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ABSTRACT: A 3D Discrete Element Method (DEM) model was used to simulate cone penetration tests (CPT) in a
virtual calibration chamber (VCC). The main objective of this study is to evaluate the effect of changes in the modeling
parameters that control inter-particle interactions as well as the VCC size, stress conditions applied on the specimen, and
sleeve friction coefficient on the simulated tip resistance (qc) and friction sleeve (f;) measurements. These results are
complemented with particle displacements, rotations, and contact forces to provide insight into the differences in meas-
ured CPT response. The results of this study show the important effect of inter-particle contact properties, interface char-
acteristics, and chamber size on the q. and f; measurements. In addition, the results of the DEM simulations are also used
to further detail current soil behavior type (SBT) charts with the effect of modeling parameters and boundary conditions.
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1. Introduction

Accurate stratigraphy characterization and estimation
of soil engineering properties, such as shear strength and
density, are required for engineering analysis and design
of geotechnical structures and systems. Challenges asso-
ciated with estimation of soil engineering properties in-
clude the dependency of soil behavior on state variables,
such as state of stresses and density, and the effects of
soil fabric or microstructure. Due to the difficulty and
high costs involved in obtaining undisturbed samples of
coarse-grained soils for laboratory testing, both research-
ers and practitioners have focused on developing correla-
tions between measurements from in-situ tests, such as
the Cone Penetration Test (CPT) and the Dilatometer
Test (DMT), and soil properties and state variables.

The CPT has recently received significant attention
due to its high repeatability and accuracy, high data res-
olution, robustness, and industry familiarity. Numerous
empirical correlations between CPT measurements, such
as the tip resistance (qc), friction sleeve (fi), and pore
pressure (u2), and properties such as friction angle, rela-
tive density, and unit weight have been developed during
the last four decades [e.g. 1-3]. These correlations have
been developed based on laboratory calibration chamber
tests or on comparison of field measurements with results
from laboratory element tests. Calibration chamber tests
provide the opportunity of obtaining CPT measurements
on well-characterized soil specimens. However, they can
be time consuming and expensive due to the large vol-
ume of soil required for every sounding. In addition,
these tests only provide boundary measurements. Thus,
the lack of knowledge of the soil deformation mecha-
nisms, and how they change with soil properties and
state, can add uncertainty in the predictions from these
correlations.

Analytical and numerical modeling have helped fur-
ther shed light into the factors and mechanisms that affect
CPT measurements. Analytical studies based on bearing

capacity, strain path, and cavity expansion [e.g. 4-7],
along with numerical studies employing finite difference
and finite element techniques [e.g. 8-10] have shed light
into the effect of soil properties on CPT measurements.
These investigations have employed continuum-based
approximations that provide realistic predictions of soil
behavior. However, these methods do not explicitly con-
sider inter-particle and probe-particle interactions, which
fundamentally control the behavior of coarse-grained
soils [11].

Discrete Element Modeling (DEM) simulations pro-
vide the ability to investigate the behavior of granular
materials in light of particle-level information, such as
inter-particle forces and particle kinematics. Using DEM
simulations, the deformation behavior of granular mate-
rials can be simulated form the interactions between in-
dividual particles [12]. Previous numerical studies of
CPT penetration using DEM have investigated the role of
deformation mechanisms and soil dilatancy along with
the effects of boundary conditions, probe diameter to par-
ticle size ratio effects, and particle shape and crushing on
the CPT measurements and on the stresses and strains de-
veloped around the probe [13-19]. These investigations
have provided insightful information on the influence of
state variables and calibration chamber boundary effects
on the penetration resistance. The goal of the investiga-
tion presented here, in contrast, is to evaluate the ability
of DEM simulations to simulate realistic q. and f; meas-
urements. This is done through comparison of q. and f;
results from simulations performed with varying config-
uration, assembly properties, and contact parameters,
along with interpretation of results using the Soil Behav-
ior Type (SBT) framework commonly used in practice.

2. Discrete Element Model

All the simulations described here were performed us-
ing PFC3P from Itasca, Inc. (2014). The CPT soundings
were performed inside a cylindrical Virtual Calibration
Chamber (VCC) with a height of 1.0 m and a diameter of



0.7 m (Figure 1a). The VCC’s top and radial walls im-
posed constant stress boundary conditions on the speci-
mens contained within them. The specimens were either
Ko-consolidated, with a vertical stress, o'y, of 100 kPa
and a horizontal stress, 6"y, of 50 kPa, or isotropically
consolidated, with 6’y of 100 kPa. The CPT probe had a
diameter of 0.044 m and a tip with an apex angle (20) of
60° (Figure 1a). The cone tip was followed by a friction
sleeve with a length of 0.16 m. This probe geometry is
equivalent to that in CPT probes with a cross-sectional
area of 15 cm?.

The simulated granular material was simulated the be-
havior of Ottawa 20-30 sand. The grain size distribution
of Ottawa 20-30 sand was scaled up by a factor of 20 to
reduce the number of particles in the model and decrease
computational cost, as shown in Figure 2. This led to a
mean particle size of 14.4 mm. The specimens contained
in the VCC were composed of about 160,000 spherical
particles. The VCC geometry and particle sizes used in
this study resulted in a chamber diameter to probe diam-
eter ratio (Dchamber/Dprobe) 0f 15.9 and in a probe diameter
to mean particle size ratio (Dprobe/Dso) of 3.1. While these
values are smaller than those employed in experimental
calibration chamber tests, they are consistent with previ-
ous 3D DEM studies which employed Dchamber/Dprobe Val-
ues between 10.5 and 16.7 and Dpope/Dso values between
2.7 and 3.3 [15, 17, 19, 20]. In all the simulations the
probe was advanced at a rate of 0.05 m/s to a depth of 0.6
m.

The baseline model parameters, shown in Table 1,
were calibrated against triaxial compression tests with
Ottawa 20-30 sand, as described in [21, 22]. The linear
contact model with rolling resistance was employed in
this investigation to model the effects of particle angular-
ity on the response of the simulated granular material.
Mass scaling was used in this investigation to decrease
the computational time. This was done by upscaling the
particle density by a factor of 10. Triaxial compression
simulations with the baseline parameters indicate a criti-
cal state friction angle of 30.9° and a peak friction angle
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of 44.5° at a confining pressure of 100 kPa. The coeffi-
cient of friction between the probe and the particles was
selected as 0.2, in agreement with measurements by [23,
241, while the coefficient of friction between the chamber
walls and the probe was 0.1. The simulation parameters
and configuration described here led to an inertial num-
ber, 1, of 3.4 x 1073, obtained following the method out-
lined by [25]. Since the inertial number was smaller than
102, it can be assumed that the simulation conditions
were quasi-static throughout the penetration simulation,
in accordance with [26].

The specimens were generated using the boundary
contraction method. Initially, a cloud of frictionless par-
ticles was created, which was allowed to reach equilib-
rium until the effective stress became close to zero. Af-
terwards, the testing inter-particle friction and rolling
resistance coefficients were set to the testing values, and
the servo-control mechanism was activated to consoli-
date the specimen. This process led to specimens with
homogenous void ratio, as shown in Figure 1b.

Table 1. Baseline DEM simulation parameters.

Parameter Value
Ball-Ball Coefficient of Friction, pugs 0.40
Rolling Resistance Coefficient, urr 0.175
Damping Coefficient 0.05
Ball Density (kg/cm?) 26500
Stiffness Ratio 2
Normal Stiffness, k, (MN/m) 350
Probe-ball Coefficient of Friction, ppg 0.20
Chamber-ball Coefficient of Friction 0.10
3. Results

Series of simulations were performed on a K¢-consol-
idated specimen to investigate the effect of various pa-
rameters on the simulated qc and f; measurements. The
parameters varied include the void ratio (e = 0.59, 0.64,
and 0.67), VCC diameter (Dcy = 0.5, 0.7 and 1.0 m),
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Figure 1. Simulated (a) CPT probe and (b) Virtual Calibration Chamber (VCC), and (c) local void ratio distribution along VCC height (note:
error bars show standard deviation in void ratio).



boundary stress conditions (K = ¢'v/ ¢'v = 0.5 and 1.0),
inter-particle friction coefficient (upg = 0.2, 0.4, and 0.6),
the rolling resistance coefficient (urr = 0.00, 0.175, and
0.35), and probe-particle friction coefficient (ups = 0.2,
0.3, and 0.4). These variations were implemented relative
to the baseline parameters, such that only the specified
parameter is different to those presented in Table 1.
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Figure 2. Simulated grain size distribution.

3.1. Baseline Simulation

Tip resistance and friction sleeve measurements from
the baseline simulation, with the parameters presented in
Table 1, are shown in Figures 3a and 3b. The q. and f;
measurements indicate a uniform distribution with depth
due to the uniform constant stress applied to the specimen
(o'y =100 kPa, o'y, = 50 kPa).
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Figure 3. Profiles of (a) q. and (b) f; for baseline simulation.

The mean q. and f; values for the baseline simulation
are 4.8 MPa and 21.6 kPa. These results were plotted on
the SBT charts proposed by [27, 28], as shown in Figures
4a and 4b. The classification results indicate an SBT cor-
responding to “silty sand to sandy silt” according to the

Robertson (1990) chart, and slightly “sand-like — contrac-
tive) according to the Robertson (2016) chart. Figures 4a
and 4b also show representative data points from [28].
The classification of the simulated results is consistent
with data points 2, 3, 4, 5, and 7, which are from field
soundings in normally consolidated sands and sandy tail-
ings. These results highlight the ability of the DEM
model and the calibration parameters to successfully cap-
ture the behavior of coarse-grained soils and reproduce
realistic CPT measurements.

An initial step in this investigation was to assess the
variability of the q. and f; measurements. To do so, three
simulations were performed with the same modeling pa-
rameters and testing conditions but on three different
specimens. Differences in the results can result from dif-
ferences in packing and potential heterogeneities in the
specimens. These simulations indicate a relatively small
amount of variability, with differences of up to 6.5% and
5.7% for the q. and f; measurements, respectively.
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Figure 4. Results from baseline simulation plotted on (a) Robertson
(1990) and (b) Robertson (2016) CPT-based soil classification charts.

3.2. Parametric Study

The void ratio of a coarse-grained soil specimen or de-
posit has been shown to have an important effect on the



tip resistance and friction sleeve measurements. In gen-
eral, denser soils lead to larger q. and f; measurements
due to their greater shear strength and to the greater in-
crease in mean effective stresses developed around the
CPT probe during penetration [e.g. 29]. Simulations were
performed on specimens with initial void ratios of 0.59,
0.64, and 0.67. The measurements increased significantly
as the void ratio was decreased, as shown in Figure 5Sa,
with qc and f; values of 4.8 MPa and 21.6 kPa for the
denser specimen and of 3.5 MPa and 15.1 kPa for the
looser specimen.

These simulation results can be used to evaluate
whether the results agree with predictions from empirical
correlations between q. and relative density. For this ex-
ercise, the procedure outlined by [30] was adopted. To
complete this comparison, maximum and minimum void
ratio values equal to those for Ottawa 20-30 sand were
assumed (emax = 0.72, emin = 0.48) to obtain void ratio val-
ues predicted from the simulated q. measurements. The
void ratios predicted by the correlation are of 0.65, 0.66,
and 0.68, indicating that the void ratio of the denser spec-
imen was overpredicted while the void ratio of the looser
specimen was more closely predicted. This comparison
indicates similarities in the trends from numerical and ex-
perimental tests; however, it also highlights that quanti-
tative differences that may be due to factors such as the
lack of particle crushing in the simulations, the assumed
values for the extreme void ratios, or differences in be-
havior between the simulated granular material and the
sands used to develop the empirical correlation.

Significant efforts have been devoted to understanding
the effects of the boundary conditions imposed by cali-
bration chambers on the q. and f; measurements. This
work has led to correction factors to account for bound-
ary condition effects. In this manner, calibration chamber
results can approximate those obtained from field tests
[e.g. 2, 3, 31]. Simulations on specimens confined under
different stress conditions indicate an important influence
of the lateral earth pressures coefficient, K, on the mag-
nitude of qc and f; measurements. As shown in Figure 5b,

the qc and f; magnitudes sharply increase, from values of
4.8 MPa and 21.6 kPa to values of 12.1 MPa and 63.7
kPa as the K coefficient is increased from 0.5 to 1.0.
These results agree with the fact that soil shear strength
increases with effective stress.

Previous work has also shown that the results from
CPT simulations are influenced by the VCC diameter
[e.g. 17]. To further investigate the potential effects, sim-
ulations were performed on specimens contained within
chambers with diameters of 0.5, 0.7 and 1.0 m, which
were composed of 82,000, 160,000 and 330,000 parti-
cles, respectively. The results indicate that the q. and f;
magnitudes systematically increase as the chamber diam-
eter is increased (Figure 5c). These results are in general
agreement with results from [32] indicating that cham-
bers with smaller diameters with stress-controlled bound-
ary stresses lead to smaller values of tip resistance. Inser-
tion of a probe in a calibration chamber requires for an
additional volume equal to that of the advancing probe to
be accommodated by soil densification and retraction of
the chamber’s boundaries. This retraction of the bounda-
ries results in a relaxation of the cavity pressure and con-
sequently a decrease in tip resistance. This trend is evi-
dent in the measurements of particle displacements
presented in Figures 6a through 6¢. As shown, particles
within a larger zone around the probe displace in simula-
tions in smaller chambers. This results in a decrease of
the normal stress acting against the probe. In fact, the nor-
mal stress acting against the friction sleeve decreased
from 151.6 kPa to 76.7 kPa as the chamber diameter was
decreased from 1.0 to 0.5 m.

The strength and deformation behavior of granular
material depends on intrinsic soil properties such as par-
ticle shape, size, surface roughness, and mineralogy,
along with other parameters such as gradation [e.g. 33].
DEM offers the ability of systematically varying model-
ing parameters which approximate the influence of these
intrinsic properties. For instance, particle shape can be
either explicitly simulated with non-spherical particles
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Figure 5. Profiles of (a) q. and (b) f; for simulations with varying (a) void ratio, e, (b) stress boundary conditions, and (c) chamber diameter, Dcp.
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Figure 6. Particle displacements along vertical cross sections for simulations on VCCs of different diameter Note: all measurements taken at
a CPT penetration depth of 60 cm.

[e.g. 34-37], or it can be approximated using a rolling re-
sistance coefficient [e.g. 38-40], as done in this study.
Similarly, the effects of particle surface roughness and
mineralogy can be simulated by the inter-particle friction
coefficient, while other parameters such as contact stiff-
ness can also approximate the influence of mineralogy.
Finally, specialized contact models that consider particle
crushing can be implemented, as described in [19, 41]

In this study, the values of the ugg, Mrr, and pps coef-
ficients were varied to approximate the effects of changes
in particle morphology and CPT friction sleeve surface
roughness. The simulations indicate that the simulated q.
and f; magnitudes increase as the pgg is increased, as
shown in Figure 7a. An initial increase in pgg from 0.2 to
0.4 led to a steep increase of 59% in q. while a further
increase in pgg from 0.4 to 0.6 resulted in a more modest
increase of 15%. These results are in general agreement
with trends reported by [42, 443] reflecting the transition
from particle motions that are dominated by sliding at
low pgg values to motions that are dominated by rolling

at higher pgg values. The magnitude of the inter-particle
friction coefficient resulted in smaller changes on the f
measurements, which increased by 15% and 20% as a re-
sult of pgp increases of 0.2 to 0.4 and 0.4 to 0.6, respec-
tively. This trend is in agreement with results from [23,
44, 45] indicating that the strength of soil-structure inter-
faces depends both on the internal strength of the soil as
well as on the surface roughness of the solid material.

The inter-particle friction coefficient also has an influ-
ence on the interactions between the CPT probe and the
particles. Figures 8a to 8c show force chain maps of sim-
ulations with varying pgp, where contact forces larger
than 150 N and smaller than 20 N are shown and the
thickness of the lines is proportional to their magnitude.
As shown, larger ppg values result in force chains that
propagate to a larger zone around the probe tip, indicating
that more stable force chains are developed with these
modeling parameters.

Changes in the rolling resistance coefficient resulted
in similar but stronger effects on the simulated q. and f
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Figure 7. Profiles of (a) q. and (b) f; for simulations with varying (a) interparticle friction ratio, ugg, (b) rolling resistance coefficient, prg, and (c)
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Figure 8. Force chain maps along vertical cross section for simulations with inter-particle friction coefficients of (a) 0.2, (b) 0.4, and (c) 0.6.
Note: all measurements taken at a CPT penetration depth of 60 cm.

measurements as the changes in the inter-particle friction
coefficient, as shown in Figure 7b. Namely, the q. values
increased by 213% and 57% as the prr was increased
from 0 to 0.175 and from 0.175 to 0.35, respectively.
Also, the f; values increased more modestly, by 33% and
6% for the same increases in prr. Inspection of the force
chain maps suggests similar effects on the probe-particles
interactions, where larger prr values lead to larger con-
tact forces that are located within a zone of greater size
around the probe’s tip.

The effect of the friction sleeve surface roughness on
the f; measurements, which has been subject to a signifi-
cant amount of research [e.g. 46-48], can be modeled in
DEM with changes in the probe-particle friction coeffi-
cient. As shown in Figure 7c, these simulations were per-
formed with ppg values of 0.2, 0.3, and 0.4, which re-
sulted in f; measurements of 21.6, 34.0 and 53.0 kPa,
respectively. These measurements are consistent with
DEM and experimental results from [23, 24]. Interest-
ingly, the changes in ppg had a negligible effect on the tip
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resistance measurements, with differences of less than
10% between the simulations.

4. Soil Behavior Type (SBT) Classification

Soil behavior type classification offers the ability of
estimating the expected behavior of a given soil and effi-
ciently assessing the stratigraphy of a site. SBT reflects
the mechanical response of soil to the loading imposed
by the CPT probe during penetration. Thus, while the
SBT classification may not directly match a classification
based on index properties, it reflects the characteristic be-
haviors of different soil types, such as strength, stiffness,
density, overconsolidation ratio (OCR), aging, and sensi-
tivity [28].

The q. and f; measurements from the DEM simula-
tions were used to determine normalized tip resistance,
Q, and friction ratio, F, parameters, which were plotted
in Robertson’s (1990) soil classification chart (Figures 9a
through 9f). The data points move in the soil classifica-
tion chart in the following manner: (i) up as the void ratio
is decreased, (ii) up and to the right as the K parameter is
increased, (iii) up and to the right as the chamber diame-
ter is increased, (iv) up and to the left as the inter-particle
friction coefficient is increased, (v) up and to the left as
the rolling resistance coefficient is increased, and (vi) di-
rectly right as the probe-particle friction coefficient is in-
creased. Figure 10a shows the trends reported in Robert-
son (1990), while Figures 10b and 10c show the trends
from DEM simulations in Robertson’s (1990) and Rob-
ertson’s (2016) space. This comparison indicates similar
trends in experimental and numerical results. Namely,
the data points move up as parameters that affect soil’s
the shear strength and density are increased, such as the
friction angle and the relative density for experimental
results and the inter-particle friction coefficient and roll-
ing resistance coefficient and void ratio for the DEM sim-
ulations. Field trends indicate that increases in OCR,
which is related to the lateral earth pressures coefficient,
result in an upward and rightward movement of the data-
points, which agrees with the trends from numerical re-
sults.

The numerical results can also be used to investigate
shifts in the data resulting from the testing conditions. For
instance, the DEM simulations showed a measurable in-
fluence of the calibration chamber diameter on both the
qc and f; measurements as well as on the SBT classifica-
tion (Figures 5c¢ and 9c). Also, increases in the probe-par-
ticle friction coefficient showed a steep increase in fs and
shift in SBT classification (Figures 7c and 9f). DEM sim-
ulations provide the ability of performing tests and meas-
urements that can be challenging to achieve experimen-
tally (e.g. careful changes in void ratio or changes in
particle morphology). Thus, once successfully calibrated,
this type of investigations can complement experimental
investigations on, for example, determining correction
factors for calibration chamber tests, investigating
changes in localized penetration failure mechanisms, and
determining the effect of individual index properties on
SBT classification.
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DEM simulations on (a) Robertson’s 1990 and (b) Robertson’s 2016
chart for soil behavior type classification.

5. Conclusions

This paper provides the results of a numerical para-
metric study that evaluates the ability of 3D DEM to sim-
ulate realistic CPT q. and f; measurements. The simula-
tions were performed on specimens contained within a
virtual calibration chamber (VCC), where the changes in
gc and f; measurements as a result of specimen void ratio,
stress boundary conditions, VCC diameter, and inter-par-



ticle friction, rolling resistance, and probe-particle fric-
tion coefficients were investigated. The baseline simula-
tion yielded realistic q. and f; measurements of 4.8 MPa
and 21.6 kPa, respectively. In general terms, changes in
parameters that increase the shear strength of the simu-
lated granular material resulted in increases in q. and f;,
in agreement with trends from experimental tests. In ad-
dition, the simulations provide insight into artificial ef-
fects of the VCC size and the probe’s surface properties.
Interpretation of the results using the Soil Behavior Type
(SBT) framework also indicates that the numerical trends
are in agreement with field experiments. DEM numerical
investigations provide the opportunity to perform tests on
conditions that may be challenging to achieve experi-
mentally. Such studies can be used to complement exper-
imental investigations and to further the understanding of
aspects such as the influence of soil intrinsic properties
on CPT measurements, penetration failure mechanisms
and SBT classification, and the effects of the calibration
chamber boundary and the CPT probe conditions.
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