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Abstract— Bioinspired soft robotic burrowers are thought
to potentially be advantageous in overcoming the constantly
changing resistive forces of granular environments. These
robotic burrowers have been tested in different granular media,
like glass beads and plastic grains, but key properties that
describe the media are underreported. With the number of
soft burrowers rising, we propose standardized metrics that
could be reported to characterize granular media testbeds.
In geotechnical engineering, the standard cone penetrometer
test (CPT) is used to quantify the penetration resistance in
soil, which we use as a benchmark for characterizing testing
environments. We perform CPT experiments in dry sand
and plastic pellets, comparing derived CPT parameters and
analyzing how the different properties of each medium affect
CPT results. Physical properties of the medium, alongside CPT
parameters, should be reported to enable consistent compar-
ison across different testing conditions and robotic platforms.
Understanding how soil properties affect soil state—and thus
the required burrowing forces—can help identify and evaluate
suitable burrowing methods employed by soft robots for specific
granular environments.

I. INTRODUCTION

Burrowing robots have emerged as a promising class of

soft bioinspired systems capable of operating within complex

subsurface environments for potential applications in several

fields, like geotechnical monitoring, infrastructure devel-

opment, and planetary discovery, where traversal through

granular materials is a necessity [1]–[3]. Unlike locomotion

in fluids or on land, movement underground presents unique

challenges: granular media impose large resistive and lift

forces that scale with depth and depend sensitively on the

physical state of the substrate [4].

In the field of soft robotics, burrowing robots are suc-

cessful in locomoting in granular media by adapting mecha-

nisms used by biological organisms [5]–[8]. The growing

interest in soft robotic burrowers demands standards for

the characterization of granular environments. Across the

literature, burrowing performance has been evaluated in a

wide range of granular materials—from dry sand and glass

beads to plastic pellets and lightweight foams—each with

distinct mechanical properties [3]. Physical granular media
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Fig. 1. Proposed cone penetrometer test to characterize granular media
experimental setups. a) Cone penetrometer experimental setup. b,c) The two
cohesionless granular media tested, sand and plastic pellets, respectively.

properties, like relative density, particle-size distribution, and

cohesiveness can dramatically affect the forces required to

burrow [9]. Yet, these properties are often underreported,

which limits cross-laboratory comparisons.

In geotechnical engineering, repeatable preparation and

quantification of soil state, through parameters such as rela-

tive density or cone penetrometer resistance, have long en-

abled meaningful comparison between experiments [10]. By

contrast, burrowing robot testbeds rarely incorporate these

standardized measures, even though the same challenges of

variable soil states and boundary effects apply. A verifiable

substrate state would allow the community to rigorously

relate robot performance to quantifiable media parameters,

rather than to uncontrolled environmental factors. For soft

burrowing robots, these parameters are important for predict-

ing the resistive forces soft robots must overcome and will

progress the field toward a more predictive, physics-based

understanding of granular environments.

In this work, we present a framework for standardizing

the characterization of granular media used in burrowing-

specific robotic experiments. We evaluate two representative

substrates—dry sand and plastic pellets—with a standard

cone penetrometer test and measurable parameters that affect

this test: particle-size distribution, bulk and relative densities,

environmental conditions, and container size [10]. By adapt-

ing established geotechnical procedures to robotic testbeds,

we demonstrate how these parameters can define the mechan-

ical state of a granular medium and serve as a quantitative

basis for comparison. Our goal is to lay the groundwork

for a shared set of characterization standards—establishing
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common ground for future research in burrowing robotics.

II. CONE PENETROMETER TEST

A. Experimental Methods

The cone penetrometer test (CPT) is a common geotech-

nical in situ method that involves pushing a cone into the

ground while measuring the cone tip resistance as a function

of depth, combining the effects of many soil properties into

one measurement [11]. Penetration resistance in granular

media has been studied for intruders of different geometries,

such as cylinders [12], [13] and spheres [14], [15]. We

propose adopting the CPT as a standardized and widely

recognized method for granular media characterization, since

a sharp conical tip introduces more shear and less compaction

than rounded and flat intruders.

Based on ASTM D3341 [16], we performed cone pen-

etrometer tests with a standard replacement cone tip for

a manual soil compaction meter (SpotOn) that has a base

diameter of D = 12.7 mm and a cone apex angle of 30◦. This

cone tip was pushed at 10 mm/s into a container of granular

media using a linear stage, with a load cell recording force

with depth (Instron 3345) (Fig. 1a).

Testing was conducted on two types of cohesionless

granular media for comparison: play sand (Quikrete, USA)

and high-density polyethylene plastic pellets (Victory Pel-

lets, USA) (Fig. 1a and b). These media were chosen as

representative substrates used in burrowing literature [5], [7].

Three sizes of square granular media containers were used to

observe boundary effects, quantified by the ratio between the

wall length w and the cone diameter D, called the chamber

ratio w/D. The largest container was the unmodified test

setup, and two smaller boxes were placed inside the largest

container to create closer boundaries. For all container sizes,

the total depth was 30 cm, and all tests went down 24 cm

to minimize bottom boundary effects. Before each trial, the

granular media was reset to a repeatable soil state by blowing

air from below to fluidize the sand and mixing by hand for

the plastic pellets, since the airflow was not enough. 20 trials

of each medium and container were done, except for sand in

the smallest container, where only 5 trials were done, since

resetting by fluidization was difficult due to compaction.

B. CPT Results

By dividing the measured force by the cone base cross-

sectional area, the cone tip resistance qc is plotted with

depth z for both granular media and all container sizes

(Fig. 2a and b). Larger cone tip resistances are observed

for sand than for plastic pellets. For each medium, the two

larger chambers result in similar cone tip resistances, but

the smallest chamber produces different soil behaviors due

to boundary effects. For sand, the resistance was suppressed

in the smallest chamber; for plastic pellets, the resistance

increased at deeper depths. These contrasting trends are

further discussed in § III: Effects from Physical Properties.

To compare the cone tip resistances with the stress state

of the media, the cone tip resistance qc is normalized by the

confining or overburden stress σv , which is the stress caused

Fig. 2. Averaged cone penetrometer test results for sand and plastic pellets
in different chamber sizes. a) Cone resistance for sand and plastic pellets. b)
Zoomed-in cone resistance for plastic pellets. c) Cone resistance normalized
by overburden stress for sand and plastic pellets. d) Zoomed-in normalized
cone resistance for plastic pellets.

by the weight of soil above a given depth (Fig. 2c and d).

The depth z is also normalized by the cone base diameter D.

From this normalized plot, we can identify what influences

the granular media’s behavior.

For sand and plastic in every container size, qc/σv initially

increases in a near-linear behavior. This means that penetra-

tion resistance is increasing faster than the confining stress,

indicating dilation, or volume increase from the entering

cone, and surface boundary effects [17], [18]. Then, for both

media, the normalized resistance reaches a critical point,

which is the transition point where surface effects are mini-

mized and a more-consistent zone of influence forms around

the cone, resulting in a linear region afterwards [10], [19].

For sand, qc/σv decreases, indicating that confinement is

dominating, then converges, indicating a similarly-evolving

zone of influence. For plastic pellets, qc/σv quickly reaches

a steady state, similarly indicating a consistent zone of

influence. For the plastic pellets in the smallest container

size, qc/σv increases at deeper depths, likely due to strong

boundary effects.

C. Derived CPT Parameters

For roboticists to rigorously characterize their granular

media and container setup, we propose three values to be

derived from each CPT experiment: the critical depth, the

cone resistance at this critical depth, and the slope of the

cone resistance after this depth. The depth at which the cone

is no longer influenced by surface effects, zcrit, should be

obtained by the normalized depth of the critical point in the

normalized stress plots (Fig. 3a and b). The corresponding

critical resistance qcrit is obtained from zcrit on the cone

tip resistance plot (Fig. 3c and d). After this critical depth,

the slope of the cone resistance, the cone index gradient G,
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Fig. 3. Parameters derived from CPT results. a,b) The critical depth zcrit
is found by taking the critical point of the normalized cone resistance plot
after LOWESS smoothing for sand and plastic, respectively. c) The slope
of the cone tip resistance after zcrit, the cone index gradient, is rounded
to be G = 0. The cone tip resistance qc reaches a steady state, so the
critical cone tip resistance qcrit is found by averaging the qc values after
the critical depth. d) qcrit is the cone tip resistance at zcrit. G is found
by fitting a line to the qc values after the critical depth.

should be recorded (Fig. 3d) [18], [20].

If G is close to flat (which we defined as a relative

slope threshold of 0.1% of the maximum qc/σv value per

unit z/D), we report G = 0 to indicate that a steady-state

resistance was reached. In this case, the critical resistance

qcrit may be better reported as the average cone tip resistance

after the critical depth (Fig. 3c). This minor correction avoids

underestimation of qcrit at the critical depth transition. For

our CPT experiments, G = 0 was derived for sand in the

largest box, and G �= 0 was derived for all others (Table I).

III. EFFECTS FROM PHYSICAL PROPERTIES

Many physical properties can influence CPT results, such

as grain size, bulk densities, moisture content, and container

size. In the following section, we measure these properties

of our granular media testing setup and discuss how each

property affects the CPT results. Since many properties

are used to describe a granular medium, we have selected

relevant properties that can be measured without overly

specialized instruments.

A. Particle Size Distribution

The particle size distribution encapsulates the range of

grain sizes and the amount of each size in the bulk material.

It was measured using a modified version of the process

described in ASTM D6913 [21]. We sifted the granular

media through a series of incrementally decreasing ASTM

sieves of sizes in accordance with the Wentworth scale [22].

For the sand, this corresponds to sieves of sizes 18, 35, 60,

120, and 230 to match the different sand classifications. For

the plastic pellets, we used sieve sizes 4 and 6 to classify

within the pebbles category. From the Wentworth scale, we

Fig. 4. Particle size distribution of sand and plastic pellets obtained by
sieving.

have a largely medium-sized sand and very fine pebbles for

the plastic pellets (Fig. 4).

With the particle size distribution, we can now calculate

the median particle size and coefficient of uniformity [9],

which can be used to estimate the CPT curve [10]. Generally,

a greater particle size distribution implies the potential for

density variations, which affects the friction between grains

[17]. More polydispersity means more contact points be-

tween particles, since smaller particles fill the voids between

larger ones. This interparticle friction can increase the overall

penetrative forces in a CPT, which results in larger qcrit and

G. Our sand is more heterogeneous than the homogeneous

plastic pellets, which contributes to the larger resistive forces.

B. Bulk and Relative Densities

Relative density, or how dense a soil is relative to its range

of possible densities, affects the cone penetration resistance

[10]. To calculate the relative density ρr, the minimum ρmin,

maximum ρmax, and current ρ bulk densities must be known

(Eq. 1) [9].

ρr =
ρ− ρmin

ρmax − ρmin
(1)

The minimum bulk density was measured by depositing

granular material into a container of known volume using

a funnel. The excess was scraped off the top using a

straight edge and the mass was measured [23]. The maximum

bulk density was measured by vibrating a known mass of

each medium until the volume of the bulk material did

not decrease further [24]. The absolute bulk density of the

granular media in the CPT experimental setup was measured

by recording the volume after resetting and weighing the

material used. The average minimum, maximum, and relative

densities of the sand and plastic pellets were calculated from

three trials (Table I).

Soils with similar relative bulk densities can behave simi-

larly, given their material characteristics are also similar [10].

However, as previously noted, local granular packing fraction

(absolute density) affects friction between grains, which has

been shown to have large effects on the cone penetration

resistance after the critical depth [17]. In terms of the CPT

experiments, there could be more local compaction for looser

soil states or more interparticle friction for denser soil states.

Correspondingly, although the relative densities of our sand

and plastic pellets are similar, the cone tip resistances are
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TABLE I

EXPERIMENTAL PARAMETERS AND GRANULAR MEDIA PROPERTIES

Granular Media Cone Penetrometer Test Bulk Densities Cohesion Container Size

zcrit (mm) qcrit (kPa) G (kPa/m) Min ρ (kg/m3) Max ρ (kg/m3) Rel. ρ (%) Temp (°C) Humidity (%) Chamber Ratio w/D Depth Ratio z/D

Sand 69.4 116 0 1627 1795 40.2 21.6 40 46 24
69.2 83.1 165 1627 1795 40.2 22.2 21 25 24
73.6 60.8 228 1627 1795 40.2 22.5 34 10 24

Plastic pellets 76.6 5.18 73.0 610.9 660.8 33.1 23.5 26 46 24
49.2 2.82 44.7 610.9 660.8 33.1 22.6 25 25 24
54.6 3.69 139 610.9 660.8 33.1 21.9 24 10 24

not similar. This is likely due to local compaction around the

cone tip in sand (since the range of bulk densities is larger

than plastic pellets), very different particle size distributions,

and non-negligible frictional differences between grains.

C. Room Temperature and Humidity

We report ambient temperatures and humidity values dur-

ing testing (Table I). We can assume our sand is dry even

with 40% humidity, because no water was added to the setup.

For this reason, we take pore pressure effects to be negligible.

For granular environments that are saturated, more rigorous

measurements, like the liquid limit and the void ratio at this

liquid limit, can be reported [9].

In this work, we only tested dry, cohesionless soils, but in

the geotechnical and burrowing fields, wet and saturated soils

are studied as well. The presence of moisture in a granular

environment complicates the soil behavior. With fluid filling

the voids between grains, there is an added pore pressure

effect that increases the strength of the granular medium [9].

Generally, the added effects of fluid will increase resistive

forces [25], [26].

D. Container Size

In the burrowing robotics field, one of the most relevant

factors impacting granular environment setups is the bound-

ary effects of the size-limited testing chamber. Laboratory

setups often introduce boundary conditions that can influence

force chain propagation, or how particles interact with each

other, leading to different behaviors than an ideal granular

environment. As previously mentioned, for our square testing

containers, we report the container dimensions as the ratio

between the wall length and the cone diameter, or the

chamber ratio w/D (Table I). Similarly, the total depth of

the container is reported as the depth ratio, z/D.

To avoid boundary effects, the minimum chamber size

must increase with increasing relative density [27]. A cham-

ber ratio of over 20 − 25 is recommended for our dry and

relatively loose sand and plastic pellets [17], [27], [28]. If the

chamber ratio is too small, the penetrating cone will generate

propagating force chains that travel outward, interacting with

the chamber walls and artificially constraining the medium;

the results from a CPT will not be representative of the

natural, unconstrained behavior of the medium. Experimental

and numerical evidence demonstrate a large yielded zone

induced by the cone, extending several times the cone

diameter away from the cone. In this region, stresses and

void ratios vary significantly before decaying [27], [29].

In some cases, the cone tip resistance may reach a sup-

pressed steady state due to the wall boundaries taking on

part of the vertical load. This effect—the Janssen effect—

describes how the onset of the steady-state resistance scales

linearly with the container width [30], [31]. In our data, we

find no evidence of the Janssen effect in sand. Although

a steady state is observed, the critical depth does not vary

with box size. If the Janssen effect were present, we would

expect shallower values of zcrit for smaller containers. For

the plastic pellets, our results are less conclusive. Because

no steady-state penetration force was observed, we cannot

confirm the presence of the Janssen effect; alternatively, it is

possible that the pellets reach a steady-state cone resistance

at a greater depth than was accessed in our experiments.

It is also possible that our plastic pellet data reflects a re-

verse Janssen effect, in which the penetration force is initially

larger than expected before reaching a steady state [32], [33].

Within our experimental constraints, we cannot definitively

determine whether a standard or reverse Janssen effect is

present, as no steady-state resistance was observed. If a

reverse Janssen effect was active, we would expect the resis-

tance–depth curve to exhibit a tapering slope beyond initial

depths, eventually approaching a steady-state penetration

resistance. A reverse Janssen effect is characterized by higher

initial penetration forces relative to those seen in the standard

Janssen effect, and both phenomena ultimately require the

establishment of a steady-state resistance (G = 0).

For the smallest tested container size (w/D = 10), we

observe a reduced cone resistance in sand and an increased

resistance in plastic pellets relative to the data obtained

for each medium in larger containers. The mechanisms

underlying these contrasting trends remain unclear. In sand,

cone resistance increases beyond the critical depth, rather

than reaching a steady-state resistance as seen in larger

containers; in plastic pellets, cone resistance increases mono-

tonically with depth, with the steepest rise occurring in the

smallest container. For the latter, the enhanced resistance may

be attributed to the Janssen effect, though this cannot be

confirmed with our data. Alternatively, it may result from

grain compaction against the nearby container walls, which

effectively increases the material’s strength.

Another potential explanation for the sharp increase in

penetration resistance in the smallest container of plastic

pellets is the bottom-boundary effect. For a given container

depth, a working depth can be estimated to minimize bottom-

boundary interactions. The minimum clearance required be-

tween an intruder and the container bottom depends primarily

1008Authorized licensed use limited to: Yale University. Downloaded on June 09,2026 at 19:36:47 UTC from IEEE Xplore.  Restrictions apply. 



on the intruder’s diameter, not the grain size [34]. According

to pressure bulb theory, the zone of influence extends to

roughly twice the intruder diameter for a blunt, circular

intruder [35], while other estimates suggest up to ten times

the diameter [36]. In our setup, the intruder remains at least

four times its diameter above the bottom boundary. Because

bottom effects are reported to be independent of grain size,

this likely does not explain the observed increase in cone

resistance near the bottom for plastic pellets.

Understanding how intruders interact with container

boundaries can guide the design of future experimental

setups. Here, we focus on vertically penetrating intruders

in granular media, but similar considerations apply to hori-

zontally burrowing robots [37]–[40]. For such systems, the

container should be deep enough to ensure that surface

effects can be neglected. This depth, previously referred

to as the critical depth, has been estimated to occur at

approximately eight times the intruder diameter [36].

IV. CONCLUSION

In this work, we use a cone penetrometer test to character-

ize granular media setups for burrowing robots. We derive

parameters that describe key behaviors resulting from the

CPT: (1) the depth at which surface effects are minimized,

(2) the critical cone tip resistance at this critical depth,

and (3) the cone index gradient, the slope of the resistance

after the critical depth. These derived parameters will help

the field of burrowing robots to more effectively quantify

and compare laboratory setups. We also propose important

physical properties to be reported to further describe the

granular media and environmental conditions: particle size

distribution, bulk and relative densities, ambient temperature

and humidity, and the chamber size. We discuss how these

physical properties influence CPT results, which can also

help design laboratory setups that more accurately represent

the target granular environment. Future work will investigate

granular media with broader particle characteristics and

cohesiveness to determine the robustness and generality of

the proposed characterization parameters.

Robotic validation in characterized granular media will

establish whether the proposed metrics can reliably predict

burrowing intrusion forces. The derived CPT values may be

used to design burrowing robots that adequately match the

resistive forces of targeted environments. Robots must be

able to match the quickly-increasing forces before the critical

depth, which could call for rapid stiffening in soft robots and

higher energetic costs for all robots. The reachable depths

for robots are limited by the forces they can exert, which for

soft robots may depend on the maximum stiffness achievable.

After the critical depth, resistive forces grow more slowly and

can plateau in some cases. Reaching greater depths after the

critical depth can come at a lessened energetic cost, as long

as robotic burrowers can produce forces marginally greater

than the critical cone resistance.

Understanding the factors that influence soil states and

failure modes can inform us in designing more effective bur-

rowing robots. Burrowing methods and gaits can be adapted

to match changing soil conditions that can be predicted from

knowledge of basic soil properties. With this knowledge,

we could analyze the reasons behind burrowing successes

or failures in certain environments. Our framework not only

standardizes how the burrowing robotics field should report

granular media properties, but also promotes the understand-

ing of the granular environment from a geotechnical perspec-

tive, which will improve the adaptability and efficiency of

burrowing robots.

ACKNOWLEDGMENT

The authors thank Heather Oravec for her guidance.

REFERENCES

[1] H. Wei, Y. Zhang, T. Zhang, Y. Guan, K. Xu, X. Ding, and Y. Pang,
“Review on bioinspired planetary regolith-burrowing robots,” Space
Science Reviews, vol. 217, no. 8, p. 87, 2021.

[2] K. M. Dorgan and K. A. Daltorio, “Fundamentals of burrowing in soft
animals and robots,” Frontiers in Robotics and AI, vol. 10, p. 1057876,
2023.

[3] C. L. Le, O. D. Yirmibesoglu, S. Even, T. Buckner, Y. Ozkan-
Aydin, and R. Kramer-Bottiglio, “Grand challenges for burrowing soft
robots,” Frontiers in Robotics and AI, vol. 12, 2025.

[4] K. Terzaghi, R. B. Peck, and G. Mesri, Soil mechanics in engineering
practice. John wiley & sons, 1996.

[5] N. D. Naclerio, A. Karsai, M. Murray-Cooper, Y. Ozkan-Aydin,
E. Aydin, D. I. Goldman, and E. W. Hawkes, “Controlling subter-
ranean forces enables a fast, steerable, burrowing soft robot,” Science
Robotics, vol. 6, no. 55, p. eabe2922, 6 2021.

[6] K. Eken, N. Gravish, and M. T. Tolley, “Continuous skin eversion
enables an untethered soft robot to burrow in granular media,” in 2023
IEEE international conference on soft robotics (RoboSoft). IEEE,
2023, pp. 1–6.

[7] L. K. Treers, B. McInroe, R. J. Full, and H. S. Stuart, “Mole crab-
inspired vertical self-burrowing,” Frontiers in Robotics and AI, vol. 9,
p. 999392, 2022.

[8] S. Even, H. Gordon, H. Yang, and Y. Ozkan-Aydin, “Machine learning-
driven burrowing with a snake-like robot,” in 2024 IEEE International
Conference on Robotics and Automation (ICRA). IEEE, 2024, pp.
1477–1483.

[9] J. K. Mitchell, K. Soga, and C. O’Sullivan, Fundamentals of soil
behavior. John Wiley & Sons, 2025.

[10] R. Salgado, J. Mitchell, and M. Jamiolkowski, “Cavity expansion
and penetration resistance in sand,” Journal of geotechnical and
geoenvironmental engineering, vol. 123, no. 4, pp. 344–354, 1997.

[11] U.S. Waterways Experiment Station, “Trafficability of soils: Lab-
oratory tests to determine effects of moisture content and density
variations,” U.S. Army, Tech. Rep., 1948.

[12] R. Albert, M. Pfeifer, A.-L. Barabási, and P. Schiffer, “Slow drag in
a granular medium,” Physical review letters, vol. 82, no. 1, p. 205,
1999.

[13] F. Qian, T. Zhang, W. Korff, P. B. Umbanhowar, R. J. Full, and D. I.
Goldman, “Principles of appendage design in robots and animals deter-
mining terradynamic performance on flowable ground,” Bioinspiration
& biomimetics, vol. 10, no. 5, p. 056014, 2015.

[14] J. Uehara, M. Ambroso, R. Ojha, and D. J. Durian, “Low-speed impact
craters in loose granular media,” Physical Review Letters, vol. 90,
no. 19, p. 194301, 2003.

[15] G. Hill, S. Yeung, and S. A. Koehler, “Scaling vertical drag forces in
granular media,” Europhysics letters, vol. 72, no. 1, p. 137, 2005.

[16] ASTM International, “Standard test method for mechanical cone
penetration tests of soil,” West Conshohocken, PA, 2016.

[17] W. Kang, Y. Feng, C. Liu, and R. Blumenfeld, “Archimedes’ law
explains penetration of solids into granular media,” Nature communi-
cations, vol. 9, no. 1, p. 1101, 2018.

[18] K.-J. Melzer, Measuring Soil Properties in Vehicle Mobility Research:
Report 4: Relative Density and Cone Penetration Resistance. US
Army Engineer Waterways Experiment Station, 1971, no. 3.

[19] M. Tufenkjian, E. Yee, and D. Thompson, “Comparison of cone and
minicone penetration resistance for sand at shallow depth,” in 2nd
International Symposium on Cone Penetration Testing, Huntington
Beach, CA, USA, vol. 2, no. 3, 2010.

1009Authorized licensed use limited to: Yale University. Downloaded on June 09,2026 at 19:36:47 UTC from IEEE Xplore.  Restrictions apply. 



[20] C. Creager, V. Asnani, H. Oravec, and A. Woodward, “Drawbar pull
(dp) procedures for off-road vehicle testing,” NASA Glenn Research
Center, Tech. Rep., 2017.

[21] ASTM International, “Standard test methods for particle-size distri-
bution (gradation) of soils using sieve analysis,” West Conshohocken,
PA, 2017.

[22] C. K. Wentworth, “A scale of grade and class terms for clastic
sediments,” The journal of geology, vol. 30, no. 5, pp. 377–392, 1922.

[23] ASTM International, “Standard test methods for minimum index
density and unit weight of soils and calculation of relative density,”
West Conshohocken, PA, 2016.

[24] ——, “Standard test methods for maximum index density and unit
weight of soils using a vibratory table,” West Conshohocken, PA, 2016.

[25] A. B. Hassan, “The effects of material parameters on
dynamic cone penetrometer results for fine-grained soils
and granular materials,” Ph.D. dissertation, Oklahoma State
University, Stillwater, OK, 1996, available from ProQuest
Dissertations and Theses. ISBN 978-0-591-39786-4. [Online]. Avail-
able: https://www.proquest.com/dissertations-theses/effects-material-
parameters-on-dynamic-cone/docview/304302264/se-2

[26] S. E. Burns and P. W. Mayne, “Pore pressure dissipation behavior
surrounding driven piles and cone penetrometers,” Transportation
Research Record, vol. 1675, no. 1, pp. 17–23, 1999. [Online].
Available: https://doi.org/10.3141/1675-03

[27] K. Been, J. Crooks, D. Becker, and M. Jefferies, “The cone penetration
test in sands: Part i, state parameter interpretation,” Géotechnique,
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