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Abstract

A fully Robotic Automated Specimen Preparation (RASP) approach is introduced for granular soils using the single-nozzle
dry air pluviation method. For this purpose, a nozzle is installed at the tool end of a 6-axis collaborative robot (cobot). Over 80
specimens were automatically prepared using two different granular materials and analyzed via local density measurements.
Additionally, manually prepared specimens were generated for comparison. More than 1000 local density measurements have
been conducted. The results demonstrate that the proposed RASP method enables a reproducible and homogeneous preparation
of sand specimens, with density variations significantly lower than those observed in manually prepared specimens. The RASP
enables a detailed analysis of specific preparation-influencing factors such as pluviation pattern, fall height, nozzle diameter,
and nozzle velocity. In addition to the improved quality of the sand specimen preparation, the proposed RASP technique will
increase efficiency and reduce economic costs in soil mechanical laboratories in the near future. Besides, the data obtained
during the specimen preparation enables a data-based documentation and quality assurance of the entire preparation process.
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List of symbols

dy Nozzle diameter

m Mass flow rate through the nozzle
Pd.t Target density

0d Achieved density

Ds Grain density

N Fall height

Ah Layer thickness

At Time per layer

vn = |vn| Norm of the nozzle velocity

an = |ay| Norm of the nozzle acceleration
D Specimen diameter

H Specimen height
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hy Height of the PVC rings
I Path spacing

Ix Arc transition

o Layer rotation angle

dso Mean grain size

dg Grain diameter

Ip Relative density

L Mean value

N Standard deviation

cVv Coefficient of variation

1 Introduction

The reliability and reproducibility of soil-mechanical testing
results depend crucially on the chosen specimen preparation
method and the quality of the specimen preparation process
itself. The specimen preparation needs generally to be chosen
based on the sand’s in situ depositional history. Therefore,
various preparation methods for granular soils have been
developed over the years. Examples include the dry air plu-
viation out of a singe nozzle, homogeneous dry sand rain
using a multiple sieve apparatus, dry air pluviation using a
large sand spreader, water pluviation, pluviation with sub-
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sequent compaction, dry deposition in the loosest state with
subsequent compaction, and moist tamping. These prepara-
tion methods lead to different anisotropic microstructures
(fabric) of the specimens. Comparisons of corresponding
experimental results are well documented and discussed in
numerous scientific publications [5, 6, 9, 10, 14-16, 18, 19,
21, 26, 28]. The quality of the specimen is highly sensitive
to even minor variations during preparation. Most specimen
preparation techniques, particularly the widely used dry air
pluviation methods, are typically performed manually, which
further exacerbates this issue.

These inconsistencies caused by human operators can
lead to spatial inhomogeneities in density and the micro-
mechanical soil fabric, which may significantly affect subse-
quent experimental results.

Although standardization efforts have improved inter-
laboratory comparability to some extent, the fundamental
challenge of reproducibility and homogeneity of the spec-
imen preparation process itself and therefore of the testing
results overall remains. The scattering of the isotropic (den-
sity) and anisotropic (fabric) microstructure [12] of sand
specimens may, for example, be one reason for documented
deviations of experimental results in round-robin tests con-
ducted by different laboratories despite using the same
specimen preparation method.

Considering the dry air pluviation technique in particular,
subtle differences in the key parameters fall height, depo-
sition intensity (using a multiple sieve apparatus) or nozzle
diameter (using a single nozzle), and uniformity of sand flow
can strongly influence the achieved density of the specimen
[11, 22]. These effects are difficult and only to a certain
extend possible to control and reproduce using manual and
human-based methods. Experience has shown that with this
method, a mean relative density of 0.2 < Ip < 1.0 can be
achieved, whereby these values are dependent on the material
and should not be understood as strict limits. As discussed
in [27], it can be difficult to achieve small densities using the
air pluviation method.

However, the reproducibility as well as the homogene-
ity of density and fabric of manually prepared air-pluviated
specimens is hard to achieve. The later is shown in section 3.

It should also be mentioned that manual specimen prepa-
ration is time-consuming and therefore incurs high costs,
especially for large and very dense specimens. Note that the
manual process can also be remarkably physically demand-
ing.

Recent advancements in robotic technology offer new
possibilities such as the here-proposed Robotic Automated
Specimen Preparation (RASP). Especially the so-called col-
laborative robots (Cobot), which can work alongside humans
in a shared workspace without the need for physical barri-
ers (such as protective fences), offer a simple and relatively
cost-effective opportunity for automating processes [4].
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These robots typically exhibit a repeat accuracy in the
range of 0.01 - 0.1 mm and are therefore substantially more
accurate than manual handling. They provide programmable,
traceable, and repeatable procedures that can significantly
increase repeatability compared to manual operation. How-
ever, despite their potential, robotic systems have only been
used a few times in geotechnical research. For example, [2, 7,
20] used an industrial robot as a loading device in the context
of physical model testing.

This study introduces and evaluates a Robotic Automated
Specimen Preparation (RASP) method for the dry air pluvi-
ation technique out of a single nozzle using a conventional
six-axis collaborative robot. More than 80 cylindrical sand
specimens with a diameter of D = 10 cm and a height of
H = 20 cm were produced. After the preparation, the local
density distribution in the specimen is determined in 10 layers
across the height of the specimen. Three deposition patterns
(concentric, serpentine, and enlarged serpentine) are tested
for two different granular materials (Karlsruhe sand (KS)
and Karlsruhe fine sand (KFS)) under controlled variations
of the nozzle diameter, fall height, and nozzle velocity. The
results are compared against specimens prepared manually
by human operators with varying levels of experience. The
study also examines some special effects, such as a non-
constant fall height or the effect of the base plate on the
achieved local density.

The RASP method is shown to produce significantly more
homogeneous and reproducible specimens compared to those
prepared manually. The reproducibility, homogeneity, and
practical potential of RASP are demonstrated and establish
its readiness for future applications in soil-mechanical labo-
ratories worldwide.

2 The Robotic Automated Specimen
Preparation (RASP) method

In this section, the Robotic Automated Specimen Prepara-
tion (RASP) method is introduced. A Lexium Cobot arm
(LXMRL12S0000) with a 12kg payload and a 1327 mm
working radius is used. The Cobot arm has a positioning
accuracy of 0.02 mm and six degrees of freedom. The sys-
tem is controlled using a Lexium Cobot Cabinet controller
(LXMRL12C1000). The EcoStruxure Cobot Expert soft-
ware, installed on a personal computer, is used to operate the
whole system. A funnel with a replaceable nozzle is placed
at the tool end under a sand hopper with a diameter of 10cm
and a height of 30 cm. The mass flow is started manually. The
cobot is mounted on a solid table, mechanically decoupled
from the specimen mold. The whole device is shown in Fig-
ure 1. The notation used within this study and the specimen
mold is schematically visualized in Figure 2.
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(5) sand

(3) laptop

Fig. 1 RASP device for the dry air pluviation out of a single nozzle
using a conventional cobot system consisting of: a (1) cobot arm with
a (2) controller, a (3) laptop running the operating software, a single
replaceable (4) nozzle, a (5) sand hopper, and a specimen (6) mold

Cylindrical soil specimens with a diameter of D = 10 cm
and a height of H = 20 cm are prepared. The specimens
are prepared in a mold consisting of a base PVC plate and
10 stackable PVC rings, each with a hight of A4 cm and an
inner diameter of D = 10 cm. The rings were designed to
be self-centering and stackable without the need for screws
or any additional mechanical fixtures.

After preparation, the PVC rings can be removed one after
the other with minimal disturbance of the soil in the rings
below. By leveling the sand along the edge of the current
ring on top, the dry mass of the sand inside the ring that has
been removed can be determined precisely. The vertical local
density distribution inside the specimen can be determined
by repeating this procedure for every PVC ring. To simplify
the process, the PVC base plate is positioned on a steel grid so
that sand grains falling through can be collected in a container
and weighed. The described process is shown for one ring in
Figure 3.

The dry density pq is then calculated for each ring i:

mg dmg

Pdi = _Vi = 7D2h,

€]

2.1 Materials

Two quartz sands are considered as experimental materi-
als: Karlsruhe sand (KS) and Karlsruhe fine sand (KFS).
Both materials have already been extensively studied in
the literature (e.g. [23, 24] for KS and [17, 25, 30] for
KFS). Table 1 summarizes the soil characteristics and
Figure 4 shows the grain size distributions of both materi-
als.

nozzle
Vn, Gn
—> N

dy /§/ — N
L m o
i Ring N i
PVC rings ] ] he
Y IBL
hrI i i
PVC ] Ring 1 ]
bottom Ak L
Pa ~~
/ 7

A/ /
D

Fig.2 Schematic drawing of the specimen mold and conventions used
in this study

2.2 Flow rate of sand through the nozzle

The mass flow rate m = dm/dt of a granular material
through the circular nozzle is not affected by the cobot or
the human operator (assuming negligible inertia) and is a
direct consequence of the interaction between the individual
grains, the sand hopper, and the nozzle (diameter and design)
itself.

According to Mankoc et al. [13] based on studies with
monodisperse spheres, m is constant over time if the thick-
ness of the material layer inside the hopper is greater than
approximately 1.2 times the diameter of the hopper, and if
the diameter of the hopper is greater than 2.5 times the nozzle
diameter d, and also greater than dy, + 30d, with the grain
diameter dy of the monodisperse spheres.

Based on experimental and theoretical investigations, the
mass flow rate m can be calculated using the law of Beverloo

(3]
i = Cps/gdy* (R —k)°/* = C' (R — 1) @)

with the nozzle-to-grain diameter ratio R = dy/dy, the
grain density ps, the gravity g and the empirical coefficients
k and C resp. C'.
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(a)

Fig.3 Process for determining the dry mass and hence the density within a PVC ring: a) leveling the sand before removing the ring, b) removing

the ring, and c) leveling the sand after removing the ring

Table 1 Characteristic properties of the Karlsruhe sand (KS) and Karl-
sruhe fine sand (KFS)

Soil  do dso doo  deo/dio  ps Pdmax  Pd,min
KS 0.4 0.55 09 1.5 2.65 1.71 1.43
KES 0.09 0.15 0.2 1.5 2.65 1.58 1.29
silt [ sand gravel
coarse | fine medium | coarse fine
100 I Vil g
_ —e— KFS 1/ /
£, 80| —e— KS / f
E‘J 60
o
. |
z 40
o /
= 4 |
0 ©
0.02 0.06 0.2 0.6 2 6

Grain size [mm]

Fig.4 Grainsize distributions of the Karlsruhe sand (KS) and Karlsruhe
fine sand (KFS)

As described by [13], Equation 2 is only valid for a small
range of R. Therefore, [13] proposed a modified version of
Beverloo’s law

1
i = C* (1 - Eeb(Rl)) (R —1)°/? 3)

with the empirical coefficients C* and b. Note that the expo-
nent 5/2 is physically justified [13]. [3] considered particles
with a grain diameter of d; > 0.5 mm and [13] used particles
with dg > 0.4 mm assuming that jamming of the nozzle is
avoided.

All of these investigations have been conducted using
monodisperse spherical particles with a known grain diam-
eter dy. Natural sand, on the other hand, contains different
grain sizes. KFS in particular has significantly smaller grains
than those considered in the aforementioned studies. Nev-
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(a)

Fig. 5 Mass flow of KS (sand stream) through nozzles with different
diameters: a) d, = 4.0 mm, b) d, = 4.5 mm, ¢) d;, = 6.0 mm, and d)
dy = 7.5 mm

ertheless, the results are used and dg = ds¢ is set for the
development of the RASP method.

The measurement of the mass flow rate m = dm/dt =
Am /At is performed in this study according to Beverloo et
al. [3], conducting three measurements per nozzle diameter
and sand type. It simply involves determining the sand mass
Am that has flowed through the nozzle within a certain time
period At. As the mass flow rate is constant for a specific
test setup, the time period Ar has no influence and can be
freely chosen. Note that At should be long enough to obtain
a meaningful measurement of Am. For both types of sand
(KS and KFS) used in this study, mass flow measurements
were performed using different nozzles with varying nozzle
diameter d, and therefore varying values of the ratio R =
dn/dso. Figure 5 shows the mass flow (sand stream) through
four nozzles measured for KS. It is evident that if the nozzle
diameter d, increases, the mass flow becomes larger and the
visible sand stream becomes wider and denser.

The measured data were used to calibrate the empirical
factors of Equation 2 and Equation 3 using the least squares
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Table 2 Calibration of Equation 2 and Equation 3

Soil C' [g/s] k[-] C* [g/s] b[-]
KS 2.52.1072 1.108 4881072 6.38 .10~
KFS 7.70-107* 1.750 7.34.1073 0.116

103
102 t
10! 1
109 1
1071+
1072 1

1073 1

Mass flow rate m [g/s]

1074 1

10-°

5

10 15 20 25 30 35
Ratio R = dy /dso [-]

0

Fig.6 Mass flow rate m for KS and KFS measured three times for each
nozzle diameter d;, (overlapping points) and calibration of Equation 2
and Equation 3

method. The calibrated factors are shown in Table 2. It should
be noted that even with the same diameter d,,, the construction
type of the nozzle itself influences m and thus the calibra-
tion of the parameters. If a different construction type of the
nozzle (e.g. roughness of the material, angle of the funnel
and length of the cylindrical outlet) is used, the measure-
ments and the calibration must be repeated accordingly. The
experimental results and the calibrated equations are shown
in Figure 6. The three measurements per nozzle resulted in
almost identical results, as can be seen from the overlapping
points in Figure 6. This highly reproducible process is used,
for example, in an hourglass and should therefore not be sur-
prising.

In all calibrations, the coefficient of determination is
r? > 0.998 and Equation 2 as well as Equation 3 result in an
adequate approximation of the experimental measurements.
Noticeable discrepancies between the two mathematical for-
mulations only occur for very small and very large R, which
are not investigated in the present study.

According to Zuriguel et al.[29], jamming is to be
expected for monodisperse spheres for R = dn/dy, =
dn/dso < 5. For natural sand with dyax > dso, this cru-
cial ratio is expected to be larger. Ensuring that the nozzle
is not jammed during the RASP is essential for the process,
hence, nozzle diameters with d,, >> 5ds( should be used.

2.3 Procedure

Each Robotic Automated Specimen Preparation (RASP) fol-
lows a strict procedure, which is illustrated using a flowchart
in Figure 7. First, the nozzle with the diameter d,,, the fall
height Ay, the pluviation pattern (described in more detail
later), the maximum nozzle velocity v, and acceleration ay,
as well as the layer rotation angle « and the so-called arc
transition Iy must be specified. As described above, the mass
flow rate m of the granular material through the single nozzle
can then be determined.

Once the cobot and pattern parameters have been chosen
and m is known, the reference point of the nozzle, located
in a vertical distance of A¢ above the base plate, must be
determined. Due to likely production tolerances of the nozzle,
the sand stream may not flow exactly vertically from the
nozzle. This can lead to a horizontal offset being required
between the center of the mold and the center of the pluviation
pattern of the nozzle (reference point). Note that both the base
plate of the mold and the cobot must be aligned horizontally.

The dry density pq achieved by the specimen preparation
depends on all aforementioned parameters, and they must
therefore be kept constant during the whole pluviation pro-
cess to produce homogeneous specimens [1, 22]. To keep
the fall height h¢ constant as well, the robotic arm must
move upwards during the specimen preparation process. This
upward movement is practically implemented incrementally
with Ah after the completion of every layer of the pluviation
pattern and not as a continuous upward movement.

The value of the increment A/ depends on the achieved
density of the specimen pq. To avoid a demanding iterative
procedure to find Ah, the determination of the so-called tar-
getdensity pg4 ¢ using the chosen cobot and pattern parameters
without an upward movement (A/ = 0) is proposed. For this
purpose, the first and second PVC rings are filled with sand
using the desired constant fall height #f measured from the
middle of the second ring to the nozzle. The target density
pd; 1s determined using Equation 1 from the second ring
only. As discussed later, the first ring should not be used to
measure pq, as the dry mass inside this ring can be strongly
influenced by the bottom of the mold (base plate effect).

The increment A#h is given by

4m

Ah= ——
£d, 7T D?

At “4)

with the time per layer A¢, assuming that during Ar every
grain falls into the mold. It should be noted that Az can gen-
erally be equal to or less than the time required by the cobot
for each layer. If the nozzle moves over the edges of the mold,
and thus not all grains fall into the latter, Az is smaller than
the time required by the cobot for every layer. In this case,
only the time intervals within a layer during which the nozzle
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Fig.7 Flowchart showing the required steps for the RASP using the dry air pluviation technique through a single nozzle

is positioned within the mold are counted. For a cylindrical
specimen with a diameter D, v/x% + y2 < D/2 must apply
for the counted time intervals, see also Figure 14.

By simply measuring /¢ at the beginning and end of the
RASP, it can be checked whether A# is correctly determined.
The latter is the case if & ¢ is the same at the beginning and
end of the RASP. To generate a homogeneous specimen, all
parameters should be chosen such that Ak <« H, and, in the
case of local density measurement, Ak < h; applies. This
ensures that the specimen is prepared with a large number of
layers.

In the next step, the three-dimensional commands for the
movement of the cobot based on the reference point are cre-
ated. The selected pluviation pattern is executed in several
layers. After each layer, the nozzle moves upwards by Ah.
Furthermore, the layer patterns above each other are rotated
by an angle of « = 17° in a clockwise direction. This value
was chosen because a rotation of « = 17° results in a long
repetition period of the layer orientation, while still provid-
ing a pronounced relative rotation between directly adjacent
layers. As aresult, identical deposition paths occur only after
360 layers, and systematic superposition of successive layers
is effectively avoided. In addition, the transition path between
two layers is relatively short and can be neglected for At.

@ Springer

The commands for the cobot are created using a Python
script. This Python script generates a text file (cobot com-
mand script) that can be imported into the control system
(EcoStruxure Cobot Expert software) of the cobot. The main
components of this command script are the coordinates of
the individual points of the desired trajectory of the chosen
pluviation pattern and the motion commands between these
points. The movement itself consists of a sequence of lin-
ear motion commands. For the transition between individual
linear motions, so-called arc transitions Iy are incorporated,
which round off the trajectory and thus prevent/reduce brak-
ing of the cobot arm at the end and accelerating again at
the beginning of each linear motion. The impact of the arc
transition is evident from a comparison of Figure 10 with
Figure 12 to Figure 14. The movement between the specified
points is performed by the cobot itself, following a uniformly
accelerated motion as a function of the specified maximum
nozzle velocity vy, nozzle acceleration ay, and arc transition
Ix.

Once the cobot command script is created, the actual spec-
imen production can begin. During the specimen preparation,
the cobot can export position and velocity data via a Mod-
bus communication protocol, which can be used as digital
output during the procedure. This data is saved in a text file
using another Python script and enables the trajectory of the
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preparation process to be reconstructed at a later time. This
provides a basis for quality assurance and documentation.

The procedure described for the RASP method can, in
principle, be easily transferred to other robotic systems. The-
oretically, even a simple 3-axis system could be used. In this
context, it is important that the respective robotic system
enables continuous movement along any three-dimensional
trajectory. Therefore, only the command script needs to be
adapted to the respective robot control system. Logging robot
data during RASP via the digital output is not mandatory and
can be omitted for the sake of simplicity. It should be noted
that collaborative robotic systems can pose significantrisks to
human users/operators if the system is operated incorrectly
[4]. The authors consider appropriate safety training to be
essential.

3 Experimental results
Overall, over 80 specimens under variation of the

e pluviation pattern (concentric (C), serpentine (S), and
enlarged serpentine (ES))

material (KS and KFS)

nozzle diameter d, (3.0, 4.0, 4.5, 6.0, and 7.5 mm)

fall height h¢ (15, 25, and 35 cm)

nozzle velocity v, (6, 8, and 10 cm/s)

base plate made of PVC without a specification, with
one membrane (1 M), with two membranes (2 M), with
one membrane and lubrication (1LM), and with a porous
stone (PS)

keeping the

e nozzle acceleration a, = 40 cm/s?
e layer rotation angle o = 17°
e arc transition /y = 1 mm

constant, have been automatically prepared during the devel-
opment of the presented RASP method. It should be noted
that only the key insights are shown hereafter, each of which
has been confirmed by further variations and tests which are
not shown in detail but are considered statistically in subsec-
tion 3.6. The tests using the RASP method are labeled using
the system:

< pattern > — < material > — <dp > — < hf > — <

vp > — < notes > .

For example, the test C-KFS—6.0-25-8 represents a RASP
test with the concentric pattern using Karlsruhe fine sand, a
nozzle diameter of d, = 6.0 mm, a fall height of hy = 25
cm, and a maximum nozzle velocity of v, = 8 cm/s.

Additionally, 12 specimens have been produced by hum-
ans (H) with different levels of experience (expert (E),
intermediate (I), newbie (N)). The newbie is a trainee with no
experience in soil mechanics laboratories. The intermediate
is the second author and the expert is a lab technician with
over 15 years of professional experience in the soil mechani-
cal lab of the Institute for Soil and Rock Mechanics (IBF) of
the Karlsruhe Institute for Technology (KIT), who prepared,
for example, specimens for experiments shown in [8, 17, 25].
All human operators were only told the desired constant fall
height iy = 25 cm. Nozzle diameter was preset. The labeling
of the manually prepared specimens corresponds to

H— < experience > — < material > — <d, > .

For example, the test H-E-KS—4.5 is conducted by the
expert using Karlsruhe sand, and a nozzle diameter of d;, =
4.5 mm. It should be noted that, during the manual specimen
preparation process, the nozzle does not follow a prede-
termined pluviation pattern. Rather, the actual movement
of the nozzle during the manual process depends on the
operator and also changes during the specimen preparation.
Different operators naturally use different non-quantifiable
techniques. It should also be noted that the operator may
attempt to compensate for any inhomogeneities by adjust-
ing their movements (including tilting the funnel). Each test
(RASP and human) was performed twice.

The specimen preparation results are presented using the
relative density for each PVC ring i:

Pd,i — Pd,min
Pd,max — Pd,min

&)

Ip; =

First, Figure 8 presents the vertical distribution of the rela-
tive density for human-made KS-specimens for two different
nozzle diameters and varying levels of experience of the
human operator. Corresponding results for specimens pro-
duced automatically with the same fall height of 7y = 25 cm
and varying nozzle diameters are shown in Figure 9.

The results reveal that RASP significantly improves the
homogeneity of the densities achieved along the specimen
height within each specimen as well as the reproducibility of
the results. This general observation is valid irrespective of
the experience of the lab technician.

To validate these observations, the mean value

=,
Io == 2 o 6)
i=2
and the coefficient of variation

S
CV=— 7
A (N
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Fig.9 Relative density distribution in RASP-made KS-specimens with
varying nozzle diameters
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using the standard deviation

N—1
1 = \2

N3 2 (Ip.i — Ip) 3)

S =

of the achieved relative densities of ring i = 2 toring i =
N — 1 are determined for each specimen preparation and
stated in the corresponding figures. For the RASP specimens,
the relative target density Ip;, calculated using the target
density pq;, is also mentioned. Note that the bottom and top
PVCrings (ring 1 and ring N) are omitted in the statistics to
exclude boundary effects.

With regard to the following results, it should be noted that
the method used to measure the density distribution is also
subjected to errors. Although this manual process was carried
out with the greatest care, minor errors in mass determination
and disturbance of the specimen can not be excluded.

Both the coefficient of variation CV within every indi-
vidual specimen and the deviation of the mean density Ip
of the two repeated specimen preparations are significantly
larger for the human-made specimens than for the RASP
specimens, see also Table 3. In the discussed specimens in
Figure 8 and Figure 9, the maximum achieved coefficient
of variation is measured in one of the tests H-N-KS—6.0,
done by the newbie with CV = 10.65%. Even the expert
could only achieve a coefficient of variation of CV = 3.20%
in the best case scenario in one of the tests H-E-KS—4.5.
Interestingly, the intermediate achieves an even better value
of CV = 2.43% in an H-I-KS—4.5 specimen. The mini-
mum achieved coefficient of variation is reached using the
RASP in one test C-KS—4.5-25-8 with CV = 1.34%. The
largest difference in the mean density /p between the two
repeated tests Alp = |I_D,1 — I_D,2| is surprisingly achieved
by the expert with Alp = 0.09 for the tests H-E-KS—6.0.
The reproducibility is significantly improved using the pro-
posed RASP method, where Alp < 0.01 is observed for
all repetitive tests. Additionally, in the RASP tests, the tar-
get density corresponds to the achieved density (Ip ~ Ip),
confirming the proposed RASP procedure.

Interestingly, in all tests, the expert achieved denser spec-
imens than the beginner and also than the robot, which
emphasizes the influence of the human operator on the spec-
imen preparation result.

As expected from the literature [1, 22], a larger nozzle
diameter results in a lower density, irrespective of whether
the specimen is manually or automatically prepared.

Another observation and similarity between manually and
automatically prepared specimens is the significantly lower
density in the PVC ring located at the bottom of the mold.
The comparatively hard impact of the grains falling on the
bottom of the mold leads to looser density than if the grains
fall on sand. This base plate effect is discussed in detail later.
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3.1 Influence of the pluviation pattern

Three different pluviation patterns, a concentric (C), a ser-
pentine (S), and an enlarged serpentine (ES) pattern, are
investigated for the RASP-made specimens.

The predefined points in the command script and the sim-
plest pluviation pattern for Iy = O (straight lines connecting
the predefined points) are shown for the concentric (C) pat-
tern in Figure 10a, for the serpentine (S) pattern in Figure 10b,
and for the enlarged serpentine (ES) pattern in Figure 10c.
These figures also indicate the path spacing /s, which can be
interpreted as a characteristic scale for the respective pattern.
I varies for the different patterns. [ < 30dsq is used to ensure
anearly flat surface of every pluviated sand layer. However, it
should be noted that this flat surface is not necessarily ensured
when the stated recommendation for /g is adopted. The flat-
ness of the sand surface during the RASP process must be
visually checked for each material and parameter combi-
nation. To demonstrate the layerweise flatness of the sand
surface during the RASP process, a specimen was prepared
using the serpentine pattern in a transparent mold instead
of the PVC rings described above. The RASP parameters
were chosen in accordance with the preparation parameters
of specimen S-KS—4.5-25-8. Figure 11 shows images of the

(f) (e) (h) (i) )

Fig. 11 Sand surface and evolution of the specimen during the RASP process for a specimen prepared with the serpentine pattern

sand surface and the evolution of the specimen during the
RASP process. As intended, the surface is always sufficiently
flat.

The cobot performs linear movement commands between
the predefined points shown in Figure 10. This approach
is ideal for the serpentine pattern, as rather few points are
required per layer. However, a large number of points is
required to perform the concentric pattern with linear move-
ment commands. Note that too many points and too many
decimal digits of the coordinates may lead to issues with
the control system. Alternatively, circular movements could
also be used for the concentric pattern to reduce the required
number of points. A potential disadvantage of the concen-
tric pattern lies in the circular path itself, which requires an
acceleration (perpendicular to the direction of movement)
even at a constant norm of the nozzle velocity v,. Due to the
inertia of the grains, the nozzle pattern may only be partially
transferred to the specimen surface, especially at high nozzle
velocities.

To discuss the pluviation patterns in detail, the position
and velocity data exported from the cobot during the speci-
men preparation via a Modbus communication are visualized
for the first three layers for the tests C-KS—4.5-25-8 (con-
centric pattern) in Figure 12, for the tests S-KS—4.5-25-8
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Fig. 12 First three layers of the tests C-KS—4.5-25-8 with the concentric (C) pluviation pattern: norm of the nozzle velocity v, as a function of the

a) to ¢) nozzle position and d) to f) specimen preparation time ¢

(serpentine pattern) in Figure 13, and for the tests ES-
KS—4.5-25-8 (enlarged serpentine pattern) in Figure 14.

The top row of these figures (a to ¢) shows the norm of the
nozzle velocity v, as a function of the nozzle position in x-y
coordinates. It should be noted that this data represents the
movement of the nozzle. Due to inertia and the fall height,
the grains reach the specimen surface with a slightly different
pattern. Currently, the latter cannot be documented.

It can be seen that the cobot executes the desired pluviation
pattern through the defined points shown in Figure 10, layer
by layer. However, due to the specified arc transition Iy = 1
mm, the cobot does not reach exactly the defined points, but
rounds off the path slightly. Therefore, the norm of the noz-
zle velocity corresponds to the maximum norm of the nozzle
velocity during almost the entire pluviation of each layer.
Without the arc transition, the nozzle would follow the sim-
plified paths exactly shown in Figure 10 and there would be a
temporary zero velocity at the defined points due to acceler-
ation and deceleration of the cobot. This is confirmed by the
bottom rows of Figure 12, Figure 13, and Figure 14 (d to f),
which show the norm of the nozzle velocity vy, as a function
of the specimen preparation time 7. In these figures, black

@ Springer

dots correspond to a position of the nozzle inside the mold
(v/x2 + y2 < D/2) and gray dots correspond to a position
of the nozzle outside the mold. The latter only occurs using
the enlarged serpentine (ES) pattern in Figure 14, where the
predefined points lie outside the mold.

The cobot only needs to reduce its velocity temporarily
whenever it changes its path sharply. The time required by the
cobot to decelerate or accelerate depends on the given norm
of the nozzle acceleration ay. In all tests shown in this paper,
a, = 40 cm/s? is chosen. Previous tests have shown that ay,
has a negligible influence on the results (not shown). Never-
theless, this relatively large norm of the nozzle acceleration
an, combined with the norm of the nozzle velocity v, and the
selected arc transition I, results in a relatively pronounced
impact on the nozzle when the movement direction changes.
This impact is still tolerable for the entire system. For small
diameters, where blockages are expected, this impact can
resolve temporary blockages.

For the concentric (C) pattern, the reduction of the nozzle
velocity occurs at the transition between individual circles. In
the serpentine (S) pattern, the velocity reduction can be seen
at the end of a linear motion when the direction changes.
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Here, the theoretical advantage of the enlarged serpentine
(ES) pattern becomes apparent. The cobot also reduces its
velocity and accelerates upon a change in direction, but this
occurs when the nozzle is located outside the mold and the
grains that fall out of the nozzle during the accelerating peri-
ods do not fall into the mold. In order to obtain a sharp
separation between the falling grains inside and outside the
mold, the upper PVC ring is provided with a sharp edge. Note
that for these tests, the determination of At is nontrivial and
is not simply calculated using At = fgnd, Layer i — IStart, Layer i
as it can be done is for the aforementioned concentric and
serpentine pluviation patterns. For the ES pattern, At is the
total time in one layer during which the nozzle is positioned
above the mold (v/x2 + y2 < D/2). All corresponding time
points satisfying /x2 + y2 < D/2 are highlighted in dark
color in Figure 14 (bottom row).

For the tests C-KS—4.5-25-8, the time per layer is approx-
imately At = 12.14 s, which, using m and pqy, results in
a value of Ah = 3.18 mm. For the tests S-KS—4.5-25-8
applies At = 15.02 s and Ak = 3.89 mm and for the tests
ES-KS-4.5-25-8 applies At = 17.90 s, and Ah = 4.69 mm.

(e)

Fig. 13 First three layers of the tests S-KS—4.5-25-8 with the serpentine (S) pluviation pattern: norm of the nozzle velocity v, as a function of the

(f)

In addition, Figure 12 to Figure 14 demonstrate the rota-
tion of the pluviation patterns by « = 17° for each layer.
It should be noted that the upward movement, which is also
rounded due to the arc transition Iy, is not visible in the fig-
ures. It can only be inferred from the offset of the end point
of one layer with respect to the start point of the next layer.

The actual three-dimensional trajectories for the tests C-
KS—4.5-25-8 and S-KS—4.5-25-8 are shown in Figure 15
and Figure 16. The layers at aheightofh = 0,h =~ H/4 =5
ecm,h~ H/2=10cm,h ~3 H/4=15cm,andh ~ H =
20 cm are highlighted in colors. The rest of the path is shaded
in gray. This three-dimensional representation illustrates the
crowdedness of the overall movement of the robotic arm. It
can be seen that the movements of the concentric patterns
in each plane overlap each other, whereas in the serpentine
pattern, the linear movements of each layer intersect with
the adjacent layers. To ensure that the mold is thoroughly
filled and that even the top layer of the specimen is equally
compacted, the specimen is sufficiently buried with sand.
Doing so, a comparable compaction of the soil in the top
layer compared to the one in deeper layers is guaranteed.
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Fig. 15 3D nozzle trajectory of the tests C-KS—4.5-25-8 (concentric Fig. 16 3D nozzle trajectory of the tests S-KS—4.5-25-8 (serpentine

pattern) pattern)
Therefore, total vertical displacement Y Ah > H of the Figure 17 shows the density distributions of the resulting
nozzle must be greater than the height of the mold. specimens under variation of the pluviation pattern. First, it
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Fig.17 Relative density distribution in RASP-made KS-specimens for
three pluviation patterns

should be noted that all three patterns produce significantly
more homogeneous and reproducible specimens than man-
ual preparation. The homogeneity (C'V) and reproducibility
(Alp) are of the same order of magnitude for all pluviation
patterns. Interestingly, the ES pattern leads to the highest
density (Ip = 0.79) and the C pattern to the lowest den-
sity (Ip = 0.74). It is also worth noting that the differences
between the target density and the achieved density are sig-
nificantly greater for the S and ES patterns (& 5%) than for
the C pattern (< 1%). One additional shortcoming of the ES
pattern should be mentioned: compared to the other patterns,
the specimen preparation needs significantly more time, and
more material must be filled into the sand hopper.

Overall, the reproducibility of specimens prepared using
the RASP method is independent of the pluviation pattern,
although the latter slightly influences the achieved density.
The concentric pattern is used in the following.

3.2 Influence of the nozzle diameter and fall height

The nozzle diameter d,, affects the achievable density of the
specimen decisively. This is shown in detail in Figure 18,
where the diameter d,, is systematically varied (d, = 4.0 mm
tod, = 7.5 mm). The smaller the nozzle diameter, the greater
the achieved density. For the nozzles mentioned, with a fall
height of 25cm, relative densities between I_D = 0.46 and
I_D = 0.80 are achieved. However, the usable nozzle diam-
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Fig. 18 Relative density distribution in RASP-made KS-specimens
with varying nozzle diameters

eter is limited, as small diameters can cause the nozzle to
become blocked. Figure 18 also demonstrates that the coeffi-
cient of variation (CV) is higher at lower densities. Although
the absolute deviation (measured using the standard deviation
(s)) is nearly independent of the density (not shown), smaller
mean values Ip result in larger relative deviations expressed
using the coefficient of variation. Overall, CV < 2.08%
applies for the specimens in Figure 18 and they can therefore
be considered to be highly homogeneous.

The fall height A; also has a decisive influence on the
achieved density. Figure 19 presents experimental results
with varying fall height (hf = 25 cm and Ay = 35 cm).
An increased fall height leads to an increased density of the
specimen.

Additionally to the test with desired nearly constant fall
height if (Ah # 0) during the specimen preparation process,
some tests have also been conducted keeping the nozzle at
a constant (c) global height above the base plate during the
overall specimen preparation (Ah = 0). In this case, the
given value of it only applies immediately at the beginning
of the pluviation. Consequently, the fall height 4 ; decreases
during the pluviation process. The more soil mass has already
been pluviated into the mold, the lower A¢ during the pro-
cess. As can be seen in Figure 19, this results in a decrease in
density with increasing specimen height. The effect is more
pronounced if the initial fall height is smaller. For example,
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Fig. 19 Relative density distribution in RASP-made KS-specimens
with varying fall height &y

the specimens C-KS—4.5-25c-8 have a relative density of
Ip ~ 0.75 at the bottom and Ip ~ 0.55 at the top. The aver-
age relative density /p ~ 0.68 obviously has only limited
relevance in these specimens.

The observations regarding the influence of the fall height
and nozzle diameter on the achieved density are consistent
with the literature [1, 22]. Vaid and Negussey [22] explain
that increasing the fall height leads to a denser specimen
only up to a certain k¢, beyond which the grains reach their
so-called terminal velocity. Once this fall height is reached,
further increases in i¢ no longer affect the resulting density.

3.3 Influence of the nozzle velocity

As shown in Figure 20, the investigated maximum norm of
the nozzle velocity v, has a minor effect on the achieved
density. Values of v, = 6, v, = 8, and v, = 10 cm/s are
investigated. A slight trend towards a looser specimen with
decreasing v, can be observed. On the other hand, lower val-
ues of vy, lead to a larger Ah (larger At at the same ri1), which
is not desirable. A mean value of v, = 8 cm/s appears to be
a good compromise, thus, this norm of the nozzle velocity is
chosen for all further tests in this paper.
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Fig. 20 Relative density distribution in RASP-made KS-specimens
with varying norm of the nozzle velocity vy

3.4 Influence of the granular material

So far, only tests with Karlsruhe sand (KS) have been shown.
Figure 21 now considers the density distribution for RASP
specimens using the significantly finer Karlsruhe fine sand
(KFS). Two different fall heights (hf = 25 cm and hf = 35
cm) and two different nozzle diameters (d, = 3.0 mm and
hy, = 4.5 mm) are considered for the KFS-specimens. It
should be noted that due to the finer material, a decreased
Is has been chosen compared to the KS-specimens with the
same concentric pluviation pattern. All effects already dis-
cussed for KS are confirmed for KFS: an increased fall height
and a decreased nozzle diameter lead to an increased density
of the specimens. The statistical values CV and Alp fall
within the same range already discussed for the RASP of
KS-specimens. There is only a minor increased coefficient
of variation CV, which can be attributed to a very small
trend of a decreased density with increased specimen height
shown in Figure 21. It can be assumed that this observation
could be improved even further by fine-tuning the RASP
parameters. The proposed RASP method is therefore con-
firmed for various granular materials. It is noteworthy that
the previously apparent lower density in the bottom ring in
the KS-specimens is not pronounced in the KFS-specimens.
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Fig. 21 Relative density distribution in RASP-made KFS-specimens
with varying fall height and nozzle diameter

3.5 Influence of the base plate

All previous tests using KS, irrespective of whether human
or RASP-made, show a decreased local density in a bottom
layer (bottom PVC ring) of the specimen (Figure 8, Figure 9,
Figure 17, Figure 18, Figure 19, Figure 20).

However, the tests using the much finer KFS do not show
this base plate effect (Figure 21), which obviously occurs
due to the interaction between the falling grains and the base
plate. Vaid and Negussey [22] have already shown that, under
otherwise identical conditions, the velocity of a smaller grain
(with smaller mass) in a free fall through air is lower than
the velocity of a larger grain. The impact of KS on the base
plate is therefore significantly greater than the impact of the
KEFS for otherwise constant parameters. It should be noted
that kinetic energy scales quadratically with velocity.

Throughout the KS-specimen preparation process for the
first layers, it could be observed that the sand stream is
not dampened when it hits the PVC base plate and that
the individual sand grains therefore bounce around in the
mold wildly. These chaotic circumstances loosen the result-
ing specimen locally. After a sufficiently thick sand layer has
already been placed into the mold, the impact of the falling
grains is dampened, causing a compaction of the underlying
grains.
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Fig. 22 Relative density distribution in RASP-made KS-specimens
with and without membranes above the base plate and with and without
lubrication

This base plate effect, which is obviously more pro-
nounced for coarser material, in the preparation of specimens
using dry air pluviation from a single nozzle can thus be
demonstrated for the first time in this study. In specimens
produced by hand, this loose layer may be overshadowed
by the general fluctuations, but it still exists (Figure 8). It is
noteworthy that, as a result, a large number of soil mechan-
ics tests are likely to be carried out on specimens that are
significantly looser near the bottom than above.

In real triaxial tests, however, the base plate is usually
made of stainless steel with a small or large porous stone.
The base plate can furthermore be covered with one or two
membranes and greased for lubrication. To check whether
these factors prevent the appearance of the looser soil layer,
specimens are produced with and without membranes above
the base plate and with or without lubrication (one mem-
brane (1M), two membranes (2M), lubrication between
one membrane and the base plate (1LM)). In addition, a
large porous stone (PS) is placed on the base plate in one
test. The measured density distributions are shown in Fig-
ure 22.

It can be seen that the examined specifications of the
base PVC plate do not erase the aforementioned base plate
effect, and the density in the lowest ring is still significantly
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Table 3 Statistical summary of

RASP and human specimens: Method n cvV max CV min CV scv 95% confidence interval
P . [-] [%] [%] [%] [%] (% % ]
mean, minimum, maximum,
standard deviation, and 95% RASP 80 1.81 433 051 0.82 [0.21 ; 3.41]
confidence interval of the
coefficient of variation CV Human total 16 7.35 17.40 243 5.27 [0.05 ; 14.65]
Expert 4 4.22 5.52 3.20 - -
Intermediate 3.39 543 2.43 - -
Newbie 8 10.89 17.40 3.45 - -

smaller than the density in the rings above. The grains are
not dampened by the membrane and/or lubrication or the
porous stone. In fact, it appears that two membranes without
lubrication actually exacerbate the base plate effect, which
can be interpreted as the grains hitting the bottom of the
mold more elastically. The base plate effect for KS could
therefore not be eliminated by any practical experimental
method.

In another attempt (not shown), the bottom ring was filled
with sand of the target density before the actual specimen
preparation, so that the first grains falling from the nozzle
landed on a layer of sand that was already two centimeters
thick. However, this caused two issues: On the one hand, the
energy input of the impacting grains leads to a compaction of
this first layer, so that at the end of the specimen preparation,
the lower layer is denser than the sand above it. This could
be prevented by initially filling the sand more loosely with a
iteratively found density. On the other hand, this layer cannot
be simply pluviated and must be compacted by vibration or
tamping, which induces a significantly different anisotropic
microstructure (fabric) than the sand above it.

The base plate effect for the KS specimens tends to
increase slightly as the overall density of the specimen
increases, regardless of how this higher density is achieved.
Greater density can be achieved, for example, by increas-
ing the fall height or reducing the nozzle diameter, which,
according to [11, 22], leads to a higher grain velocity and
thus a greater impact of the falling grains. Figure 18 has
already shown this observation for tests with different noz-
zle diameters.

To verify the hypothesis that the bottom effect is more
pronounced if the overall density of the specimen increases,
tests are shown in Figure 22 with different nozzle diameters
(dy = 4.5 mm and d, = 7.5 mm). To create an even looser
specimen, in addition to the tests with a fall height of hf =
25 cm, a test with a smaller fall height of iy = 15 cm is
performed. However, with the selected fall height of iy =
15 cm, only the first five rings (specimen height of H =
10 cm) could be used so that H < h¢ applies. These tests
reveal that the base plate effect is for dense specimens slightly
more pronounced than for loose ones. However, the base plate
effect is also clearly noticeable for looser specimens.

@ Springer

The observation of the base plate effect poses a signifi-
cant issue for specimen preparation. It must be concluded
that the dry air pluviation technique out of a single noz-
zle should be interpreted and used with care for coarse
materials because an inhomogeneous density distribution
due to the base plate effect has to be expected, espe-
cially for small specimen heights. It has to be highlighted
that this issue arises for both RASP prepared and manu-
ally prepared specimens. It was not possible to find any
practical methods to prevent this effect. Rotating the spec-
imen and removing the affected layer after production
would eliminate this loose area, of course. However, it
is likely that rotating the specimen would cause some dis-
turbance. These effects need to be studied in detail in the
future.

Finally, it should be noted that the RASP method pre-
sented in this paper and the relative densities achieved are
highly sensitive to the granular material used. Even minor
variations, for example due to a different homogenisation of
the specimen material, can require the method to be recali-
brated and the cobot parameters to be adjusted.

3.6 Statistical evaluation

In the following, the results shown above are summarized
and statistically evaluated together with additional test results
not shown in detail above. For this analysis, 80 specimens
prepared using the automated RASP method (excluding
specimens without a constant value of /4 ¢) and 16 manually
prepared specimens (4 by the expert, 4 by the intermediate,
and 8 by the newbie) are considered. For each specimen,
the coefficient of variation CV is determined based on 8
density measurements, excluding the upper and lower ring.
This results in a total of 768 density measurements that are
included in the following statistical evaluation.

Table 3 presents the mean value C'V, the corresponding
minimum (min C'V) and maximum (max CV) values, the
standard deviation scy, and the 95% confidence interval of
the coefficient of variation C'V for all considered specimens
prepared manually and with the RASP. scy is determined
using the C'V values of the considered specimens. The 95%
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confidence interval also applies to the C'V values of the indi-
vidual specimens.

The coefficient of variation CV, defined in Equation 7,
measures density homogeneity within a specimen. CV is
normalized by the mean relative density to allow a compar-
ison between specimens with different densities, with lower
values indicating higher homogeneity. Furthermore, low CV
values can indicate higher reproducibility between different
specimens. The results show that specimens produced using
the automated RASP method exhibit a significantly lower
mean coefficient of variation (CV = 1.81 %) compared to
manually prepared specimens (CV = 7.35 %), indicating a
substantially higher homogeneity and reproducibility of the
RASP specimen preparation process.

In addition to the mean values, the standard deviation scy
and the corresponding 95% confidence intervals provide fur-
ther insight into the variability and statistical robustness of
the different preparation methods. RASP specimens show
a low standard deviation (scy = 0.82 %) and a com-
paratively narrow confidence interval of CV, indicating a
stable and well-controlled preparation process that yields
reproducibly homogeneous specimens. In contrast, manually
prepared specimens exhibit a significantly larger standard
deviation (scy = 5.27 %) and a very wide confidence inter-
val, reflecting pronounced variability in the manual specimen
preparation process. The standard deviation and confidence
interval are considered collectively for the manual speci-
mens, as dividing them into individual operators would result
in a small number of specimens.

The minimum and maximum achieved CV values fur-
ther support these observations. RASP specimens cover a
narrow range of C'V values from 0.51 % to 4.33 %, demon-
strating consistent density homogeneity and low sensitivity
to process variability. Manually prepared specimens, how-
ever, span over a much wider range from 2.43 % to 17.40 %,
indicating a considerable risk of producing strongly inhomo-
geneous specimens when relying on manual preparation.

Among the manually prepared specimens, noticeable dif-
ferences between the operator groups are observed. Expert
and intermediate operators achieve relatively low mean CV
values of CV = 4.22 % and CV = 3.39 %, respectively,
with moderate spreads between minimum and maximum
values. Specimens prepared by the newbie, however, show
a markedly higher mean coefficient of variation (CV =
10.89 %) and the largest spread, with CV values ranging
from 3.45 % to 17.40 %. This clearly highlights the strong
influence of operator experience on the homogeneity of man-
ually prepared sand specimens. Although experience can
improve specimen quality, manual preparation inherently
lacks the reproducibility and reliability of the automated
RASP method.

4 Conclusion

This paper introduces a fully Robotic Automated Speci-
men Preparation (RASP) method for the dry air pluviation
technique for granular material. The proposed device con-
sists of a conventional collaborative six-axis robot (cobot)
and a single nozzle installed at the tool end of the robotic
arm. The specimen preparation follows a well-defined
procedure and is fully automated. The method can be
transferred to other robotic systems in a straightforward
procedure. The RASP introduced is used to produce over-
all more than 80 cylindrical specimens with a height of
H = 20 cm and a diameter of D = 10 cm. The local
vertical density distribution of the specimen is then deter-
mined.

Comparison with human-made specimens reveals that the
RASP process leads to significantly more homogeneous and
reproducible specimens in terms of the density distribution.
In detail, the local density measurements on the RASP speci-
mens show an average coefficient of variation of CV = 1.81
%, while the ones prepared by hand show a much higher
coefficient of variation of CV = 7.35 %.

Based on this fundamental observation, the effects of
the nozzle diameter and the fall height on the achievable
density, which are known from the literature, become appar-
ent. It is also proven that the RASP method presented is
very robust in itself. The nozzle velocity and pluviation
pattern have a practically negligible influence on the result-
ing density. The proposed method has been confirmed for
two different types of sand. RASP additionally provides a
detailed documentation of the specimens’ preparation pro-
cess due to the produced data. Especially for large and dense
specimens, the RASP method is expected to save labora-
tory technicians a significant amount of time and effort, and
thus financial costs for high-quality geotechnical soil analy-
ses.

However, it is further shown that using the dry air plu-
viation preparation method with coarse sands, regardless of
whether manual or RASP, a looser soil layer at the bottom
of the specimen is to be expected. The observation of this
base plate effect contradicts the common assumption of a
so-called element test.

In the near future, the automatically generated specimens
will be tested in conventional soil mechanical experiments
(triaxial test, oedometric test), and the variations in the results
will be compared against manually prepared specimens. The
work presented provokes justified optimism that there will be
more consistent and reproducible results in these tests using
the RASP method.
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