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Abstract

The tip shape of penetrometers and piles has an important influence on the soil resistance
mobilized during penetration. Blunt or flat tips typically generate greater penetration resistances,
which can lead to refusal during in-situ testing and pile driving in the field. Results are presented
from numerical and experimental investigations on probes with conical tips of varying apex
angles to quantify the effect of the apex angle on the mobilized penetration resistance and
associated failure mechanisms. Discrete Element Modeling (DEM) simulations were performed
in unconfined and confined (i.e., stress-controlled) specimens to model shallow and deep
penetration conditions, respectively. Centrifuge penetration tests were performed by quasi-
statically advancing an instrumented probe to a depth-to-probe-diameter ratio of 16.7. The
numerical and experimental results indicate that at shallow depths, the sharper tips mobilize
smaller penetration resistances. In deep penetration conditions, the changes in penetration
resistance with tip apex angle are less pronounced. Based on the results of the two investigations
and values reported in the literature, a relationship characterizing the functional form between tip
apex angle and normalized penetration resistance is proposed. A meso-scale analysis of the DEM
simulation shows differences in the failure mechanisms induced by sharp and blunt tips: the zone
where large particle displacements and stress changes occur is large and located below the tip for
penetration with blunt tips, whereas the zone is smaller and located both laterally and below the

tip for sharp tips.
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1. Introduction

It has been widely reported that the tip shape of penetrometers or piles has an important effect on
the mobilized penetration resistance, where blunt or flat tips are typically associated with greater
penetration resistances. High penetration resistances can lead to refusal at shallower depths than
required or to structural damage during installation of piles. As described by Tovar-Valencia et
al. (2021), the design of piles with flat bases often uses the results of Cone Penetration Test
(CPT) soundings equipped with conical tips with an apex angle of 60°, without direct
consideration of the effects of differences in pile geometry (Clausen et al. 2005; Lehane et al.
2005; Jardine et al. 2005; Salgado et al. 2011). This results in added uncertainty, especially
considering that the tip shape effect may have a dependency on soil type and properties like

density, tip surface roughness, overburden stress, and depth.

Durgunoglu and Mitchell (1973) presented analytical limit equilibrium solutions which indicated
that penetration resistance increases with increases in tip apex angle, penetrometer surface
roughness, soil friction angle, and depth in cohesionless soils. A number of subsequent numerical
and experimental studies have also reported an increase in penetration resistance with increasing
cone apex angle in sandy soils (e.g., Lobo-Guerrero and Vallejo 2007; Lin and Wu 2013; Wu
and Yamamoto 2014; Tovar-Valencia et al. 2021). The fall cone test is also routinely employed
to estimate the shear strength of clayey soils. In this method, the effect of the cone apex angle
can be considered by means of analytical solutions (Hansbo 1957; Houlsby 1982). Wood (1985),
Kuomoto and Houlsby (2001), and Dastider et al. (2021) performed fall cone experiments and
simulations and reported an increase in penetration depth, corresponding to a decrease in

penetration resistance, for sharper tips.

Research on tip shape effects can also be found in the field of bio-inspired geotechnics, which
consists of the adaptation of biological strategies towards geotechnics applications and has
received recent and growing interest (Martinez et al. 2021). Researchers from the biological
sciences have addressed the tip shape effects from an evolutionary perspective. For example,
Mishra et al. (2018) performed experiments and simulations on penetrometers with different
shapes, including flat and conical tips and tips with morphology inspired by plant roots. The
authors reported that the plant-inspired penetrometer and those with conical tips generated the

smallest penetration resistances. Berhmann and Berry (2021) performed experiments on
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penetrometers of varying apex angles to shed light on the burrowing adaptations of sand-diving
lizards. The authors also reported a decrease in penetration resistance as apex angle decreased.
The tip of the stingers and egg-laying organs of honeybees, mosquitoes, and wasps have been
shown to have a small apex angle. It has been hypothesized that these “streamlined” shapes helps
reduce the penetration resistance in solid substrates (Kong and Wu 2009; Ling et al. 2016;

Cerkvenik et al.2017).

Despite the evidenced importance of the tip shape on the mobilized penetration resistances and
induced failure mechanisms, a relationship based on experimental or numerical results between
the apex angle of conical tips and their penetration resistance is still to be developed.
Additionally, little attention has been devoted to the effects in both shallow and deep penetration
conditions. This paper combines the results of two investigations on the effect of the apex angle
on the penetration resistance to provide additional data and characterize the failure mechanisms
during both shallow and deep penetration conditions. The first investigation consists of Discrete
Element Modeling (DEM) simulations which explicitly model and track each particle in a
granular assembly and enable a meso-scale analyses of the failure mechanisms in terms of
particle displacements and stress changes. The second investigation consists of penetration tests
in a geotechnical centrifuge which achieve overburden stress levels representative of field

conditions.

2. Materials and methods

This section provides a brief description of the DEM simulations and centrifuge tests performed;
the complete methods used in both numerical and physical models are detailed in Chen et al.
(2021) and O’Hara and Martinez (2022a). Penetration conditions are considered shallow when
the soil exhibits a failure mechanism that propagates to the soil free surface (i.e., heaving) and
the increase in penetration resistance with depth is parabolic or quasi-linear. Penetration
conditions are considered deep when the failure mechanism is localized around the
penetrometer’s tip. Fig. 1 shows schematics of the penetration conditions, where the transition

from a shallow to deep penetration mechanism takes place at the critical depth (Zcir).
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2.1. DEM simulations

The numerical simulations were performed using the PFC3D 5.0 software (Itasca Inc.). DEM
was used in this investigation because it has the ability to model large deformation processes
without numerical stability issues, it provides a rich dataset from each simulation at particle,
meso, and macro spatial scales, and it does not assume that coarse-grained soils are continuum
materials. The simulations employ spherical particles whose interactions follow the linear
contact model with rolling resistance, which has been shown to successfully simulate the
response of sub-rounded to sub-angular soil (Ai et al. 2011; Wensrich and Katterfeld 2012;
McDowell et al. 2012). During the simulations, the particle displacements and contact forces are
computed at each calculation step (Cundall and Strack, 1979). Fig. 2(a) shows the grain size
distribution of the simulated granular assembly, which is upscaled from the “Mix B” soil in Kuei
et al. (2020). The mean particle size (Dsg) is 0.0144 m, the coefficient of uniformity (Cv) is 1.2,
and the coefficient of curvature (Cc) is 0.96. The larger particle size with respect to natural soils
enables reducing the computational cost of the simulations, as previously employed in numerous
investigations (e.g., O’Sullivan 2011; Roessler and Katterfeld 2018; Coetzee 2019). Table 1
presents the model parameters, which include a normal stiffness (k,) of 1.65E+06 N/m, shear
stiffness (ks) of 1.10E+06 N/m, particle friction coefficient («) of 0.4, rolling friction coefficient
(urr) of 0.4, probe—particle friction coefficient of 0.3, and ball-chamber friction coefficient (u’)
of 0.1. The modeling parameters were calibrated to produce a behaviors typical of a sub-rounded
to sub-angular poorly-graded sand during triaxial compression and cone penetration testing
simulations. Further information regarding the determination of the modeling parameters can be
found in Kuei et al. (2020) and Chen et al. (2021), who previously used the same simulation

parameters in triaxial and penetration simulations.

Drained triaxial compression simulations were performed on cubic specimens with side length of
0.412 m to explore the element-level behavior of the simulated particles. In these simulations,
the rigid lateral walls maintained a constant-stress boundary using a servo-control algorithm
while the vertical walls compressed the specimen. The specimens had an initial void ratio (eyp) of
0.61 and were subjected to confining stresses (o’3) of 5, 25, 100, and 400 kPa. Fig. 2(b) shows
the greater deviatoric stresses (¢) mobilized by the specimens subjected to greater confining

stresses. In terms of the ratio of deviatoric to mean effective stresses (¢/p ), the specimens
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confined at smaller stresses mobilize greater peak values (Fig. 2(c)). However, all specimens
converge to the same value at large strains (i.e., critical state value). The specimens confined at
smaller stresses exhibit greater dilative volumetric strains (Fig. 2(d)). Finally, the test results
indicate a failure envelope with a critical state friction angle, @cs, of 36° (Fig. 2(e)). These trends
show that the simulation parameters are able to reproduce the expected behaviors of coarse-
grained soils, including stress-dependency and stress-dilatancy. Additionally, Chen et al. (2021)
presented results from CPT simulations at overburden stresses ranging from 5 to 400 kPa,

indicating that the DEM model produces behaviors characteristic of medium-dense sands.

The penetration simulations were performed on virtual calibration chambers (VCCs) with a
diameter (Dcramper) 0f 0.70 m and a height (Heramper) of 0.65 m. The VCCs contained specimens
with about 120,000 particles, and the assemblies had an ey of 0.61. Simulations were performed
on unconfined and confined assemblies to model shallow and deep penetration conditions,
respectively. The unconfined assembly was contained within a rigid VCC; however, the surface
of the assembly was not constrained in order to allow for the development of a shallow failure
mechanism (Fig. 3(a)). The simulations employ a gravitational constant of -9.81 m/s>. The
confined assemblies were contained within a VCC whose top and radial walls were stress-
controlled, and these simulations did not consider gravitational effects. The top wall was servo-
controlled to apply a constant stress of 100 kPa which prevented the upward flow of soil
particles. The radial stress was controlled by a series of eight ring walls. Each ring wall was
independently servo-controlled to maintain a radial stress of 50 kPa (Fig. 3(b)). As discussed in
Chen et al. (2021), using ring walls rather than a single cylindrical wall allows a uniform radial
stress to be maintained along the chamber height. The applied stresses to the confined sample
result in an earth pressure coefficient (K) of 0.5, which is slightly greater than the expected K at
rest conditions for the friction angle of the simulated particles. A total of 354 measurement
spheres (MS) with a diameter of 0.033 m were placed along a vertical plane within each
specimen to monitor the soil stresses, which remain stationary throughout the simulations. The

ratio of the MS volume to particle volume is about 12. Fig. 3(c) shows the MS arrangement.

An important consideration in DEM penetration simulations is the relative size of the VCC to the
probe, and of the probe to the particles. The probe used in all the simulations had a diameter

(Dprove) of 0.044 m (cross sectional area of 15 cm?), leading to a chamber diameter to probe



151  diameter ratio (Dciamper/Dprobe) 0f 15.9 and a probe diameter to mean particle size ratio

152 (Dprobe/Dso) of 3.1. A Dcpamper/Dprove 0f 15.9 has previously been shown by Khosravi et al. (2020)
153  to reduce potential boundary effects, and this value is consistent with previous penetration

154  simulations in 3D DEM (e.g., Arroyo et al. 2011; Butlanska et al. 2014; Zeng and Chen 2016;
155  Ciantia et al. 2016 and 2019, with typical values between 6 and 16.9). While the Dyrope/Dso value
156  of 3.1 employed in DEM simulations is smaller than for typical field and experimental

157  calibration chamber tests in sands, this is consistent with previous DEM simulations (e.g.,

158  Arroyo et al. 2011; Butlanska et al. 2014; Zeng and Chen 2016; Ciantia et al. 2016 and 2019,
159  with typical values between 2.7 and 5.0). In addition, Khosravi et al. (2020) showed that while
160  small Dprope/Dso values led to greater variations in measurements of penetration resistance (qc.),

161  the value did not have a significant effect on the mean measured g. value.

162  The penetration resistance was defined as the total vertical force acting on the probe tip divided

163 by the tip’s cross-sectional area, which is calculated as follows:
N

_ 4Zi=pl Qz,tip,i

164 =
qc anrobe

(1)

165  where Q:ip,i 1s the vertical component of the contact normal or shear force i acting on the probe

166  tip and N, is the total number of tip—particle contacts.

167  Fig. 4(a) shows the geometry of the probe tips with varying apex angles used in the DEM

168  simulations. The reported depth for the unconfined penetration simulations is measured relative
169  to the center of the tip surface area to avoid biasing the results. Figure 4b shows probes with
170  apex angles of 180° and 15° at the same position based on their center of surface area. This

171  correction leads to a negligible effect on the results of the confined simulations due to the

172 uniform stress conditions with depth. The probes were pushed into the specimens contained

173 within the VCCs at a rate of 0.2 m/s. According to recommendations from O’Sullivan (2011) and
174  Janda and Ooi (2016), the inertial number should remain at values smaller than 1x107 to ensure
175  quasi-static conditions. Throughout both unconfined and confined simulations, the inertial

176  numbers were smaller than 8.8x107. The overlaps between the particles was also tracked

177  throughout the simulations, indicating that its magnitude remained smaller than 1% of the

178  particles’ radius.
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2.2. Centrifuge testing

The centrifuge tests were performed at the Center for Geotechnical Modeling (CGM) at the
University of California Davis on the 9-m radius centrifuge. Centrifuge tests can eliminate some
of the limitations inherent to DEM simulations, such as the smaller Deramber/Dprove and Dprove/D3so
ratios. The tests were performed at an acceleration of 30 times Earth’s gravity (i.e., N =
Zmodel/Sproonpe = 30). The penetration tests were performed with probes equipped with 30°, 60°,
90°, 120°, and 180° tips (Fig. 4(c)). The probes had a model diameter (Dprope) of 19.05 mm and
were instrumented with internal strain gages and a strain gage located behind the tip shoulder
was used to measure g.. The probes were inserted into the sand model using a hydraulic actuator

at a rate of 2 mm/s.

The penetration tests were performed in a flexible-shear beam centrifuge container with
dimensions of 1.651 m by 0.787 m. The sand model was prepared by air pluviation to a target
relative density (Dr) of 65%. As discussed in more detail in O’Hara and Martinez (2022a), the
resulting Dr was estimated between 61 and 64%. The model was constructed using Ottawa F65
sand, which is a poorly-graded subrounded silica sand that has been previously used by
numerous researchers at the CGM. The grain size distribution of the Ottawa F65 sand is shown
in Fig. 5(a). The sand has a Dsy of 0.20 mm, Cy of 1.71, Cc of 1.00, maximum and minimum
void ratios (emax and eqin) 0f 0.78 and 0.51, respectively, and a critical state friction angle of
29.6° (Martinez et al. 2019). The ratio of probe diameter to mean particle size (Dprore/Ds0) Was
95, which falls within typical recommendations to avoid grain size effects (Fioravante 2002;

Garnier & Konig 1998; Bolton et al. 1999).

Six penetration tests were performed to target depths of 0.318 m (prototype scale depth, Z, of 9
m, Z/Dprove 0f 16.7) at the locations shown in Fig. 5(b). The distance between any two tests was
greater than or equal to 10 times Dprore. Three Cone Penetration Test (CPT) soundings with a
probe diameter (Dcpr) of 10 mm were also performed in the model to assess possible spatial
variability. Fig. 5(c) shows the depth profiles, which have similar g. with depth particularly at
depths smaller than 8 m. Fig. 5(d) shows a depth profile of the average tip resistance (qc,average)
along with profiles of qcaverage = One standard deviation (c), showing the near negligible

variability in g. at depths smaller than 8 m.
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This paper reports centrifuge results in prototype scale. Based on the scaling laws, the prototype
length and depth scale with N (Lprowoppe = Lmodel X N, Zprotoype = Zmoder X N), prototype stress is
independent of N (Gprorwnpe = Omodel), and prototype force is scaled with N? (Eproronpe = Fmodet X N°)

(Taylor 1995; Garnier et al. 2007).

3. Effect of cone apex angle on penetration resistance magnitude

Penetration profiles from DEM simulations performed in the unconfined and confined
assemblies, which respectively model shallow and deep penetration conditions, are presented
first. Second, results from the centrifuge tests are provided. Finally, the numerical and
experimental results, along with results reported in the literature, are synthesized to quantify the

relationship between tip apex angle and penetration resistance at different penetration depths.

3.1. Penetration profiles from unconfined and confined DEM simulations

The penetration simulations performed on the unconfined assemblies exhibited a quasi-linear
increase in g. with depth for all probe apex angles, as shown in Fig. 6, where the secondary axis
of the plots indicates the corresponding Z/Dprope values. The depth is reported with respect to the
center of the tip surface area, as described in Fig. 4(b). This increase of g with depth is due to
the gravity-induced stress gradient and is typical of a shallow failure mechanism (i.e., Kim et al.
2016). All the profiles show a steady increase in g. up to magnitudes between 1 and 2 MPa. The
depth profiles are accompanied with local magnitude variations, which are an artifact of the
upscaled particle sizes employed in these simulations, as previously described. However, they do
not have a significant influence on the average g. value, as indicated by Khosravi et al. (2020). In
general, the g. magnitude at any given depth increases as the cone apex angle is increased. These

trends are described in more detail in the last part of this section.

The simulations performed in the confined assembly exhibit a relatively constant g. value at
depths greater than about 0.05 m, as shown in Fig. 7. The constant g. values are due to the
uniform stresses applied by the chamber top and radial walls and the absence of gravity in these

simulations. However, the increase in g. between depths of 0 and 0.05 m is due to the presence
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of the top chamber wall which applies a constant-stress boundary conditions. The g. magnitudes
are between 4 and 8 MPa, with the lower values corresponding to the probes with apex angles of
15° and 30° and the greater values corresponding to probes with apex angles of 150° and 180°.
The 15° apex angle probe generally mobilizes greater g. values than the 30° apex angle probe.
This is attributed to the greater surface area of the sharper tip, which is 98% greater than that of
the 30° apex angle probe. This observation was also reported by Lin and Wu (2012). The
simulation with an apex angle of 60° yielded an average g. of 4.6 MPa (obtained from the shaded
region in Fig. 7). The associated normalized tip resistance (defined as Q = (q. — 0vg) / 0"v0) 1S
45.0, which falls in the typical range for clean sands according to the soil behavior type chart

from Robertson (2016).

3.2. Penetration profiles from centrifuge tests

The centrifuge penetration tests were performed to a prototype depth of 10.0 m, equivalent to a
Z/Dprove 0f 16.7. The g, profiles are reported as a function of depth with respect to the tips’ center
of surface area and the secondary y-axis indicates the corresponding Z/Dprope values. Fig. 8(a)
presents the g. profiles at shallower depths while Fig. 8(b) presents the entire profiles. All the
tests show an increase in g. with depth. At shallower depths, the g. magnitudes at any given
depth increase as the tip apex angle is increased (Fig. 8(a)). At greater depths, the effect of the tip
apex angle appears to diminish (Fig. 8(b)) such that for Z/D,.s. values greater than about 8 the
depth profiles are indistinguishable from each other. The method described by Gui et al. (1998)
and Kim et al. (2016) was used to estimate Z.; values. In this method, Z. is defined as the
depth where the term g./(c v P,)"’, where P, is the atmospheric pressure, becomes constant. The
Zrir values determined from the depth profiles are between 6.5 and 7.0 m, corresponding to
Zerit/Dprove values between 11.4 and 12.2, as shown by the shaded region in Fig. 8(b). Kim et al.
(2016) showed that the Z.i/Dprove value depends on sand Dg. The authors performed CPT
soundings in a silica sand with a D of 65% and reported a Z.../Dcpr value of about 12, which is

in agreement with the results reported in this paper.

3.3. Relationship between penetration resistance magnitude and cone apex angle
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The penetration resistances from the DEM and centrifuge investigations indicate a general
increase in penetration resistance with increases in the tip apex angle. The results of the DEM
simulations are summarized in Figs. 9(a—c). The g. values are reported for Z/Dprope values of 2
and 5 for the unconfined simulations (the reported g. values are averages obtained from a depth
range equal to 1 Dprope; for example, for a Z/Dyope of 2, the average g. is obtained from depths of
1.5 to 2.5 Dprove), and for the confined simulations the average q. is obtained for the shaded
depths in Fig. 7 which correspond to the last 0.044 m of penetration (i.e. equal to 1 Dprope) to
avoid the effects of the top constant-stress chamber boundary. Fig. S1 presents a comparison of
the bearing capacity factors (N, = q-/0,’) calculated from the g. from the confined DEM
simulations with various analytical and semi-analytical solutions, showing that the values are

within the range for the Janbu (1976) solution.

The relationships between g. and cone apex angle for the centrifuge tests are presented in Figs.
10(a—c). Results are provided for Z/Dprore 0f 2, 5, and 15, which respectively correspond to
shallow, intermediate, and deep penetration conditions. The reported values are averages
obtained from a depth interval of 1 Dprope, as previously described for the DEM simulations. The
gc increases with increasing apex angle at Z/Dpope 0f 2 and 5. At Z/Dprove 0f 15, however, the g.
values are independent of the apex angle. Fig. S1 presents the N, values calculated from the g.
from the centrifuge tests at Z/Dprope 0f 15 and centrifuge CPT tests at Z/Dcpr of 15. The figure
shows that the centrifuge N, values are between the predictions from the Durgunoglu and

Mitchell (1973) and Vesic (1977) solutions.

The data from the DEM simulations and centrifuge tests is presented in terms of the g. at any
given apex angle (q.;) normalized by the g. of the probe with a 60° tip (g s0°) in Figs. 9(d—f) and
10(d—f). For the simulations, the value of ¢ i/g. 60> increases by a greater amount for the
shallower depths, with values as high as 1.9 for a Z/D,0e of 2, followed by values as high as 1.4
for a Z/Dprove 0f 5, and 1.2 for the confined simulations. The centrifuge results also show a
greater increase with apex angle for the shallowest depth of Z/Dprobe 0f 2, with values as high as
1.4. The q.i/q.60° reaches values as high as 1.1 at a Z/Dprope 0f 5, whereas gc,i/qc,60> does not
change significantly with apex angle at a Z/Dprope 0f 15. In general, the g.,i/gc s0° values from the

simulations and experiments appear to be relatively constant at apex angles between 30° and 60°,
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increase more sharply at apex angles between 60° and 120°, and reach relatively stable values at

angles between 120° and 180.

Values reported in the literature also show an increase in g. with increasing apex angle. In order
to compare the results from different studies, g.i/qcs0° are reported in Fig. 11(a—c), where g s0°
from each study is used in the normalization. Lobo Guerrero and Vallejo (2007) and Lin and Wu
(2012) performed DEM simulations on unconfined assemblies, whereas Wu and Yamaoto (2014)
performed Finite Element Modeling (FEM) simulations in a confined specimen. While none of
these studies investigated a wide range of apex angles, the three datasets show an increase in
qci/qc60° With increasing apex angle (Fig. 11(a)). The data generally shows small changes at apex
angles between 30° and 40° and greater changes at angles between 60° and 120°. Tovar-Valencia
et al. (2021) performed penetration experiments in a calibration chamber on medium dense and
dense silica sand using probes with apex angles of 60° and 180°. The results indicate an increase
n gc,i/qc,60° With apex angle in both medium dense and dense sand (Figs. 11(b and c)). The results
show greater increases in q.i/qc s0° at shallower depths, with values as high as 2.0 for a Z/Dpope of

2 and as high as 1.4 for a Z/Dprope of 10.

As previously described, Durgunoglu and Mitchell (1973) presented limit equilibrium solutions
of penetration resistance in shallow conditions. The solutions for cohesionless soils are in terms
of the bearing factor N, (gc = ys Dprove Nyg &5, Where yy is the soil buoyant unit weight and &, is a
shape factor). Fig. 11(d) presents bearing factors for a semi-rough penetrometer (ratio of
interface to soil friction angles (6/¢) of 0.5) at Z/D of 2 and 5. The values are presented in
normalized form as the ratio of the bearing factor for any given apex angle (V,q,:) to the bearing
factor for an apex angle of 60° (Nyq,60°). While the N,y i/N,q 60° parameter is equal to the g i/qc, s0°
for a given soil and penetrometer, the values are presented in terms of Nyy,i/Nyq,60° for consistency
with the original solutions. The N,y,i/N,q 60° values show similar trends as those previously
described, with values that increase with cone apex angle. Additionally, the increases observed at

small angles (i.e., 30° to 60°) are smaller than those at greater angles (i.e., 90° to 150°).

The results from the DEM simulations and centrifuge penetration tests (Figs. 9 and 10), along
with those presented in the literature (Fig. 11), exhibit the following trends: (i) increase in g.
with increasing apex angle, (ii) greater rates of g. increase at apex angles between 60° and 120°,

and (ii1) a smaller increase in g. with apex angle as the depth is increased. A logistic equation in
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terms of g.i/qc60° 1s proposed to capture the functional form of the relationship between apex

angle and ¢., as follows:

(QC,max_qc,min)
Ac,i dc60°  dc60°
=A+ —k ()
dc,60° 1+ (E)
I

where g min and gemax are the respective minimum and maximum values of the relationship
between ¢. and cone apex angle, a is any given apex angle, 4 is taken equal to the minimum
qei/qc60° value, k 1s a fitting parameter controlling the rate of increase, and / is a fitted parameter
controlling the inflection point of the function. In this equation, gcmin/qc,60°, Ge,max/qc,60°, and A

control the range of ¢..i/q.,60° values, and I and k control the shape of the curve.

Figs. 9(d—f) and 10(d-f) show Eq. (2) fitted to the DEM and centrifuge data, where the g mi» and
qc,max values correspond to the minimum and maximum g. values in each dataset. As shown, Eq.
(2) provides a satisfactory fit to the data, with normalized root mean square values falling below
0.2 except for the centrifuge results at Z/Dpope = 15, with a value of 0.47. Table 2 provides a
summary of the parameters used in the logistic fits. The & and / parameters decrease as the
Z/Dprove 1s increased for both DEM and centrifuge results due to the smaller increase in g. with
apex angle and the change in inflection point to smaller apex angles with increasing depth. Eq.
(2) is fitted to the normalized bearing factors from Durgunoglu and Mitchell (1973), which also
show a high-quality fit to the analytical results. Fitted equations are not included in Figs. 11(a—c)

because the results reported in any one study do not cover the entire range of apex angles.

4. Meso-scale analysis of apex angle effects from DEM simulations

The mobilized penetration resistance depends on the induced soil deformations and state of
effective stresses around the penetrometer. Since the cone apex angle was shown to influence the
mobilized q., it follows that it must also induce different deformations or stress changes within
the particles in the vicinity of the tip. This is investigated using the DEM simulation results by
means of particle displacement and soil stress measurements. Analysis is performed in both

unconfined and confined simulations on probes with apex angles of 30°, 60°, 120°, and 180°.
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4.1. Unconfined shallow penetration

As the tip apex angle was increased, greater particle displacements were induced during
penetration. Fig. 12(a) shows this in terms of absolute particle displacements, where the particle
color represents the displacement magnitude. These results show greater displacements around
the tips with angles of 120° and 180°. Additionally, the figures show heaving of the assembly
free surface, as expected for a shallow penetration process. Fig. 12(b) presents vectors of
incremental particle displacement, whose color and size are proportional to the particle
displacement magnitude, obtained from penetration depths corresponding to Z/Dprope 0f 0 to 2.
These results also show the increase in particle displacements as the apex angle is increased as
well as the lateral particle displacements associated with a shallow failure. The particles
contacting the probe tips have displacement vectors with directions that are close to normal to
the tip surface. This results in particle trajectories that are close to vertical for the 120° and 180°

tips, likely because particles become trapped below the probe tips.

The magnitude and spatial distributions of soil stresses around the probes are also influenced by
the tip apex angle. Figs. 13(a and d) show spatial maps of radial (¢'-) and vertical effective
stresses (¢), respectively, obtained from the measurement spheres shown in Fig. 3(c). The
results indicate that the magnitude of both ¢’ and o' below the probe tips increases as the apex
angle is increased. Additionally, the size of the zone with larger effective stresses also increases
with apex angle. The mean effective stresses (p) and circumferential effective stresses (o's)
showed similar trends as described for ¢’ and o';; however, these are not included here for

brevity.

The relative difference between the major (¢'7) and minor (¢'3) principal effective stresses as well
as their orientation is visualized in the spatial cross diagram presented in Fig. 14(a). In these
diagrams, the longer line represents the relative magnitude and orientation of ¢'; and the shorter
line represents the relative magnitude and orientation of ¢'3, and each diagram is normalized by
the largest ¢'; value in the simulation with an apex angle of 180°. As shown, the length of the
crosses close to the probe tips increases as the apex angle is increased, indicating an increase in
o'1 and ¢'3, in agreement with the spatial ¢'- and ¢”- maps. Figs. 14(b and c¢) show ¢'-and ¢,
measurements obtained from locations below and around the tip, as indicated in Fig. 3(c), for

probes with apex angles between 15° and 180°. The results show the differences in induced
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stress changes, with the stresses below the tip increasing as the apex angle is increased, and with
o'- constantly being greater than ¢'-. In contrast, both ¢’-and ¢". at locations around the tip
decrease as the apex angle is increased, and o', is greater ¢”. These results suggest that the soil
below the tips fails under axial compression, and this effect is more apparent for the blunt tips.
On the other hand, the soil around the tips fails under lateral compression, which is more

apparent for the sharp tips.

The results of this meso-scale analysis indicate that the shallow failure mechanism around the
probe is influenced by the cone apex angle, where probes with more blunt tips induce greater
particle displacements and effective stress changes. These trends can provide an explanation for
the increase in g. with apex angle in shallow conditions, as shown in Figs. 9(a), 10(a), and 11.
Additionally, the meso-scale analysis indicates that the magnitudes and distributions of soil
stresses, o'r, 0", 6'1, and ¢'; are qualitatively similar for the probes with apex angles of 30° and
60° as well as for the probes with apex angles between 120° and 180°. In contrast, greater
changes are observed between the probes with apex angles between 60° and 120°: (i) at an angle
of 120° particles get trapped below the tip while at 60° the particles flow around the tip, (ii) the
o'- and ¢- magnitudes and distributions increase considerably between the 60° and 120° probes,
and (ii1) the relative magnitudes and orientations of the principal effective stresses also change

significantly between the 60° and 120° probes.

4.2. Confined deep penetration

In the confined assembly, the probes with greater apex angles induced greater particle
displacements, as shown in Figs. 15(a and b) in terms of absolute particle displacements and
incremental particle displacement vectors, respectively. The latter presents displacements
obtained from penetration depths corresponding to Z/Dpope 0f 8 to 10 within the confined
assembly. Similar to the unconfined penetration simulations, the probes with apex angles of 120°
and 180° induced significantly greater particle displacements with directions close to vertical,
likely due to trapping of particles below the tip. In contrast, the displacements induced by probes
with apex angles of 30° and 60° have greater horizontal components as compared to those

induced by the probes with apex angles of 120° and 180°, as shown in the insets in Fig. 15(a—d).
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The spatial maps of ¢’ and ¢, presented in Figs. 16(a and b) show similar trends as previously
described for the unconfined simulations, where the blunter tips induce greater increases of
stresses in zones with greater sizes around the probe tips. The distributions of p’ and ¢'s show
similar trends; however, they are not included here for brevity. The probes with sharp and blunt
angles show different trends in the distributions of large ¢’ and ¢’. magnitudes. The sharper tips
induce greater increases in ¢'» at locations around the tips (Fig. 16(a)) whereas the blunter tips
induce greater increases in ¢”- at locations below the tips (Fig. 16(b)). These trends are in
qualitative agreement with the particle displacement directions shown in Fig. 15(b). Fig. 17(a)
shows spatial cross diagrams that indicate the relative magnitude and orientation of ¢'; and ¢,
where the length of the lines is normalized by the greatest ¢'; value in the 180° simulation. The
figures show that ¢'; has orientations close to horizontal at locations laterally around the tips with
apex angles of 30° and 60°, as shown in the insets in Fig. 17(a). For the probes with 120° and
180° tips, ¢'7 is more vertically-aligned at locations below the tips. Figs. 17 (b and c) show ¢
and ¢, at locations below and around the tip, respectively, as indicated in Fig. 3(c). The results
show similar trends as those for the unconfined simulations, where both ¢’ and ¢, increase as the
apex angle is increased below the tip, while both stresses decrease with increasing apex angle.
Below the tip, the ¢’. magnitudes are greater, indicating failure under axial compression. Around

the tip, the ¢’- magnitudes are greater, indicating failure under axial compression.

The results of the meso-scale analysis are in agreement with the g. measurements in confined
conditions, where the ¢. increased with apex angle (Figs. 9 (c and f)). This increase was smaller
than that observed in the unconfined conditions (Figs. 9(a and d)). The particle displacements
and changes in states of stress in Figs. 12 (a and b), Fig. 13, and Figs. 14 (a to c¢) indicate that in
the confined assembly, the sharp tips act like a wedge, inducing a lateral compression failure of
the soil around the tip. Similar to the results for the unconfined simulations, the induced particle
displacements and stress changes change more dramatically between the probes with apex angles

between 60° and 120°.

5. Conclusions

Numerical and experimental investigations were performed to address the effects of

penetrometer tip apex angle on the mobilized penetration resistance, g.. DEM penetration
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simulations were performed in unconfined and confined granular assemblies calibrated to
reproduce the behavior of sub-rounded sands, and centrifuge penetration experiments were
performed in a fine silica sand at an acceleration of 30 g. The effects of tip apex angle on g. were
evaluated in shallow penetration conditions at a depth to probe ratio, Z/Dprobe, 0f 2, as well as in
deep penetration conditions either in a confined assembly in DEM or at Z/Dpope greater than 12

in the centrifuge tests.

While the results of both DEM simulations and centrifuge tests indicate an increase in g. as the
tip apex angle is increased, greater increases in g. with apex angle were observed in shallow
penetration conditions than in deep conditions. The changes in g magnitude at apex angles
between 30° and 60° and between 120° and 180° were modest, while greater changes in g. were
observed at apex angles between 60° and 120°. For shallow conditions, the ratio of g. mobilized
by the 180° tip to that mobilized by the 60° tip was between 1.9 and 1.4; for deep conditions, this
ratio was between 1.2 and 1.0. A review of previously published experimental, numerical, and
analytical results supports the trends obtained in this investigation between ¢g. and tip apex angle.
Based on the DEM, centrifuge, and literature results, a logistic function is found to successfully

capture the functional form of the relationship between g. and tip apex angle in sands.

A meso-scale analysis of the particle displacement and effective stress changes induced during
shallow and deep penetration was performed on the DEM results. This analysis indicates that
penetration with blunter tips (i.e., those with greater apex angle) induces greater particle
displacements, partly due to trapping of particles at locations below the tip, as compared to
sharper tips (i.e., those with smaller apex angle). The blunter tips also induce greater increases in
radial and vertical effective stresses, and the changes in effective stresses take place in zones of
larger size below the blunter tips. Further analysis of the changes in state of stresses indicates a
change in the failure mechanism of the soil in close proximity to the tips. For the blunt tips, the
soil below the tip fails in axial compression, where the major principal effective stress, o'y, is
oriented close to the vertical direction. For the sharp tips, the soil around the tip fails in lateral
compression, where the orientation of 0’; is closer to the horizontal direction. This difference in
failure mechanism is more strongly visible in deep penetration conditions where the failure does

not propagate to the soil free surface.
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While the DEM simulations and centrifuge experiments provided consistent trends, the results
indicate some differences. One salient difference is the observed increase in g with apex angle
in the confined DEM simulations (Fig. 9(c)) that contrasts with the largely independent g
magnitudes observed in deep penetration conditions in the centrifuge tests (Fig. 10(c)). This
could be due to the absence of particle crushing in the DEM simulations, while crushing was
readily visible in the centrifuge tests, the greater probe-to-particle ratio in the centrifuge tests,
and the difference in diameter between the probes in the DEM and centrifuge tests. Nevertheless,
the agreement of the reported trends to those in the literature lead to confidence in the results.
These investigations considered medium-dense to dense sub-rounded poorly-graded quartz
sands, so future exploration should consider the effects of relative density and gradation on the
reported trends. Additionally, the possible effect of the probe diameter should be evaluated in
future studies, as previous studies have pointed out their importance (i.e. Bolton et al. 1999; Kim
et al. 2016). The proposed relationship between tip resistance and apex angle (i.e., Eq. 2) was
determined based on a fitting exercise. Further research should be performed to evaluate the
physical meaning of the fitting parameters (i.e., £ and /) as well as the possible effect of depth,

relative density, friction angle, and mineralogy on these parameters.
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Table 1: DEM model parameters.

Parameter Symbol Value
Normal Stiffness (N/m) Kkn 1.65E+06
Shear Stiffness (N/m) ks 1.10E+06
Normal to Shear Stiffness Ratio kn/ks 1.50
Particle Friction Coefficient u 0.4
Rolling Friction Coefficient M 0.4
Probe—Particle Friction Coefficient Up 0.3
Ball-Wall Friction Coefficient w 0.1
Particle Density (kg/m?) Gs 2650
Local Damping B 0.1
Table 2: Parameters for logistic fits.
Investigation ~ Penetration conditions Je,min (MPa)  gc¢,max (MPa) k I
Unconfined, Z/Dprobe = 2 0.27 0.49 5.2 142.5
DEM Unconfined, Z/Dprobe = 5 0.83 1.22 3.4 137.2
Confined 3.82 5.53 2.6 82.5
Z/Dprobe = 2 1.22 1.92 3.7 120.4
Centrifuge Z/Dprobe = 5 4.67 5.50 2.1 68.0
Z/Dprobe = 15 19.06 18.91 0.0 43.0
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Table 1: DEM model parameters.

Table 2: Parameters for logistic fits.

Figure 1: Schematic of shallow and deep penetration conditions (adapted from Puech and Foray
2002 and Kim et al. 2016). Note: the size of the failure mechanisms are not drawn to scale.
Figure 2: (a) Grain size distribution of particles simulated in DEM. Results of isotropically-
consolidated triaxial compression simulations as a function of axial strain on specimens with eo
of 0.61: (b) deviatoric stress, (c) stress ratio, and (d) volumetric strain. (e) Failure envelope and
Mohr circles at critical from triaxial compression tests.

Figure 3: DEM virtual calibration chambers for (a) unconfined and (b) confined penetration
tests. (c) Measurement spheres used to monitor state of stresses (note: red spheres used to
monitor stresses below the tip and blue spheres used to monitor stresses around the tip).

Figure 4: (a) Tips of varying apex angle used in DEM simulations. (b) Schematic of probes with
180° and 15° apex angle tips with their center of cone surface area at the same elevation. (c¢) Tips
of varying apex angle used in centrifuge testing.

Figure 5: (a) Grain size distribution of the Ottawa F65 sand, (b) schematic of sand deposit used
for centrifuge penetration tests and (¢) CPT soundings performed in the model, and (d) average
gc and g. = one standard deviation.

Figure 6: Depth profiles of penetration resistances measured during unconfined DEM
simulations for tips with apex angles of 15°, 30°, 45°, 60°, 90°, 120°, 150°, and 180°.

Figure 7: Depth profiles of penetration resistances measured during confined DEM simulations
for tips with apex angles of 15°, 30°, 45°, 60°, 90°, 120°, 150°, and 180° (values in the shaded
region are used to calculate average qc values reported in Figure 8c).

Figure 8: Depth profiles of penetration resistances measured during centrifuge penetration tests
with tips of varying apex angle for (a) depth smaller than 4 m (Z/Dprobe smaller than 7.2) and (b)
entire profile.

Figure 9: Absolute and normalized tip resistances measured in DEM simulations: (a) and (d)
unconfined simulations at Z/Dprobe = 2, (b) and (e) unconfined simulations at Z/Dprobe = 5, and
(c¢) and (f) confined simulations.

Figure 10: Absolute and normalized tip resistances measured in centrifuge penetration tests: (a)

and (d) Z/Dprobe = 2, (b) and () Z/Dprobe = 5, and (c) and (f) Z/Dprobe = 15.
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Figure 11: Normalized tip resistances from: (a) Lobo Guerrero and Vallejo (2007), Lin and Wu
(2012), and Wu and Yamamoto (2014), (b) Tovar-Valencia et al. (2021) on dense sand, and (c)
Tovar-Valencia et al. (2020) on medium dense sand. (d) Normalized bearing factors from
Durgunoglu and Mitchell (1973) for sand with a friction angle of 36°.

Figure 12: Particle displacements from unconfined DEM simulations with tips of varying apex
angle at Z/Dprobe = 2: (a) absolute particle displacements and (b) incremental particle
displacement vectors.

Figure 13: Effective stresses from unconfined DEM simulations with tips of varying apex angle
at Z/Dprobe = 2: (a) radial and (b) vertical stresses.

Figure 14: (a) Major and minor principal stresses from unconfined DEM simulations with tips of
varying apex angle at Z/Dpobe = 2. Vertical and radial stresses (b) below and (c) around the tip
from unconfined DEM simulations at Z/Dprobe = 2.

Figure 15: Particle displacements from confined DEM simulations with tips of varying apex
angle: (a) absolute particle displacements and (b) incremental particle displacement vectors.
Figure 16: Effective stresses from confined DEM simulations with tips of varying apex angle:
(a) radial and (b) vertical stresses.

Figure 17: (a) Major and minor principal stresses from confined DEM simulations with tips of
varying apex angle. Vertical and radial stresses (b) below and (c) around the tip from confined
DEM simulations.

Figure S1: Comparison of bearing capacity factors from the DEM confined simulations,
centrifuge tests at Z/Dprobe of 15, and centrifuge CPT tests at Z/DCPT of 15 with various
analytical and semi-analytical solutions. 1 is the angle defining the geometry failure mechanism,
Irr is the soil’s rigidity index, and &/¢ is the ratio of cone-soil friction angle to soil internal
friction angle. The Durgunoglu and Mitchell (1973) solution corresponds to a cone apex angle of

60°.



Table 1: DEM model parameters.

Parameter Symbol Value
Normal Stiffness (N/m) kn 1.65E+06
Shear Stiffness (N/m) ks 1.10E+06
Normal to Shear Stiffness Ratio kn/ks 1.50
Particle Friction Coefficient u 0.4
Rolling Friction Coefficient M 0.4
Probe—Particle Friction Coefficient Up 0.3
Ball-Wall Friction Coefficient w 0.1
Particle Density (kg/m?) Gs 2650
Local Damping B 0.1
Table 2: Parameters for logistic fits.
Investigation  Penetration conditions qc,min (MPa)  qc,max (MPa) k I
Unconfined, Z/Dprobe = 2 0.27 0.49 5.2 142.5
DEM Unconfined, Z/Dprobe = 5 0.83 1.22 3.4 137.2
Confined 3.82 5.53 2.6 82.5
Z/Dprobe = 2 1.22 1.92 3.7 120.4
Centrifuge Z/Dprobe = 5 4.67 5.50 2.1 68.0
Z/Dprobe = 15 19.06 18.91 0.0 43.0
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Figure 1: Schematic of shallow and deep penetration conditions (adapted from Puech and Foray
2002 and Kim et al. 2016). Note: the size of the failure mechanisms are not drawn to scale.
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Figure 2: (a) Grain size distribution of particles simulated in DEM. Results of isotropically-
consolidated triaxial compression simulations as a function of axial strain on specimens with eo
of 0.61: (b) deviatoric stress, (c) stress ratio, and (d) volumetric strain. (e) Failure envelope and
Mohr circles at critical from triaxial compression tests.
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Figure 3: DEM virtual calibration chambers for (a) unconfined and (b) confined penetration tests.
(c) Measurement spheres used to monitor state of stresses (note: red spheres used to monitor
stresses below the tip and blue spheres used to monitor stresses around the tip).
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Figure 4: (a) Tips of varying apex angle used in DEM simulations. (b) Schematic of probes with
180° and 15° apex angle tips with their center of cone surface area at the same elevation. (c) Tips
of varying apex angle used in centrifuge testing.
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Figure 12: Particle displacements from unconfined DEM simulations with tips of varying apex
angle at Z/Dprobe = 2: (a) absolute particle displacements and (b) incremental particle
displacement vectors.
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Figure 13: Effective stresses from unconfined DEM simulations with tips of varying apex angle
at Z/Dprobe = 2: (a) radial and (b) vertical stresses.
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Figure 14: (a) Major and minor principal stresses from unconfined DEM simulations with tips of
varying apex angle at Z/Dprobe = 2. Vertical and radial stresses (b) below and (c) around the tip

from unconfined DEM simulations at Z/Dprobe = 2.
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Figure 15: Particle displacements from confined DEM simulations with tips of varying apex
angle: (a) absolute particle displacements and (b) incremental particle displacement vectors.
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Figure 16: Effective stresses from confined DEM simulations with tips of varying apex angle: (a)
radial and (b) vertical stresses.
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Figure 17: (a) Major and minor principal stresses from confined DEM simulations with tips of

varying apex angle. Vertical and radial stresses (b) below and (c¢) around the tip from confined
DEM simulations.
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Figure S1: Comparison of bearing capacity factors from the DEM confined simulations,
centrifuge tests at Z/Dprope 0f 15, and centrifuge CPT tests at Z/Dcpr of 15 with various analytical
and semi-analytical solutions. 1 is the angle defining the geometry failure mechanism, Irr is the
soil’s rigidity index, and 6/¢ is the ratio of cone-soil friction angle to soil internal friction angle.

The Durgunoglu and Mitchell (1973) solution corresponds to a cone apex angle of 60°.
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