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Abstract. Isolating the effects of individual particle properties (e.g. shape, size, min-

eralogy, surface roughness) on the mechanical behavior of naturally occurring coarse-

grained soils is a significant challenge in experimental studies. This challenge can be

addressed by recent advances in 3D printing technology which enable generation of ar-

tificial sand-sized particles with independent control over particle size and shape. In

this study, bender element tests are conducted to examine the isolated effects of par-

ticle shape on the shear wave velocity and shear modulus of 3D printed sand analogs.

The experimental results show that the shear wave velocity and shear modulus of the

3D printed sand specimens exhibit a relationship with mean effective stress that is in

agreement to that reported for natural sands. The specimens composed of 3D printed

sands with greater particle roundness and sphericity exhibit greater shear wave velocity

and shear modulus for a given void ratio, relative density, and mean effective stress. The

changes in shear wave velocity can be captured in terms of differences in individual par-

ticle shape parameters such as roundness and sphericity as well as combined particle

shape parameters such as regularity. Regression analysis is used to develop relation-

ships between shear wave velocity and particle shape parameters and void ratio, which

are shown to be in agreement with previously-published relationships and to reliably

predict the shear wave velocity of natural sands. The results presented herein highlight

the usefulness of testing 3D printed soils to identify functional trends and dependencies

between soil response parameters and intrinsic properties. However, this requires veri-

fication of the results against published trends and assessment of the possible effects of

the differences in constituent material between the 3D printed and the natural soils.
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1. Introduction
Inherent particle properties such as shape, gradation, sur-
face texture and constituent material stiffness control the
global mechanical behavior of granular soils [Santamarina,
2003]. Extending the understanding of the effects of indi-
vidual particle properties on the behavior of soils could
aid in the advancement of constitutive models as well as
in the increased ef�ciency and robustness of geotechnical
site characterization and design methodologies. A num-
ber of previous investigations have examined the effects of
different particle properties on the engineering properties
of coarse-grained soils, such as friction angle [e.g. Altuha�
et al., 2016, Kirkpatrick, 1965, Marschi et al., 1972, Vangla
and Latha, 2015, Wang et al., 2013, Xiao et al., 2019] and
shear wave velocity (Vs) and small-strain modulus ( Gmax)
[e.g. Altuha� et al., 2016, Bartake and Singh, 2007, Bui, 2009,
Chang and Ko, 1982, Cho et al., 2006, Dutta et al., 2020,
Hussien and Karray, 2015, Iwasaki and Tatsuoka, 1977, Liu
and Yang, 2018, Liu et al., 2021, Menq, 2003, Patel et al.,
2009, Payan et al., 2016a,b, Senetakis et al., 2012, Shari-
�pour et al., 2004, Wichtmann and Triantafyllidis, 2009,
Yang and Gu, 2013]. Regarding the small-strain behavior,
some studies have reported increases in Vs with decreases in
the mean particle size ( D50) [Bartake and Singh, 2007, Patel
et al., 2009]. Conversely, other studies such as Iwasaki and
Tatsuoka [1977], Wichtmann and Triantafyllidis [2009], and
Yang and Gu [2013] observed no signi�cant effect of D50 on
Vs, whereas Chang and Ko [1982], Menq [2003], Shari�pour
et al. [2004], Bui [2009], and Hussien and Karray [2015] re-
ported an increase in Vs with increasing D50. Regarding the
effects of particle shape, Cho et al. [2006], Bui [2009], Patel
et al. [2009], and Lee et al. [2017] reported an increase in Vs

and Gmax with increasing particle roundness. However, Al-
tuha� et al. [2016], Liu and Yang [2018], and Liu et al. [2021]
observed a decrease in small strain stiffness with increasing
particle roundness.

These con�icting observations highlight the signi�cant
challenges in isolating the effects of individual particle prop-
erties and state on the response of natural soils. For instance,
Vs has been shown to depend on particle size, shape, sur-
face roughness, mineralogy, and void ratio [e.g. Cho et al.,
2006, Otsubo et al., 2015]. Also, different parameters have
been used to characterize a given particle property, and it
is often unclear which one better captures the aspects of the
behavior that govern the property of interest. For example,
particle shape can be characterized in terms of roundness,
sphericity, and regulatity, and soil state can be captured in
terms of the void ratio, relative density, and state parame-
ter, where the latter two are de�ned in terms of a reference
(i.e. extreme void ratios and critical state line, respectively).
Despite the aforementioned challenges, several studies have
used synthetic soils or natural soil mixtures to isolate the ef-
fect of individual particle properties on soil response [e.g.
Xiao et al., 2019].

3D printing technology has advanced rapidly in the last
decade, offering a solution for the individual control of
particle properties. The current technological capabilities

can be used to generate arti�cial soil analogs with inde-
pendent control over particle size, shape, and gradation
[e.g. Adamidis et al., 2020, Hanaor et al., 2016]. Recent
studies used 3D printing technology to generate analog
particles of different sizes and shapes, and showed that
these analogs can successfully replicate the morphology
of natural particles [e.g. Adamidis et al., 2020, Ahmed and
Martinez, 2020, Athanassiadis et al., 2014, Hanaor et al.,
2016, Miskin and Jaeger, 2013, Su et al., 2020]. Results of
triaxial tests on 3D printed particles show that they exhibit
stress-dilatancy behavior similar to that typical of natural
soils [e.g. Adamidis et al., 2020, Ahmed and Martinez, 2021,
Hanaor et al., 2016, Matsumura et al., 2017], and the in-
terpretation of their mechanical response can be captured
with the critical state soil mechanics framework [Ahmed
and Martinez, 2021]. However, the 3D printed sands have
a greater compressibility owing to the smaller stiffness of
their polymeric constituent material. The Vs and Gmax of
3D printed particles obtained by bender element tests have
also shown a dependency on mean effective stress similar
to that of natural sands [Ahmed and Martinez, 2020]. Other
applications of 3D printed analogs include investigation of
the frictional behavior of faults [Braun et al., 2021], effect
of particle shape on clogging and discharge [Hafez et al.,
2021], calibration of DEM simulations [Kittu et al., 2019,
Peerun et al., 2021], permeability of uniformly graded soil
[Adamidis et al., 2020, Wei et al., 2021], and development
of transparent soil surrogates [Li et al., 2021]. These results
highlight the usefulness of 3D printed synthetic soils as soil
analogs that provide a high control over their properties.
Further, the conclusions of some of these studies show that
despite of the smaller stiffness of the 3D printed soils, they
exhibit many of the similar behaviors and functional trends
as natural soils.

The goal of this investigation is to examine the isolated
effects of various particle shape parameters on the Vs and
Gmax of coarse-grained soils. To do so, seven 3D printed
sands with different particle shape parameters but sim-
ilar particle size distributions are �rst generated. Then,
measurements of Vs and Gmax are obtained in specimens
composed of the 3D printed particles subjected to differ-
ent magnitudes of isotropic con�ning effective stress. The
trends obtained in this investigation are then compared to
published relationships to assess consistency in the results.

2. Materials and Methods
2.1. 3D Printing Technology

Rapid advances in the 3D printing technology have de-
veloped different methods and materials in recent years.
Modern 3D printers can be used to create complex objects
using methods such as fused deposition modeling (FDM),
stereolithography (SLA), digital light processing (DLP), and
selective laser sintering (SLS) using polymeric, metallic, or
ceramic materials, resulting in a wide range of precision
and cost. While specialized 3D printers can mix materials
on demand to achieve the desired mechanical properties
and aesthetics to produce higly complex models [Jiménez
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Figure 1. (a) 3D mesh of synthetic particles generated, (b) X-ray CT scans of mixes 2 and 4, and (c) 3D printed particles
used in this study (not to scale). Note: mix 1 is composed of spheres; mixes 3, 6, 7 and 8 were created using spherical
harmonics [after Wei et al., 2018]; and mixes 2 and 4 were generated from X-ray CT scans of rounded and angular
sands, respectively.

et al., 2019, Najmon et al., 2019], typical desktop 3D printers
are contrained to printing polymeric materials. These more
economic printers typically print layers with a thickness as

low as 10 � m and have a lateral resolution in the order of 20
to 40 � m [Ngo et al., 2018].
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Table 1. Average and standard deviation (in parenthesis) of shape parameters of the 3D printed sand mixes

Soil
specimen

Roundness,
R

Circle ratio
sphericity, SC

Perimeter
sphericity, SP

Width-to-
length ratio
sphericity,

SWL

Convexity, C Regularity,
RG [Cho

et al., 2006]

Overall
regularity,

OR [Liu and
Yang, 2018]

SAGI
[Altuha�

et al., 2016]

Mix 1 0.90 (0.09) 0.94 (0.01) 1.00 (0.00) 0.96 (0.02) 0.99 (0.00) 0.92 (0.05) 0.96 (0.02) 0.31 (0.30)

Mix 2 0.73 (0.09) 0.75 (0.10) 0.98 (0.02) 0.77 (0.11) 0.99 (0.00) 0.74 (0.08) 0.87 (0.04) 1.09 (0.99)

Mix 3 0.61 (0.12) 0.75 (0.04) 0.98 (0.01) 0.77 (0.04) 0.99 (0.00) 0.68 (0.07) 0.84 (0.04) 1.56 (0.57)

Mix 4 0.52 (0.13) 0.66 (0.10) 0.94 (0.03) 0.69 (0.13) 0.98 (0.01) 0.59 (0.08) 0.78 (0.05) 4.70 (1.93)

Mix 6 0.55 (0.13) 0.65 (0.05) 0.95 (0.01) 0.67 (0.06) 0.98 (0.01) 0.60 (0.07) 0.79 (0.04) 3.39 (1.23)

Mix 7 0.48 (0.12) 0.53 (0.04) 0.90 (0.02) 0.53 (0.04) 0.98 (0.01) 0.50 (0.06) 0.72 (0.03) 6.49 (1.96)

Mix 8 0.54 (0.11) 0.84 (0.04) 0.98 (0.01) 0.92 (0.05) 0.98 (0.00) 0.69 (0.07) 0.86 (0.03) 2.09 (0.95)

This study uses the polyjet 3D printing technology that
offers relatively economical and fast manufacturing of small
parts with high accuracy [Adamidis et al., 2020, Ahmed and
Martinez, 2020, Kittu et al., 2019, Wei et al., 2021]. A poly-
jet printer has two print heads that deposit different liquid
photopolymer resins. One resin generates the desired ob-
ject while the other acts as the support structure, and both
resins are hardened by ultraviolet laser. The layer thickness
can be as low as 30 � m. Once the printing is completed, the
support structure is removed by water jetting and chemical
treatment using a 2% sodium hydroxide solution. Detailed
description of the polyjet technology and its use to gener-
ate sand particles is provided in Ahmed and Martinez [2020,
2021].

2.2. 3D Printed Sands
The shape of a particle can be described by roundness

and sphericity parameters, which can be de�ned in dif-
ferent ways [Guida et al., 2020, Mitchell et al., 2005]. This
study considers the Wadell roundness ( R) [Wadell, 1932],
circle ratio sphericity ( SC), perimeter sphericity ( SP), width-
to-length ratio sphericity ( SWL) and convexity ( C) [Altuha�
et al., 2016, Mitchell et al., 2005], which are de�ned as:

R Æ

P
r i / n

Rins
(1)

SC Æ
D ins

Dcir
(2)

SP Æ
PC

PS
(3)

SWL Æ
dW

dL
(4)

C Æ
A1

A1 Å A2
(5)

where r i is the radius of curvature of the edges or corners of
a soil particle; n is the number of edges; Rins is the radius
of the maximum inscribed circle; D ins is the diameter of the
largest inscribing circle; Dcir is the diameter of the minimum
circumscribing circle; PC is the perimeter of a circle having
the same projected area as the particle; PS is the perimeter
of the particle; dW and dL are width and length of a particle;
and A1 and A1Å A2 are the projected area and convex hull of
a soil particle.

For this investigation, four materials were generated us-
ing the method proposed by Wei et al. [2018] that uses spher-
ical harmonics to create random 3D shapes based on the de-
sired shape features (mixes 3, 6, 7, and 8 in Figure 1a, Tables
1 and 2). These four materials were designed to have a D50

of 2.5 mm and a Cu of 1.26 (Table 2), R between 0.48 and
0.61, and SC between 0.53 and 0.84. To extend the range of
particle shape parameters considered in this investigation,
the three 3D printed mixes used by Ahmed and Martinez
[2020, 2021] were also tested. Two of these mixes (mix 2 and
4) were generated from the X-ray CT scans of randomly se-
lected rounded and angular natural sand particles, respec-
tively, as described by Ahmed and Martinez [2020] (Figure
1b, Tables 1 and 2). The D50 and Cu of these materials are 3.2
mm and 1.47, respectively. The last mix (mix 1) consisted of
equal-sized spheres with a D50 of 3.2 mm and a Cu 1.0. These
three mixes had greater R values (0.52 to 0.90) than the four
mixes generated using spherical harmonics. Figure 2 shows
the grain size distributions for all the soil mixes. Mixes 3, 6, 7
and 8 have identical grain size distributions with similar D50,
mixes 2 and 4 have a slightly larger D50, and and the range of
particle sizes in mix 1 is narrower. According to ASTM D2487
(Uni�ed Soil Classi�cation System) all the soil mixes can be
considered sand since more than 50% passes no. 4 sieve. Al-
though there are slight differences in both D50 and Cu of the
soil mixes considered, no signi�cant effect of those on the
small strain behavior is expected.

Table 2. Average and standard deviation (in paren-
thesis) of shape parameters of the 3D printed sand
mixes

Soil specimen emax emin D50 Cu Cc

Mix 1 0.732 (0.037) 0.471 (0.016) 3.2 1.00 1.00

Mix 2 0.787 (0.036) 0.490 (0.004) 3.2 1.47 1.02

Mix 3 0.776 (0.008) 0.483 (0.008) 2.5 1.26 0.95

Mix 4 0.825 (0.008) 0.507 (0.006) 3.2 1.47 1.02

Mix 6 0.812 (0.013) 0.499 (0.011) 2.5 1.26 0.95

Mix 7 0.861 (0.012) 0.513 (0.005) 2.5 1.26 0.95

Mix 8 0.849 (0.027) 0.501 (0.009) 2.5 1.26 0.95

All the particles were generated using an Objet Eden 260V
printer from Stratasys with VeroWhitePlus rigid acrylate-
based polymer resin with a horizontal printing resolution
of 30 � m. As previously shown by Ahmed and Martinez
[2020, 2021], the polyjet printer is able to create 3D printed
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