the large-scale
and centrifuge test findings.

The data points with c and Vs measurements from triaxial test
data on biocemented sands (O’Donnell et al. 2017; Nafisi et al.
2020) were fitted with a linear relationship. The latter was then ap-
plied to the field Vs measurements obtained during the experiments
in Figs. 2(a and b) to obtain cohesion estimates. Then, the large-
scale experimental data with the cohesion estimates were divided
into six bins with cohesions from 0 to 50 kPa, in increments of 5 or
10 (0–5 kPa: 2 data points, 5–10 kPa: 3 data points, 10–20 kPa:
5 data points, 20–30 kPa: 7 data points, 30–40 kPa: 11 data points,
and 40–50 kPa: 2 data points). This was done to reduce the scat-
ter obtained by fitting through all data points. The average of each
bin was obtained and is plotted in Fig. 4 to give a continuous

Fig. 3. Geometry and boundary conditions of the numerical cone
penetration model in FLAC. (Reprinted from Moug 2017, with
permission.)
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relationship between cohesion and ΔVs. Thus, the relationship
between apparent cohesion and change in shear-wave velocity
becomes

ΔVs ¼ 18.9c ð1Þ

where c = apparent cohesion (kPa); and ΔVs = change in shear-
wave velocity (m=s) due to the contribution of the cementation.
The cohesion term used in Eq. (1) and in the rest of the paper refers
to the change in cohesion from an initially cohesionless sand
(c ¼ 0) due to the effects of the cementation. In the absence of
bench-scale or field testing, Eq. (1) can be used to provide a rough
estimate of the cohesion term directly from the change in shear-
wave velocity; however, the data fitted by this equation are limited
and hence, other means of estimation are recommended to cross
check the estimated c (“Δqc − c Relationship” section).

Based on collected experimental data (El Kortbawi et al. 2022b)
and the developed correlation [Eq. (1)], Mohr-Coulomb input pa-
rameters for the cone penetration simulations were chosen and are
summarized in Table 1. Values for apparent cohesion range from 0
(uncemented) to 40 kPa (moderately heavily cemented). The con-
fining stresses included (1) 13 kPa, representing the operating con-
fining stress for the CPTs pushed in the large tanks from Gomez
et al. (2018), (2) 35 kPa representing the operating confining stress
for the CPTs pushed in the centrifuge model from Darby et al.
(2019), and (3) 100, 200, and 400 kPa in order to expand the para-
metric space of the simulations to operating field conditions. The
values of Vs for uncemented sands (first row in Table 1) are either
reported in the experiments (for 13 and 35 kPa) or estimated for 100
(Lee et al. 2022), 200, and 400 kPa.

According to the chosen cohesion values, the change in Vs cor-
responding to each cohesion value was estimated from Eq. (1),
added to the value of Vs for uncemented sand in order to obtain
an estimated Vs for cemented sands, and then checked for normali-
zation across the various confining stresses. For consistent sand
properties across the different levels of stress, a stress-corrected Vs1
[Eq. (2)] is estimated using the correction proposed by Andrus and
Stokoe (2000)

Vs1 ¼ Vs

�
Pa

σ 0
v

�
n

ð2Þ

where Vs =shear-wave velocity (m=s); Pa = atmospheric pressure;
σ 0
v = overburden stress; and n = stress exponent. The exponent n

decreases from 0.25 (for clean sands) to 0 (for rocks) depending on
the level of cementation. The literature review by El Kortbawi et al.
(2022b) proposed a decreasing trend for the n exponent as the level
of cementation increases. In the present work, the values of the n
exponent were chosen as 0.25, 0.18, 0.13, and 0.05 for c ¼ 0, 5, 20,
and 40 kPa, respectively. This choice seems reasonable for the
shear-wave velocity selection process. Some scatter was noticeable
for the Vs at 13 kPa, which is due to difficulties in the measurement
of the initial Vs in the experiment. The normalization shown in
Fig. 5 indicates that a similar Vs input was specified depending on
the initial stress conditions, and hence the model was initialized
with an equivalent level of cementation for different initial stress
conditions.

During cone penetration, a failure zone is formed around the
penetrometer, which generally results in a plastic region near the
cone and an elastic region further away from the cone. Complex
soil deformations are induced within the plastic zone, which in turn
affect the shear modulus (Teh and Houlsby 1991). The extent of the
failure zone largely depends on the soil shear stiffness and strength,
represented by its rigidity index. The current framework did not
consider the effect of penetration-induced strains on the shear stiff-
ness of deformed elements near the cone tip. At present, the model
operates with a single assignment of shear modulus as opposed to
accepting a strain-dependent shear modulus that would better re-
present the stiffness degradation in the failure zone around the cone
tip as the cone penetrates (Konrad and Law 1987; Schnaid et al.
1997; Krage et al. 2014). In recognizing that the small-strain shear
modulus Gmax is overly stiff, a reduced shear modulus Gfunc was
used as a reasonable approximation of the local shear stiffness for
the failure zone around the cone tip (Yi et al. 2012).

Table 1. Mohr-Coulomb input parameters for CPT simulations through
cemented sands under various confining stresses

c
(kPa)

ΔVs
(m=s)

σ 0
v (kPa)

13 kPa 35 kPa 100 kPa 200 kPa 400 kPa

Vs (m=s)

0 0 80 150 200 250 300
5 95 175 245 295 345 395
20 378 458 528 578 628 678
40 756 836 906 956 1,006 1,056

Fig. 5. Normalization of cemented shear-wave velocity Vs across the
various confining stresses, resulting in apparent cohesion c and normal-
ized shear-wave velocity Vs1 pairs similar across all simulations.

Fig. 4. Relationship between apparent cohesion and change in Vs due
to the cementation using large-tank data from Gomez et al. (2018) and
triaxial data from O’Donnell et al. (2017) and Nafisi et al. (2020).
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To account for shear modulus softening due to large strains
around the penetrating cone, a common approach is to reduce the
local shear stiffness by a certain factor [Eq. (3)] with respect to
the initial small-strain shear modulus Gmax ¼ ρV2

s , where ρ is the
soil’s density and Vs is the shear-wave velocity (Teh and Houlsby
1991; Lu et al. 2004). Although the authors acknowledge the more
common nomenclature for small-strain shear stiffness Go in the
CPT-based literature and frameworks, they chose to use the nomen-
clature Gmax. The latter is more common in earthquake engineering
applications, which are the end-use of the proposed relationship
hereafter. The two quantities denote a maximum value of shear
modulus and thus, Gmax is used in the rest of this paper. Hence, the
local functional shear stiffness Gfunc is expressed

Gfunc ¼
Gmax

F
ð3Þ

where Gfunc = functional shear modulus for large-strain problems;
Gmax = initial small-strain shear modulus; and F = reduction factor
due to penetration-induced deformations. The reduction factor was
chosen for uncemented sands based on the experience of previous
researchers and extrapolated to cemented sands by a calibration
process as informed by the degradation of G in the response of
monotonic drained triaxial tests (Feng and Montoya 2016; Montoya
and DeJong 2015). The proposed relationship for the reduction fac-
tor F [Eq. (4)] increases with the level of cementation due to the
increased brittleness of the cementation at higher levels. This in-
crease in brittleness results in a sharper decrease in stiffness with
deformations for higher levels of cementation (El Kortbawi et al.
2022b). Hence, the shear stiffness is more considerably lost at
higher cementation, and a higher reduction factor is needed to
reflect this mechanism

F ¼ 0.15cþ 3 ð4Þ

The reduction factor F is linearly proportional to the apparent
cohesion c (kPa) and is plotted in Fig. 6.

Additional parameters to the axisymmetric model using the
Mohr-Coulomb constitutive model are summarized in Table 2 based
on input parameters for cemented sands as summarized in Table 1
and on default values for clean sands wherever no information was
available for cemented sands.

In what follows, results from the calibration with the functional
shear modulus are presented, and the simulated qc values are com-
pared with the reported ones from the experiments in the qc − Vs

space (e.g., Andrus et al. 2009; Darby et al. 2019) and in the KG
framework (e.g., Rix and Stokoe 1991; Schneider and Moss 2011;
Gomez et al. 2018).

Model Validation

To enable the comparison with available experimental data, the fo-
cus of the analysis was on the cone tip resistance qc results, similar
to other works (e.g., Puppala et al. 1996; Lee et al. 2010; Schneider
and Moss 2011). Simulated tip resistances for effective stresses of
13 and 35 kPa were compared with the reported tip resistances from
Gomez et al. (2018) and Darby et al. (2019), respectively.

Fig. 7 represents the simulated and experimental qc in the qc-Vs
space. The open and solid symbols refer to the experimental and
simulated results at different vertical stresses, respectively. The in-
creasing sizes of the symbols delineate the classification of the ce-
mentation as uncemented (Vs ∼ 80–300 m=s for a stress range of
13 to 400 kPa), light (Vs ∼ 170–400 m=s for a stress range of 13 to
400 kPa), moderate (Vs ∼ 450–680 m=s for a stress range of 13 to
400 kPa), and heavy (Vs ∼ 830–1,100 m=s for a stress range of 13
to 400 kPa), respectively. This facilitates visualization of results not
only in the global sense but also on a discretized level-by-level
basis.

The simulated qc values not only fell within the same range
as the experimental ones for 13 and 35 kPa but also reasonably
mapped the cementation level (i.e., the second smallest symbols
from the simulations plot near those from the experiment, delin-
eating a match between the light level of cementation from the

Fig. 6. Proposed relationship for shear modulus reduction factor as a
function of the apparent cohesion c, where c ¼ 0 and c > 0 delineate
uncemented and cemented sands, respectively.

Table 2. Calibration of the cone penetration model

Mohr-Coulomb
model
parameters Parameter description Calibration

c Effective cohesion term (kPa) Refer to Table 1
ϕ Effective friction angle (degrees) 30
Vs Shear-wave velocity (m=s) Refer to Table 1
ρ Dry density (Mg=m3) 1.7

G Functional shear modulus (kPa) G ¼ Gmax

F
Ko At-rest coefficient of lateral pressure 0.5
ψ Dilation angle (degrees) 0
υ Poisson’s ratio 0.3

Fig. 7. Comparison between reported experimental (open symbols)
and simulated (solid symbols) tip resistances in the qc − Vs space.
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simulation and the experiment). This observation follows a general
trend in which an increase in shear-wave velocity results in an in-
crease in tip resistance. The trend extends similarly to higher con-
fining stresses.

Fig. 8 shows the trend between simulated and experimental re-
sults in the KG framework. The parameter KG is defined as follows:

KG ¼ Gmax=qc
qc1N−0.75 ð5Þ

where KG = empirical parameter relating stiffness and strength;
Gmax = initial small-strain shear modulus; qc = cone tip resistance;
and qc1N = stress-normalized cone tip resistance. This framework
was adapted by Schneider and Moss (2011) to visualize the rela-
tionship between stiffness (originally written in terms of Go, modi-
fied for the purpose of this work) and strength for cemented sands
and by Gomez et al. (2018) and Montoya et al. (2021) for bioce-
mented sands. According to the soil classification from Schneider
and Moss (2011), the range for cemented sands plots above and to
the right of uncemented sands, with the cutoff KG value between
uncemented and cemented soils being 330. With an increase in ce-
mentation and age, the parameterKG [Eq. (5)] is expected to increase
proportionally to the level of cementation and perpendicularly to
the cutoff ranges.

The small-strain shear stiffness Gmax is affected by the co-
ordination number, the characteristics of particle contacts, and the
effective stress. It is interpreted from Vs measurements taken dur-
ing the CPT profiles or from geophysical tests. The tip resistance is
a large-strain measurement controlled by a large-strain shear stiff-
ness (or a functional stiffness), soil characteristics (dilation and
crushability), and horizontal effective stress. Although these mea-
surements are performed at different zones of the soil, the ratio of
qc to Gmax gives reasonable indications on the cementation and
geologic age of deposits.

Both the experimental and simulated results reasonably fol-
lowed the aforementioned trend. A few lightly cemented experi-
mental data plotted under the cutoff KG value of 330, but most
showed the cementation to generate large increases in the KG value.

In general, the cemented simulated results were plotted above
the KG ¼ 330 cutoff and reasonably shifted up and to the right
as the apparent cohesion value (i.e., the level of cementation) in-
creased from lightly to heavily cemented. This trend was similarly
seen in the experimental work by Montoya et al. (2021) and in
the numerical work on cemented sandstone by Rakhimzhanova

et al. (2021). Therefore, the penetration model and soil model
calibrations are resonably able to capture the effect of biocementa-
tion on qc.

Δqc − c Relationship

Once the simulated tip resistances were validated against the avail-
able experimental data sets and engineering correlations, the sim-
ulations were extended to higher confining stresses (100, 200, and
400 kPa) to (1) test the validity of the numerical model and thus the
trend at relatively higher depths; and (2) extend the parametric
space of the simulations and synthesize enough data to establish
a relationship between the change in tip resistance due to cemen-
tation and apparent cohesion for biocemented sands. The tip resis-
tance of biocemented sands increases with the apparent cohesion
(i.e., the level of cementation) and with the confining stress and
consequently, the change in the tip resistance due to cementation
Δqc follows the same trend as shown in Fig. 9.

The performed simulations first initialized the confining stress
and then applied the cementation. This approach has been chosen to
be consistent with how biocementation has primarily been imple-
mented in laboratory tests and how it is expected to be applied in
the field. As a result, the cementation bonds formed under the full
in situ stress conditions. Therefore, the biocementation treatment
was expected to increase the yield stress from the uncemented case
at the given confining stress. The magnitude of this increase will
depend primarily on the cementation level. Although the effect of
cementation becomes less significant at higher levels of stress, it is
possible that the yield stress may still affect the Δqc − c relation-
ship (for example, at 500 kPa, which would roughly correspond to a
50-m depth in a saturated sand profile).

Eq. (6) presents a best-fit-line for the apparent cohesion and
the change in tip resistance due to biocementation of loose sand.
The apparent cohesion increased linearly with the change in tip
resistance (Fig. 9), with the slope of the line being a function of
the confining stress. A regression analysis using the least-squares
method was performed to account for the dependence of the ap-
parent cohesion on the confining stress. It was found that the co-
hesion is dependent on the square root of the confining stress. The
form of this relationship and its dependencies agree with a previ-
ously published relationship between tip resistance and cohesion
(Lee et al. 2010). The latter was developed from tip resistances
obtained from miniature cone penetrometers on gypsum-cemented

Fig. 8. Comparison between reported experimental (open symbols)
and simulated (solid symbols) tip resistances in the KG framework.

Fig. 9. Trend between cohesion and change in tip resistance from
synthesized data and its dependence on confining stress.
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sands in a calibration chamber, accompanied by cohesion intercept
interpretations from failure envelopes obtained from triaxial tests
on the same material

c ¼ a · Δqc ð6Þ
where

a ¼ 1

587.3þ 12.4 ·
ffiffiffiffiffi
σ 0
v

p
where c = apparent cohesion; Δqc = change in cone tip resistance
due to cementation; and σ 0

v = initial in situ vertical effective stress
(all three parameters are in units of kPa for this relationship).

Plotted in a three-dimensional (3D) space, the aforementioned
relationship yields the surface shown in Fig. 10. Because the cone
tip resistance is largely affected by the strength of the soil, a stronger
or cemented soil will exert more resistance to the pushed cone and
thus the tip resistance increases as the soil’s strength increases. In
cemented sands, the latter is mainly attributed to the increase in the
apparent cohesion, hence resulting in the upward trend for the ap-
parent cohesion.

The confining stress also plays a major role in the soil’s resistance
and increase in strength. As the confining stress increases, the soil’s
strength increases, resulting in an increased cohesion. Although the
ranges of tip resistances and vertical effective stresses may be com-
parable to dense clean sands, the developed relationship is only
applicable to initially loose (DR ¼ 30% − 40%) MICP-treated sands
contributing to a change in tip resistance due to the cementation.

Discussion

The cone penetration model using the Mohr-Coulomb constitutive
model enables simulations that cover a range of soil properties and
confining stresses to be performed, which is helpful in extending
the analysis beyond the limited experimental data for cone pen-
etration measurements in biocemented sands. The Mohr-Coulomb
model can reasonably capture the elastic-plastic behavior of bioce-
mented soils in the failure zone near the cone tip through defining
the failure envelope with a cohesion intercept and a peak friction
angle. Moreover, the Mohr-Coulomb model allows focus on two
of the primary factors affecting the cone tip resistance in cemented

sands: cohesion and stiffness. Cone tip resistance, and by extension
strength, is largely affected by these two factors, but at different
rates, which is reflected by Eq. (1). Although the application of a
theoretical linear elastic-perfectly plastic continuum model with
constant parameters to soil conditions with strain-dependent pa-
rameters is fundamentally challenging, the approximation with a
functional modulus provides useful predictions of the cone tip re-
sistance (Schnaid et al. 1997).

In the same line of thought and due to the Mohr-Coulomb for-
mulation, the present analyses also assumed a cohesion intercept
that remains constant during the cone penetration. Consequently,
the dilation angle is not activated to compensate for the reduction
in the cohesion intercept due to bond degradation upon shearing
with the simultaneous increase in dilatancy due to changes in fabric
and particle shape and angularity. This approximation works for the
present data set and provides reasonable tip resistances. In addition,
it was assumed that steady-state penetration was achieved and
drained conditions were preserved during the cone push due to the
open structure of biocemented sands and the slight reductions in
hydraulic permeabilities from clean sands (Gomez and DeJong
2017). Although the Mohr-Coulomb model provides a reasonable
approximation of the mechanisms in biocemented sands, it is under-
stood that the actual mechanisms around the tip are more complex
due in part to the degrading effects of the biocementation.

The approach used to develop the Δqc − c relationship con-
sisted of the validation of the simulated cone tip resistances against
those reported from two experimental programs on biocemented
sands at different confining stresses. Once the tip resistances at 13
and 35 kPa gave reasonably consistent values compared with the
experimental ones, the simulations were extended to higher confin-
ing stresses and shear stiffnesses, guided by laboratory data at these
higher levels. As experimental results at higher confining stresses
become available, the tip resistances corresponding to these stresses
(100, 200, and 400 kPa) can be further validated. Thus, theΔqc − c
relationship presented in this paper is valid for the range of param-
eters it was developed for. Confining stresses range from 13 to
400 kPa, cohesions range from 0 (uncemented) to 40 kPa, and
shear-wave velocities are proportional to the cohesion values.

It is envisioned that the proposed correlation will facilitate the
evaluation of biomediated ground improvement at treated sites.
Once the treatment process is done, it is recommended that a seis-
mic CPT or a CPT coupled with geophysical tests is performed for
the quality assurance and control of the achieved ground improve-
ment. These in situ tests provide a cone tip resistance profile and Vs
measurements, respectively. The latter may be used for the quality
control of the spatial distribution of the treatment over large areas of
the site, whereas the former may be specified to locations of the site
where structures and their foundations are expected. Therefore, the
response of the foundation bearing soil is crucial for the numerical
modeling and design of said foundation and structure, which leads
to the importance of the estimation of strength parameters and spe-
cifically the apparent cohesion of the treated soil.

Eqs. (1) and (6) provide two fundamentally connected variables
(ΔVs and Δqc) for the estimation of the apparent cohesion in bio-
cemented sands. Although the estimated values may differ due to
the limited body of data used for the fitting of these relationships,
the equations can be employed to cross-check their respective
results, and an average of the two estimates can be used to deter-
mine the apparent cohesion assigned to the constitutive law in the
numerical model. Current practices neglect the inevitable presence
of cementation in natural deposits due to the lack of understanding
of the behavior of cemented sands and/or the inability to charac-
terize them. Often this results in overly conservative designs and
higher construction costs. Although this work primarily applies to

Fig. 10. Three-dimensional surface of the relationship among effective
vertical stress, change in cone tip resistance, and cohesion.
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biocemented sands, an overlooked benefit is the ability to extend
these findings to naturally cemented sands because biocementa-
tion is thought of as a proxy to natural cementation in the lab.

Conclusions

This paper proposed a relationship between increases in cone tip
resistance Δqc and apparent cohesion for loose biocemented soils.
This relationship was developed through the application of an ex-
isting axisymmetric cone penetration model using Mohr-Coulomb
constitutive model calibrations. The improvement in the behavior of
biocemented sands was attributed to the presence of cementation
bonds characterized by an apparent cohesion value, hence the ap-
plication of the Mohr-Coulomb constitutive model. The axisymmet-
ric model was first calibrated and validated against control tests on
clean sands, and then used to estimate cone tip resistances in bio-
cemented sands for a range of cohesions and confining stresses. A
simple linear relationship was found between the cohesion and the
change in shear-wave velocities for biocemented sands based on
available laboratory data on MICP-treated specimens.

Due to the large shear strains imposed on biocemented soils dur-
ing cone penetration, there are likely compensating effects of re-
duction in cohesion and increase in dilatancy. The axisymmetric
cone penetration model with the Mohr-Coulomb constitutive model
using varying functional shear stiffness moduli yielded realistic tip
resistances when compared with field data at confining stresses of
13 and 35 kPa. Additional simulations across the parametric space
(e.g., varying cementation level and confining stress) led to the de-
velopment of a proposed relationship between cohesion and the
change in cone tip resistance for biocemented sands. Although the
ranges of tip resistances and vertical effective stresses may be com-
parable to dense clean sands, the developed relationship is only
applicable to initially loose (DR ¼ 30%–40% ) MICP-treated sands
contributing to a change in tip resistance due to the cementation.
This relationship mathematically describes the causality between
soil strength (in the case of biocemented sands, mainly attributed
to cohesion) and tip resistance creating a bridge between a param-
eter common to modelers and one common to practitioners, respec-
tively. It remains that lab tests could supplement CPT soundings to
fully characterize the strength parameters of biocemented sands for
design.
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