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Abstract

For preparing standardized sand specimens for physical modelling in geotechnics, especially for the geo-
centrifuge tests, a “line-style” sand pluviator has been recently developed by TU Delft. Controlling the falling
height of sand hopper, the width of hopper’s bottom gap and the relative moving speed between the hopper
and the sample box, specimens with bulk relative density ranging from 50% to 100% can be prepared by this
automated machine using the coarse Merwede River sand. Besides, the periodic variation of local relative
density along depth was observed using the macro-CT scanner and the features of the fabrics were investi-
gated using the micro-CT scanner. It was also proved by a set of shallow foundation modelling tests that the
sand specimens having the same bulk relative density but different heterogeneity and fabric features behaved
significantly differently and further research works are recommended to explore the influences of these dif-
ferences. Additionally, a partially substantiated hypothesis was proposed to conclude the general rules of the
sand pluviation process, and the reliability of this hypothesis has been proved by a series of tests on the Geba
sand.
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1
Introduction

1.1. Background
Physical modelling in geotechnics includes in particular small-scale tests to simulate prototype geotechnical
problems and requires prudent preparation work for test models, as any subtle alteration of pre-designed
physical modelling parameters (e.g. the relative density for sand specimens) would result in deviation in the
test results (see e.g. Schofield, 1980; Madabhushi et al., 2006), which could be unacceptable. Therefore, for
physical modelling in geotechnics, it is necessary to standardize the sample preparation process, to make the
samples have precisely controllable parameters, especially for repetitive tests.

For standardized preparation work for sand specimens, controlling the features of particles (e.g. density,
roughness and roundness) and fabrics (e.g. compactness, alignment and contact of particles) are crucial, as
these features are basically all the potential variables for the sand packing itself. For a certain type of industrial
sand product, the features of particles could be considered as constant and therefore, the changeable features
of fabrics become the only challenges of standardization.

As mentioned above, the fabric features of a certain type of sand can be described in various aspects, and
making all of them precisely controllable is undoubtedly difficult. During the past decades, it was found that
one of the fabric features, the compactness of particles has exceptionally significant effects on the behaviour
of sands (see e.g. Lee, 1965; Bolton, 1986). Besides, the compactness of a certain type of sand can be easily
quantified by the index Relative Density (Dr ). Therefore, scholars were taking priority researching methods
controlling the relative density of sand samples for the standardization of their preparation work.

Consequently, a series of reconstitution methods have been proposed, including the shovelling, tamping
and vibrating methods by which the porosity of sand is adjusted after deposition and in terms of these meth-
ods, strongly anisotropic properties (Butterfield and Andrawes, 1970) and significantly vertical inclination of
sand particles (Arulanandan, 1978) are noticeable. On the other hand, another method named the pluvia-
tion method, by which the porosity is adjusted during deposition, by controlling the height of fall of the sand
grains and the rate of deposition was proposed (Kolbuszewski, 1948), developed (see e.g. Kolbuszewski and
Jones, 1961), and automated (see e.g. Garnier and Cottineau, 1988), and the machines were generally named
as the sand pluviators.

Although the relative density is not the only index for describing various aspects of fabric features of sand,
it is still of significance to make the relative density controllable using a proper reconstitution method, and
the sand pluviation method could be a good approach.

1.2. Research Objectives and Methods
To explore the pluviation method’s potential contribution to the standardization of sample preparation work,
first of all, a sand pluviator should be designed, manufactured, and calibrated. Then, using a specific type of
sand (the coarse Merwede River sand), a series of pluviation tests should be done to explore the performance
of the sand pluviator on controlling the (bulk) relative density of sand specimens, as it is the original intention
of developing this machine. Afterwards, the homogeneity of pluviated sand specimens should be checked,
as they are not impossible to be significantly heterogeneous. Next, based on the research mentioned above,
general rules of the sand pluviator’s influences on the relative density and its homogeneity of sand specimens,

1



2 1. Introduction

Figure 1.1: Point-, line- and plane-style sand pluviation concepts

including the mechanisms of the sand pluviation process should be concluded. These general rules should
be examined by tests on a new type of sand (the Geba sand).

In addition to focusing on the prioritized index of sand particle packing’s compactness (i.e. the relative
density), other fabric features of pluviated sand specimens should be observed as well. Several indexes should
be used to quantify and then evaluate these features.

Lastly, the behaviour of pluviated sand specimens in physical modelling tests should be discussed. It
has to be acknowledged that the behaviour of sand specimens is a grand topic of various aspects, includ-
ing drained/undrained, large strain/small strain, monotonic/cyclic, mechanical/hydro-mechanical, etc., and
hence, it is infeasible to discuss many of them in this study. Therefore thus, here is no specific literature re-
view for the behaviour of pluviated sand specimens in this section, and the selected and detailed discussions
are introduced in Section 3.7.

1.2.1. Developing a Sand Pluviator
The basic concept of the sand pluviation method is to pour sand grains into the sample boxes from a certain
height. To make the falling particles form a relatively steady and continuous stream, the sand grains should
usually go through a container which has an aperture or a set of sieves at the bottom. The sand pluviators are
generally divided into three types. For the first type, sand grains go through a hole whose scale is significantly
smaller than that of sample box and hence, to fill the box, the relatively horizontal movement between sand
stream and sample box in both X- and Y- direction is indispensable. This type of sand pluviators are called
the “point-style” ones (see e.g. Hakhamaneshi et al., 2016). For the second type, the opening gap located at
the bottom of the sand container has a shape of long strip and by going through which, the sand particles
form a curtain-shaped flow and the the relatively horizontal movement between the “sand curtain” and the
sample box is needed in only one direction (i.e. the direction which is perpendicular to the “sand curtain”).
This type of sand pluviators are called the “line-style” ones (see e.g. Stuit, 1995). For the third type, the bottom
of the sand container is usually a sieve or a set of sieves and the area of which is larger than that of sample
boxes. Therefore, the falling particles form a “sand carpet” at a certain moment and no relatively horizontal
movement between the sand container and the sample box is needed. This type of sand pluviators are called
the “plane-style” ones (see e.g. Choi et al., 2010). The concepts of these three types of sand pluviators are
shown in Figure 1.1.

During the past decades, various sand pluviators were developed by numerous institutions worldwide
(see e.g. Garnier and Cottineau, 1988; Lo Presti et al., 1993; Fretti et al., 1995; Madabhushi et al., 2006; La-
gioia et al., 2006; Choi et al., 2010; Dave and Dasaka, 2012; Khari et al., 2014; Hakhamaneshi et al., 2016;
Hariprasad et al., 2016; Hossain and Ansary, 2018). And it was stated that the relative density of sand samples
are generally able to be controlled using the sand pluviation method. As the sand pluviation method has been
recommended by many research works, at TU Delft, a new sand pluviator was developed as well. Although
the (dis)advantages of the three types of sand pluviators cannot be concluded comprehensively based on lit-
erature review, following the domestic pioneer research (i.e. Stuit, 1995), the "line-style" was selected, and
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the design of the TU Delft sand pluviator is introduced in Chapter 2.

1.2.2. The Relative Density of Pluviated Sand Specimens
It was initially indicated by Kolbuszewski (1948) that the falling height and the rate of deposition are the
key variables of the ultimate relative density of pluviated sand specimens. Besides, as mentioned above, for
the sand pluviation process, the horizontally relative movement between the sample box and the (vertically)
falling sand particles is necessary, except for the rare plane-style pluviator, and it was revealed that the relative
moving speed has effects on the relative density as well (see e.g. Stuit, 1995; Bolouri Bazaz et al., 2018).

Therefore, these three variables’ influences on the specimens’ relative density should be explored by a
series of pluviation tests and the detailed optical observation by high frame rate (HFR) camera shooting. A
Canon EOS 750D digital camera was used in this work, and the maximum frame rate of this camera is 50
frames per second.

Additionally, the pluviation test results (i.e. the "recipes" of variables for specimens of certain values of
relative density) for certain types of sands could be considered as pre-calibration for future sample prepara-
tion work.

1.2.3. The Homogeneity of Pluviated Sand Specimens
It has been indicated by many scholars that the sand samples prepared by the pluviation method are not
always ideally homogeneous, according to their results of cone penetration tests (see e.g. Corté et al., 1991;
Fretti et al., 1995), lamel ring container tests (Stuit, 1995) and mold tests (see e.g. Choi et al., 2010). For ex-
ample, according to the cone penetration tests performed at 1g in dry pluviated Fontainebleau sand (Corté
et al., 1991), the value of the cone resistance varied obviously in the vertical direction with a certain frequency,
which indicated the existence of distinct denser and looser sand layers in the pluviated specimens. As the ho-
mogeneity checking methods mentioned above (e.g. cone penetration tests) may disturb the fabrics of sand
specimens and thence, the computed tomography (CT) method, the one based on the penetration results
of X-ray beams which do not disturb the sand particles mechanically, is recommended for this research. As
well known, by recording of sets of attenuation profiles of collimated X-ray beams through a body in differ-
ent directions in a plane and subsequently solving the system of linear equations, the distribution of local
radiographic density in a certain plane can be achieved. The electromagnetic radiation related tomography
methods have been successfully applied in soil mechanics for decades and it has been proved that the cal-
culated radiographic density basically has a positive linear correlation with the density of sand packing (see
e.g. Desrues et al., 1996). For a certain type of sand, as the particle density, maximum and minimum void
ratio can be considered as constant and hence, the calculated radiographic density of CT can be considered
as having a positive linear correlation with the relative density. Although this back-calculating work based
on local radiographic density is only a qualitative method, rather than a quantitative one for figuring out the
local relative density of sand packing when without sophisticated pre-calibration work, the CT is still capa-
ble of distinguishing the local Dr ’s variance of different extents, even for different specimens, as long as the
bulk Dr is calculated using the conventional method (i.e. measuring the volume and mass of sand packing
directly). Therefore, the mature and reliable computed tomography method was chosen and a Siemens So-
matom medical CT scanner of TU Delft (referred to as the macro-CT) was used in this work. A photo of the
macro-CT is shown in Figure 1.2.

1.2.4. Other Fabric features of Pluviated Sand Specimens
As explained before, controlling the relative density is not the only mission for the standardization of sand
samples’ preparation work. For a certain type of natural silica sand, the fabric features (e.g. the inclination of
grains’ longest axes) of different specimens could vary, even for those with the same void ratio. The specimens
prepared by different methods could have different fabric features (Arulanandan, 1978) and the dissimilar
fabrics usually result in the differences in sands’ mechanical behaviour (see e.g. Oda, 1972a, 1972b; Oda
and Koishikawa, 1978; Miura and Toki, 1982; Bowman and Soga, 2003). Therefore, for evaluating specimens
prepared by the sand pluviation method, studying the fabric features is indispensable.

The Phoenix-Xray CT scanner of TU Delft (referred to as the micro-CT) was planned to be used to observe
the fabrics of prepared sand samples, as the previously used macro-CT scanner has the finest resolution of
0.3 mm, and with which, the shapes of sand particles (grain size < 2mm, typically < 1 mm) are obviously
impossible to be depicted. The micro-CT scanner has the resolution of up to 0.5 µm and it has been proved
by a set of pre-tests that it is possible to reconstruct the tomographic shapes of the coarse Merwede River
sand particles (D50 0.73 mm). A photo of a sample box being scanned by the micro-CT is shown in Figure 1.3.
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Figure 1.2: The macro-CT of TU Delft

However, it is a challenge that for the micro-CT scanner, the maximum diameter of tested samples is 12 cm
and this size is significantly smaller than that of regularly used sample boxes. What is more, the resolution of
reconstructed CT images is higher when a smaller sample is scanned and thus it is empirically recommended
that the sand sample to be scanned has an axial length of maximum 8 cm and a radial diameter of maximum
4 cm. Therefore, it is necessary to take small and undisturbed packing of sand from the prepared specimens.

Three methods were proposed to solve this problem. The first one is to saturate dry specimens with
polyester resin and then cut the hardened specimen by a diamond saw into small pieces, as what Oda (1972a,
1972b) has done. However, the resin material is toxic but no special protective and ventilation equipment was
available in the laboratory and therefore, this plan was abandoned. The second plan is to cement the sand
specimens by the bio-cementation methods such as the microbial induced carbonate precipitation (MICP)
method (see e.g. Gomez et al., 2018) or the microbial induced desaturation and precipitation (MIDP) method
(see e.g. O’Donnell et al., 2017). However, as the bio-cementation methods have not been applied widely and
are still in need of further research, this plan was abandoned as well. The third plan is to saturate a pluviated
sand specimen with water and then freeze the whole saturated specimen (with the box) at -24°C. When the
whole specimen is frozen, a diamond drill should be used to take a cylindrical sample out, and the diameter
of the diamond drill was chosen to be 3 cm.

As the micro-CT scanning process usually lasts more than 60 minutes, the frozen sand sample may melt
significantly during this long time period, even when being protected by a pre-cooled adiabatic case made of
foam. The melting process results in the intolerable movement of sand particles and then make the quality
of reconstructed CT images bad. Therefore, the frozen samples must be processed physically before being
scanned by CT, and the processing method is sketched in Figure 1.4. Firstly, a cylinder container made by
polyvinyl chloride (PVC) is prepared and the diameter of the container should be larger than that of the drilled
frozen sample. It should be mentioned that the container has some holes at the bottom to make free drainage
possible. Some finer sand (finer than the frozen sand, and in this case, D50 of the finer sand is 0.35 mm) is
then put into the container to cover the bottom, as shown in Figure 1.4a. After that, the frozen sample is
carefully put into the container and one should pour more fine sand into the container to surround the frozen
sample. Meanwhile, the container should be vibrated gently to make the surrounding sand dense. When the
frozen sample is fully surrounded by fine sand, the whole container can be left in the room temperature and
thence the frozen sample will melt and the water will drain via the holes at the container’s bottom, as shown
in Figure 1.4b, 1.4c and 1.4d. After more than one day, no ice exists in the cylindrical sample and then the
sample, especially the part of interested marked in the dashed frame, can be scanned by the micro-CT for a
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Figure 1.3: The micro-CT of TU Delft

long time period, as shown in Figure 1.4e.
It must be noticed that during the process of freezing, the volume of water may increase by approximately

10% and it is possible that the sand particles are disturbed by the frozen water. Although it has been proved by
Oda (1972a) that particles of the frozen-and-melted samples are disturbed very limitedly (e.g. axial strain of
less than 1%), exploring the influence of freezing is still of importance and thus a set of pre-tests were done.
According to the trials, it was observed that there always forms one or several “icebergs” in the saturated
sample box, when being frozen and the upheaval is more obvious in the area near the “iceberg(s)”. What
is more, it was subsequently found that the upheaval of sand particles becomes more insignificant when
the water level is much (e.g. 50%) higher than the height of sand layers, as the "iceberg" always floats in
water. Based on these two conclusions, it is required that the level of saturating water must be high and the
“iceberg(s)” must be kept far away from the area of interest as much as possible.

Therefore, a pair of foam cases were designed empirically and these cases tightly cover the sample box,
insulating the covered part from the atmosphere of low temperature, as shown in Figure 1.5. By using the
foam cases, the whole saturated sample must be kept in the freezer of -24°C for at least 4 days before its
thoroughly being frozen and in comparison, a similar saturated sample can be frozen within 10 hours when
it is not covered by the foam cases. With a high water level and a special pair of adiabatic cases, the upheaval
of ice should concentrate on the two sides of the sample box and the upheaval in the middle is relatively
negligible, the undisturbed area is shown in the dash frame of Figure 1.6.

A series of photos were taken by a camera with a fixed tripod to observe the movements of sand particles
before- and after- the freezing process. It was found that the relative displacement and rotation of particles
in the area of interest (dash frame of Figure 1.6) cannot even be detected by processing photos with a high
resolution of 6000 × 4000 pixels and thence, the sand sample can be considered as undisturbed during the
process of freezing, when using the special “tricks” mentioned above.
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Figure 1.4: Processing method for undisturbed sampling for micro-CT scanning

Figure 1.5: The frozen saturated specimen with controllable upheaval by using foam covers

Figure 1.6: The frozen saturated specimen with controllable upheaval by using foam covers



2
The TU Delft Sand Pluviator

2.1. General Description
As mentioned in Chapter 1, the TU Delft sand pluviator is an automatic “line-style” pluviator, and it was de-
veloped in 2016, referring to the designing concept of the old TU Delft sand pluviator (Stuit, 1995). As shown
in Figure 2.1, the device has a triangular-prism shaped sand hopper which contains the sand temporarily.
A slot located at the bottom ridge of the sand hopper can be opened manually and the opening width can
be adjusted by a spiral caliper. By screwing the spiral caliper, changing the gap width, the thickness of the
“sand curtain”, which is positively correlated with the sand grains’ raining intensity (Lo Presti et al., 1993;
Bolouri Bazaz et al., 2018) can be controlled. Meanwhile, the height of sand hopper can be adjusted by driv-
ing two vertical transmission belts.

The sand grains which were previously stored in the closed hopper can fall down freely via the line-shaped
gap (slot) and hence a “sand curtain” forms. Then, driven by two horizontal transmission belts, with a con-
trollable speed, the sample box starts moving from the starting point (i.e. the most right-hand side of the
horizontal transmission belt, as shown in Figure 2.1), going through the “sand curtain” and thus a layer of
sand grains can be deposited in the box. Next, the box continues moving forward (towards the left-hand side
of the horizontal transmission belt, as shown in Figure 2.1) until arriving at the ending point below the laser
rangefinder, where the pre-calibrated rangefinder can be used to measure the height of accumulated sand
layers. Afterwards, the box should move back to the starting point and the hopper with depleted sand should
be refilled for the next deposition loop. With the deposition loop continues, sand grains accumulate in the
sample box layer by layer, until the target height of sand body is reached.

It is noticeable that not all the sand grains can be deposited in the sample box and those which fall outside
the box are held and then transported to a cubic sand container, by a wide recycle belt located beneath those
belts which drive the sand box. Sand grains accumulating in the cubic recycle container can be transported
upwards to refill the sand hopper, by an electric vacuum pump. The power of the vacuum pump is 8000
watts and this pump is capable of transporting approximately 20 kilograms of sand in 3 minutes, via a plastic
tube protected by a metal pipe and the inner diameter of plastic tube is 5 centimetres. Additionally, assistant
shovelling work is needed to transport the sand stored in the recycle container towards the plastic tube.

According to the researches on the similar “line-style” sand pluviators by Stuit (1995) and Bolouri Bazaz
et al. (2018), three execution parameters were selected to be the variables to control the relative density of
pluviated sand samples, and these variables are: the width of the opening gap at the bottom of the sand
hopper, referred to as the Opening Width; the falling height of sand grains, measured from the bottom free
surface of the sand stored in the hopper to the sand surface which the falling grains finally hit, referred to as
the Falling Height; and the horizontal moving speed of the sample box when going through the “sand curtain”,
referred to as the Box Speed.

The accuracy, maximum and minimum values of the three variables and their controlling methods are
shown in Table 2.1.

1The minimum Falling Height should be determined by the height of sample boxes. As the width of frequently used sample boxes are
smaller than that of the sand hopper and therefore, the sand hopper should always be above the sample boxes. For instance, if the height
of a sample box is 15 cm, the minimum value of the Falling Height should be set as no less than 15 cm to avoid potential collisions or
scratches between the sand hopper and the sample box.

7
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Figure 2.1: Sketch of the TU Delft sand pluviator

Table 2.1: Variables of the TU Delft sand pluviator

Variable Controlling method Max. value Min. value Accuracy
Falling Height Servo motor belt (vertical) 1080 mm t.b.d.1 1 mm
Opening Width Spiral caliper 25 mm 0 1 µm
Box Speed Servo motor belt (horizontal) 90 mm/s 0 1 mm/s
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Figure 2.2: Sand raining intensity along time (a rough estimation)

2.2. Challenges
It is worthy of mentioning that the three variables are not all the factors affecting the relative density of sam-
ples made from a certain type of sand. The fullness of sand hopper, the flatness and the initial relative density
of sand stored in the hopper, dust and moisture in the sand do influence the sample preparation work sig-
nificantly and these indexes become the challenges for the TU Delft sand pluviator to prepare standardized
sand specimens.

The first challenge is the fullness of the sand hopper, which affects the sand raining intensity directly and
has been proved to have an influence upon the ultimate relative density of the prepared specimens (see e.g.
Hakhamaneshi et al., 2016). For a hopper which is never refilled with sand before depletion, according to the
rough estimation based on the ruler stuck inside the hopper, the general relationship between time and sand
raining intensity is shown in Figure 2.2. As can be seen from the curve, when opening the bottom gap, the
sand grains start falling down and the raining intensity increases sharply from zero. After reaching the peak
at an initial stage, the value of the raining intensity starts decreasing slowly. At the final stage, the sand grains
remaining in the hopper become very few and thence the raining intensity decreases significantly, and the
“sand curtain” will eventually disappear when the stored sand is completely depleted.

Obviously, only the middle time interval can be utilized and the final stage must be evaded, otherwise
the relative density of the ultimately prepared specimen would be much larger than expected. For example,
when using the coarse Merwede River sand (D50 0.73 mm) and setting the Opening Width as 3 mm, the Box
Speed as 1.5 mm/s, the time of relatively stable raining intensity (the middle stage in Figure 3) is approximate
20 seconds, which allows the sample box to go through the “sand curtain” for twice. In this occasion, if one
sets the Falling Height as 28 cm, the relative density of the prepared sample should be about 80%. However,
if one does not stop the pluviation process to refill the sand hopper and let the sample box go through the
“sand curtain” for a third and a fourth time, the relative density may increase to approximately 90% as a result.
Therefore, before starting the formal pluviation process, one must observe the depletion of the sand stored
in the hopper and estimate the “good” time interval when the sand raining intensity is relatively stable.

Because of the low efficiency of the sand’s being recycled by the vacuum pump, the speed of refilling sand
is significantly lower than sand’s losing from the hopper and the hopper can only be refilled slowly when
the pluviation process is paused. Therefore, an absolutely unchanged fullness of sand is impossible and
that makes the fullness the first challenge for preparing standardized sand specimens by the TU Delft sand
pluviator.

The second challenge is the initial state (e.g. flatness and relative density) of sand stored in the hopper.
As shown in Figure 2.1, the opening aperture of the orange container for refilling sand is significantly smaller
than the hopper and thence the refilled sand will naturally form a dune in the hopper, as shown in Figure 2.3a.
According to the observation, when the sand body in the hopper is not flat, the raining intensity along the
strip-shaped opening gap will not be uniform. In other words, the “sand rain” is relatively heavy right beneath
the sand dune and but relatively light on the two sides. Therefore, it is necessary to make the sand flat every
time when the refilling process is finished. Since the vibratory action (e.g. hammering the sand hopper) was
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(a) before shovelling (b) after shovelling

Figure 2.3: Flatness comparison of sand stored in the hopper

not observed as effective to make the stored sand dune flat, a tiny shovel can be used, as shown in Figure 2.3b.
Although the criterion for “flatness” is not strict, it is empirically recommended by the author that one should
keep shovelling the surface of sand until there is no slopes whose inclination is larger than 10°.

Meanwhile, the initial relative density of sand before pluviation is important as well, although there were
no comparison tests specially designed to check the influence of that index. It is recommended by the author
that for each time refilling the hopper, one should set the hopper at an unchanged height (e.g. the highest
position). Besides, after the refilling process is done, the sand dune must be shovelled (to be flat) as gently as
possible.

The third challenge is the fine grains and moisture in the sand. As shown in Figure 2.1, as the suction of
vacuum pump is limited, one should stir the sand in the cubic recycle container by a steel shovel to make the
sand be transported towards the recycle tube successfully. It is estimated to stir the steel shovel for at least
20 times for the whole container of sand’s being transported. Thus, the sand stored in the container should
be shovelled for hundreds of times during days of repetitive sample preparation work. It was observed that
with the sand’s being shovelled, the amount of dust-like fine grains increased. Hence, it was supposed by
the author that this increasing amount of fine grains could be due to the abrasion of sand particles, as a
result of the steel shovel’s stir. What is more, for the TU Delft sand pluviator, analogous to the mechanism
of revolving door, metal panels are used to transport sand from the storage tank towards the hopper. When
rotating, the scratch between the wings (metal panels) and the rotunda wall is inevitable and therefore, some
sand particles could be crushed. This supposal is analogous to the sieve tests by Seo et al. (2020), according
to which, it was proved that the amount of fine grains increased after an oedometer tests, due to the breakage
of sand grains.

The dust-like fine grains are never ignorable as they are proved by some following tests to play an im-
portant role in the behaviour of ultimately prepared sand specimens. Therefore, it is recommended that the
pluviated sand should not be recycled for too many times. Additionally, the moisture in sand is also impor-
tant. As the hopper is able to store more than 50 kg of sand, it is not feasible to dry the sand by oven every
time before tests. Despite that, it is recommended to check the sand regularly to make sure that there is no
water retention in sand at least. Sample preparation work in a humid day is not suggested.

As these indexes that challenge the standardization of sample preparation work cannot be controlled or
even quantified easily, they were not set as the variables of sand pluviator’s execution parameters. Despite
that, these factors should always be noticed and kept generally unaltered during a certain series of sample
preparation work.



3
Tests on the Coarse Merwede River Sand

3.1. The Coarse Merwede River Sand
3.1.1. General Description
The coarse Merwede River sand was used for preparing specimens in this work and a photograph of this sand
is shown in Figure 3.1. Particle size distributions of the coarse Merwede River sand and another two well-
known sands are compared in Figure 3.2 and the basic properties of coarse Merwede River sand are shown in
Table 3.1.

Table 3.1: Properties of the coarse Merwede River sand

Gs D60 (mm) D50 (mm) D30 (mm) D10 (mm) Cu Cc emax emi n

2.65 0.78 0.73 0.65 0.54 1.44 1.00 0.72 0.50

The relative density mentioned in this work is calculated by

Dr = emax −e

emax −emi n
(3.1)

where e is the void ratio of sand and its maximum and minimum values were evaluated following the
Laboratory Testing Standards of Geomaterials of the Japanese Geotechnical Society (2015).

3.1.2. Shape of Sand Particles
Two-dimensional shapes of numerous coarse Merwede River Sand particles were obtained from the com-
puted tomography (CT) images and the shapes of sand particles are evaluated.

Hitherto, no evaluation methods have been recommended by authoritative testing standards or designing
codes, and the concept proposed by Zheng and Hryciw (2015) was applied in this work, which is described in
Figure 3.3.

As shown in Figure 3.3, the particle shape can be characterized at three different scales. The largest scale is
the form (sphericity) and it reflects the ratio of the surface area of a sphere of the same volume as the particle
to the actual surface area of the particle (Wadell, 1933). The second scale is the roundness (angularity) and it
reflects the ratio of the average radius of curvature of the corners of a particle to the radius of the maximum
inscribed circle (Wadell, 1932). The smallest scale is the roughness, and this index is difficult to be quantified,
due to the limited resolution of CT scanning and the “coastline paradox”.

The sphericity is quantified by calculating the eccentricity of the ellipse that has the same second-moments
as the actual shape of particles, based on the 2D CT images and then applying the function regionprops of
MATLAB (MathWorks, 2019), eccentricity of 300 randomly selected particles were calculated and the average
value is 0.72. That means the particles of the coarse Merwede River sand are generally not spherical and have
distinctly longest axes, as eccentricity of a circle is 0 and that of an ellipse can never exceed 1. Therefore, it is
of value to study the inclinations of sand particles and that study will be introduced in Section 3.6.

The evaluation method of roundness (Wadell, 1932) is complicated and its concept was further described
in the following research (Wadell, 1935), as shown in Figure 3.4.

11
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Figure 3.1: The coarse Merwede River sand
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Figure 3.2: Particle size distributions of the coarse Merwede River sand, Hostun RF sand (Alshibli et al., 2015) and Baskarp 15 sand
(Tehrani et al., 2018)
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Figure 3.3: Particle shape characterisation at different scales (Zheng and Hryciw, 2015) (after Barrett, 1980; Mitchell and Soga, 2005; ISO,
2008)

Figure 3.4: Examples of calculating the degree of roundness (Wadell, 1935)
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As can be seen in Figure 3.4, the radius of the maximum inscribed circle of a particle should be calculated
(abbreviated as R; for Figure 3.4a, R = 27; for Figure 3.4b, R = 38.5). Besides, radius of curvature of the “cor-
ners” of a particle (abbreviated as r ; for Figure 3.4b, r1 = 22, r2 = 28, r3 = 29) should be calculated as well. And
the quantifying index of particle’s roundness can be expressed as

Degree of Roundness =
∑N

i=1( ri
R )

N
(3.2)

where N is the number of “corners” depicted by arcs. Partially based on this concept, Powers (1953) pro-
posed an empirical scale of six roundness classes (e.g. very angular, angular, subangular) and one can eval-
uate the roundness empirically comparing the particles with reference photographs. Additionally, based on
the same concept, Zheng and Hryciw (2015) proposed an algorithm to reckon the values of roundness pre-
cisely based on computational geometry and simultaneously provided the open-sourced codes.

Ultimately, the roundness of the coarse Merwede River sand was considered as “subangular to subrounded”
according to the empirical method by Powers (1953) and the degree of roundness was calculated to be around
0.5 based on the concept of Wadell (1932, 1935) and its computational algorithm by Zheng and Hryciw (2015).

Overall, the coarse Merwede River sand is uniform, coarse, non-rounded, non-spherical and of various
colours, and these features make it suitable for digital (photograph and CT) image analysis.

3.2. Sample Boxes
For this study, sample boxes should be specially designed. As shown in Figure 3.5, For the line-style sand
pluviatiors, the width of "sand curtain" should be larger than that of sample boxes, and therefore, some sand
particles my hit the top of the boxes’ boundaries and then bounce off. Some of the bounced particles may fall
outside the boxes while some others may fall inside and accumulate near the boxes’ boundaries.

Therefore, the sharp edges must be assembled to conventional sample boxes for physical modelling, to
make all the particles hitting the top of boxes’ boundaries bounce outside the box, as shown in Figure 3.5.
Besides, for the macro-CT scanning, the material of sample box was chosen to be wood rather than metal, to
make the X-ray penetrates the box more "easily".

3.3. The Relative Density Tests
A series of sand pluviation tests were carried out using the coarse Merwede River sand and the test results are
plotted in Figure 3.6. It can be seen from the figure that by adjusting the Falling Height, Opening Width and
Box Speed, sand samples of various relative density (ranging from 50% to 100%) were prepared.

For each combination of variables, at least two repetitive pluviation tests were done and both results
were recorded if the difference between the them is smaller than 5%, as it was stated in Chapter 2 that the
errors could be larger than 10% due to the challenges. The raw data of Dr are shown with the dash curves in
Figure 3.6. Additionally, the raw data were fitted for a better view of trends, as shown with the solid curves
with markers.

The most general principle concluded from Figure 3.6 is that a sand sample tends to have higher rela-
tive density when the Falling Height increases or the Opening Width (positively correlated with depositing
intensity) decreases, although some exceptions can be observed. This conclusion basically agrees with pre-
vious research works (e.g. Butterfield and Andrawes, 1970; Lo Presti et al., 1993; Madabhushi et al., 2006;
Hakhamaneshi et al., 2016; Hossain and Ansary, 2018).

The influence of the variable Box Speed has an evidently non-monotonic feature: when the Falling Height
is smaller than 50 cm, the relative density is positively correlated with the variable Box Speed while the cor-
relation would become elementally negative when the Falling Height is larger than 50 cm. This conclusion
could mediate the contradictory results from previous papers which held the views that the relative density
is negatively (e.g. Stuit, 1995) and positively (e.g. Bolouri Bazaz et al., 2018) correlated with the moving speed
of sample box, respectively.

Studying the detailed process of sand pluviation is a sophisticated combination of aero dynamics, im-
pact mechanics, stochastic process, bifurcation theory and even statistical mechanics and hence the rela-
tionships among the relative density and the three variables cannot be explained scientifically at the present
stage. However, a partially substantiated hypothesis of the three variables’ influences on the relative density
is proposed in Section 3.5.
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Figure 3.5: Sample boxes with and without sharp edges
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Figure 3.6: The relative density test results for the coarse Merwede River sand

3.4. Homogeneity Check for Pluviated Specimens
As previously mentioned, it has been proved that sand specimens prepared by the pluviation method could
be heterogeneous. Besides, as can be seen in Figure 3.6, to obtain a sand sample with a certain relative density,
there are usually more than one combination of sand pluviator’s execution parameters that can be chosen.
For example, using the coarse Merwede River sand, to prepare a specimen whose relative density is about
90%, one can set the Opening Width as 5 mm, Falling Height as 98 cm, Box Speed as 15 mm/s, or set the
Opening Width as 3 mm, Falling Height as 27 cm, Box Speed as 30 mm/s. As these samples with the same
relative density could have different spatial distribution of local compactness (e.g. different thickness of dis-
tinct denser and looser layers), the homogeneity of specimens must be checked by the previously introduced
macro-CT.

The solved matrices of local radiographic density are shown in the form of grayscale images, see Figure 3.7
and Figure 3.8, where a smaller value of grayscale represents a smaller value of specimens’ local void ratio (in
other words: the darker, the denser). Besides, for convenient visualization of the alteration of the local relative
density in the horizontal and vertical directions, the values of local relative density of sand packing located at
the position corresponding to each pixel were back-calculated by

Dr,i j = D̄r · f̄

fi j
(3.3)

where fi j and Dr,i j are the grayscale and the local relative density located at a certain position (i for
column, j for row) in a CT section, respectively. D̄r is the bulk relative density of a whole specimen, being
calculated based on the direct measurement of sand packing’s mass and volume. f̄ is the average value of
the whole section’s grayscale. It should be noticed that the values of back-calculated local relative density are
not necessarily the actual ones, except the mean values. However, as explained in Chapter 1, this simplified
qualitative method is competent enough for the analysis of this work.

Eight specimens were scanned and four typical ones of them are shown in this chapter. Information of
the four samples is shown in Table 3.2.

Table 3.2: Information of Sample 1, 2, 3 and 4

Variables
Relative Density

Falling Height Opening Width Box Speed

Sample 1 220 mm 5 mm 30 mm/s 68%
Sample 2 280 mm 2 mm 15 mm/s 91%
Sample 3 240 mm 3 mm 15 mm/s 80%
Sample 4 480 mm 5 mm 15 mm/s 81%
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Figure 3.7: Homogeneity check in the horizontal direction

3.4.1. Horizontal Homogeneity Check

The reconstructed images of Sample 1 and Sample 2 are shown in Figure 3.7. As can be seen from the curves,
sand in the central part of the box is looser than that near the boundary, regardless of the vertical position.
On the other side, the variation of local relative density in the horizontal direction is not as manifest as that in
the vertical direction, as shown in the grayscale images of the same figure, where distinct denser and looser
layers can be seen.

3.4.2. Vertical Homogeneity Check

The CT images of another two selected samples (Sample 3 and Sample 4) which have similar height and
almost the same bulk relative density are shown in Figure 3.8. It can be seen from Figure 3.8 that for Sample
3, the value of local relative density varies more frequently than that for Sample 4, in the vertical direction.
What is more, the coefficient of variation for Sample 3 is smaller than that for Sample 4.

All the eight scanned specimen showed the stratifying feature of “dense-loose-dense”, although the thick-
ness of different specimen’s layers varies significantly. It should also be noted that the surface of a specimen is
always looser than average and the surface is often the loosest part, agreeing with previous studies (e.g. Fretti
et al., 1995; Choi et al., 2010).

Meanwhile, it is worth mentioning that the periodic distribution of local relative density is summarily
analogous to some trigonometric functions (e.g. the sine function, which has three factors: Phase, Frequency
and Amplitude). According to the eight scanned specimens, it can be concluded that the factor Phase (aver-
age Dr ) is governed by the variable Falling Height; the factor Frequency (layer thickness) is governed by the
variable Opening Width and the factor Amplitude (variation of Dr ) is governed by the variable Box Speed. If a
specific stratifying condition is needed for a sand specimen, one can try to adjust the three variables of sand
pluviator to “concoct” the shape of the vertical distribution curve of local Dr . The mechanism of three vari-
ables’ influences on the local relative density is described in the partially substantiated hypothesis introduced
in Section 3.5.
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Figure 3.8: Homogeneity check in the vertical direction

3.5. Influences of Sand Pluviation Variables – A Hypothesis
3.5.1. Mechanisms of the Sand Pluviation Process
Observation through the transparent sides of the sample box agreed with the mechanisms proposed by Stuit
(1995) and Cresswell et al. (1999), and the sketch of their proposed mechanisms in shown in Figure 3.9.

As can be seen in the sketch, the pluviation process can be divided into three mechanisms. The sand
directly beneath the middle of hopper’s bottom gap is compacted by the new falling sand grains and that
is the compacting mechanism (marked red in Figure 3.9, as an additional indicator for full-colour printed
version only, ditto) and the pluviated sand grains governed by which has negligible movement comparing
with those governed by the other two mechanisms. As shown in the left-hand side of Figure 3.9, when the
bottom gap of sand hopper is relatively large (e.g. wider than 5 times the D50 of stored sand), the “sand
curtain” will be thick. In this occasion, a large amount of fallen sand grains roll and slide towards two sides of
the curtain’s section, and that is the rolling mechanism (marked green in Figure 3.9). Additionally, as shown in
the right-hand side of Figure 3.9, when the “sand curtain” becomes thinner, the rolling particles will be fewer
and the bouncing-off behaviour of particle becomes manifest instead, and that is the bouncing mechanism
(marked blue in Figure 3.9).

According to the observation by still photographs with a shutter speed 50 frames per second, it is sug-
gested that these three mechanisms are not incompatible and a novel “composite mechanism” is proposed,
referring to the mechanisms of Stuit (1995) and Cresswell et al. (1999), as shown in Figure 3.10.

As can be seen from the sketch, after the sand curtain’s hitting a former sand layer, the falling particles
(marked yellow) will be divided into 3 parts, being governed by the bouncing mechanism (marked blue),
compacting mechanism (marked red) and rolling mechanism (marked green), respectively. Due to the rel-
ative movement between the sand curtain and the sample box, there is usually a sand slope and the rolling
mechanism is the dominant mechanism in this region. Particles governed by the rolling mechanism have
no impulse left and hardly compress each other either, and thence these particles are deposited in a loose
packing (Stuit, 1995).

The slope made of rolling particles is then compacted by the following falling particles and the top part
of the slope is governed by the compacting mechanism by which the loose sand suffers a hammering action
brought by the falling grains (Cresswell et al., 1999) and according to the CT scanning comparison, this ham-
mering action may result in the densification of loose sand packing. In this case, a relative thin and dense
layer forms, as that marked red in Figure 3.10. It is also indicated by the CT scanning comparison that only
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Figure 3.9: The rolling, compacting and bouncing mechanism after Stuit (1995) and Cresswell et al. (1999)

the top part (usually less than 1/3) of the loose sand packing can be compacted to be dense by the falling sand
particles and the void ratio of the rest part remains almost unchanged after a sand layer’s being deposited.

The bouncing off particles will fall again and then form a loose layer, as that marked blue in Figure 3.10.
According to the CT scanning results (see e.g. Figure 3.8), this layer is often the loosest layer of the whole
sample, but its top part will be compacted to be denser if a new sand layer would be pluviated above.

3.5.2. The Influence of Falling Height
Although the influence of air drag is not ignorable, the terminal velocity of a single falling sand particle is
positively correlated with the falling height in the interval 0-1 metre (Vaid and Negussey, 1984; Chian et al.,
2010). Besides, as the kinetic energy (K .E .) can be expressed as Eq. 3.4 (Coriolis, 1832)

K .E . = 1

2
mv2 (3.4)

where it can be seen that the kinetic energy that one sand grain has just before it hits the previous sand
layer is positively correlated to its terminal velocity and therefore thus, the kinetic energy of a falling sand
grain increases with it falling height, although not linearly.

According to the composite mechanism proposed in Sub-section 3.5.1, the effect of the loose (rolling)
sand packing’s being compacted is related to the energy of falling grains and the top part of the loose sand is
hammered to be denser by falling grains with higher kinetic energy. Consequently, a sand specimen’s relative
density increases with the variable Falling Height in certain intervals, as can be seen in Figure 3.6. According
to the CT scanning results, in this case, the increase in local relative density is more significant in the dense
layer which is governed by the compacting mechanism and thence, the variation of local relative density
becomes larger.

However, when the value of the variable Falling Height is large to a certain extent, the kinetic energy of
the falling sand is also considerably large, and in this case, as observed from the photographs, the bouncing
mechanism becomes more dominant than the compacting mechanism and thence the bulk relative density
of a specimen will decrease, as can be seen in Figure 3.6 (e.g. for Box Speed 3 cm/s, Opening Width 2 mm,
Falling Height > 50 cm). According to the CT scanning results, at this “high falling” stage, comparing with
samples with lower Falling Height, the local relative density of the compacted dense layers decreases while
the previously loose layers are densified. Consequently, the variation of local relative density decreases and
the sand specimen becomes more homogeneous in terms of the void ratio.
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Figure 3.10: The composite mechanism

* The layer governed by the bouncing mechanism should be loose, especially when comparing with that of compacting mechanism.
However, the bouncing layer is densified if a new layer is pluviated above.

** Some particles may bounce to this area. However, to make the figure tidy, the bouncing mechanism is not shown here together with
the rolling mechanism, as they have the similar effect to make the sand packing loose.
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3.5.3. The Influence of Opening Width
It was observed that with a larger value of Opening Width, the thickness of each layer becomes larger, because
of the positive correlation between the width of the opening gap and sand’s depositing intensity. According
to the results of high frame rate photographing, when the opening gap becomes wider, the main growth in
sand layers’ thickness is for the loose layers governed by the rolling mechanism (marked green in Figure 3.10).
That is the reason for the relative density’s basically monotonic decreasing with a wider opening gap of the
sand hopper.

Additionally, if a combination of three variables for a relative loose sand sample is in need of being im-
proved to make a denser sample, it is not wise to increase the Falling Height recklessly, with a large Opening
Width unchanged, because that would make the differences of relative density among layers larger. Taking
priority selecting a smaller value of Opening Width is a better choice instead.

3.5.4. The Influence of Box Speed
It was observed that the reasons for the growth in sand layers’ thickness is not only large Opening Width, but
also lower Box Speed. The influence of Box Speed on thickness of layers is not as significant as that of Opening
Width because the interval of appropriate values of Box Speed is not wide. For example, a box’s moving speed
cannot be very slow, otherwise one would get a sand dune in the box; or very fast, otherwise sand specimen
would be disturbed by the high acceleration.

Analogous to the reasons for looser samples due to large Opening Width, low Box Speed will make the
loose layers which are governed by the rolling mechanism thicker, resulting in the decrease of the bulk relative
density. However, if the Falling Height is large (see e.g. in Figure 3.6, for Opening Width 3 mm, Falling Height
> 50 cm), with a higher Box Speed, the loose layers governed by the rolling mechanism will be thin and hence
the dense layers which could have been governed by the compacting mechanism start bouncing off because
of the high kinetic energy due to the large value of Falling Height. As the compacted dense layers are difficult
to form and therefore, the relative density decreases with a higher Box Speed in these “high falling and high
speed” intervals.

3.5.5. Practical Recommendations Based on the Hypothesis
Although cannot be proved prudently by mathematical methods, the proposed composite mechanism of
sand pluviation is considered as rational according to the high frame rate photographs and CT scanning
results. Based on this the partially substantiated hypothesis, the following recommendations are proposed.

For specimens prepared by the TU Delft sand pluviator using a certain type of sand, the relative density
has a generally similar relationship with the Falling Height, regardless the values of Opening Gap and Box
Speed. And the curve representing that relationship can be divided into four phases, as shown in Figure 3.11.

The Phase 1 is for the loose specimens prepared with a very small value of Falling Height (e.g. less than 20
centimetres). As explained in Chapter 2, the parameter Falling Height can never be smaller than the height of
sample boxes and thence, it is difficult to prepare loose samples (e.g. Dr < 40%) by a line-style pluviator and
consequently the Phase 1 is usually missing. When turning into Phase 2, the relative density still increases
rapidly with a growing falling height, as it did in Phase 1. In this phase, the dense sand layers governed by
the compacting mechanism start to become distinct and a periodic variation of Dr along depth becomes
manifest. In Phase 3, the relative density increases mildly comparing with the first two phases and the bulk
relative density in this phase is typically larger than 70%. It is noticeable that the variation of local relative
density in this phase is the largest among four. In other words, in this phase where the bulk relative density
increased from 70% to 90%, the Dr of originally denser layers increase even faster than that of originally
looser layers, until the denser layers reach the state of the minimum void ratio. In the last phase, Phase 4,
the Falling Height is usually larger than 50 centimetres. Falling particles with high kinematic energy make
the bouncing mechanism more prevalent than the compacting mechanism and hence the relative density
decrease after reaching the peak. In this phase, the variation of local relative density becomes considerably
small and the most homogeneous specimens can be made. Besides, it is worth noting that the relative density
is more difficult to control comparing with the previous phases, as the bouncing mechanism is predominant
and the grains’ collision is a stochastic process which is sensitive to the challenges mentioned in Chapter 2
(i.e. fullness of sand hopper, initial state of stored sand, dynamic abrasion of sand particles).

Generally, for preparing sand specimens by the TU Delft sand pluviator, a small value of Opening Width
(e.g. less than five times the D50 of sand) and a relatively large value of Box Speed (e.g. 3 cm/s) are recom-
mended. With this indication, specific values of the variables Opening Width and Box Speed should be ten-
tatively chosen, then one should try to plot the curve showing the relationship between the variable Falling
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Figure 3.11: Falling-height-dependent phases of sand pluviation: a general rule

Height and the ultimate bulk relative density, referring to a series of (usually four or five) pluviation tests ad-
justing the Falling Height. Then, the plotted curve should be divided into three phases (i.e. Phase 2, 3, 4,
as Phase 1 is usually missing) referring to Figure 3.11. Phase 2 and Phase 3 are not recommended if one is
fastidious about specimens’ uniformity, especially the latter phase, as the value of relative density of whom
coincides with that of Phase 4. The Phase 4 is strongly recommended, although only very dense (usually Dr

> 80%) samples can be made in this phase.
If a very dense sample is planned, and Phase 2 exists in the plotted curve, one should narrow the Opening

Width and increase the Box Speed to make Phase 2 disappear in the newly plotted curve. As long as Phase 2
disappears, the setting of variables Opening Width and Box Speed should be fixed and then one can choose a
proper Falling Height in Phase 4 to prepare a specimen with a targeted value of Dr .

On the other hand, for a sand sample whose Dr is smaller than 70%, one should set the value of Falling
Height as small as possible and carefully increase the Opening Width and slow down the Box Speed, until a
targeted Dr is reached. Although would result in the evidently periodic variation of local Dr along depth, this
approach is indeed the best one among many.

In terms of homogeneity of particles’ compactness, the conventional pluviation method is hardly an ideal
one comparing with the vibration method, as the layering feature is manifest unless the sample is very dense,
and the very high values of relative density is not frequently chosen for physical modelling. Besides, it is
almost impossible to prepare loose samples by the pluviation method, especially using the line-style pluvia-
tors. Despite this, it is not recommended by the author that the pluviation method should be abandoned as it
has its great advantage of rational inclination of sand particles and this point is introduced in Section 3.6. To
solve the defects mentioned above, instead of the traditional dry pluviation method, the air-water pluviation
method can be an alternative. As shown in Figure 3.12, a layer of water covering previously pluviated sand
layers is indispensable and hence the falling sand particles are dragged by water. In this occasion, the com-
posite pluviation mechanism proposed in this chapter becomes not applicable and the new mechanism is in
need of being investigated. Although having not been checked by CT scanning in this work, the air-water plu-
viation method was proved to be able to make looser and more uniform sand specimens (Vaid and Negussey,
1984, 1988; Wijewickreme et al., 2005). Therefore, the air-water pluviation method is strongly recommended
for further research.
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Figure 3.12: The air-water pluviation method

3.6. Fabric Features of Pluviated Specimens
3.6.1. General Description
Shapes of sand particles can be seen in the reconstructed tomographic images, as shown in Figure 3.13, where
brighter pixels represent materials with higher radiographic densities (i.e. silica sand grains and metal impu-
rities, rather than air or water).

The micro-CT image shows the fabric features of the sand specimen and the layers governed by different
pluviation mechanisms are clearly indicated as well, following the hypothesis introduced in Section 3.5. As
marked in Figure 3.13, the sand of the rolling mechanism is indeed loose as the ratio of area taken by sand
grains is obviously small.

Besides, it is notable that in the area of the compacting mechanism, pixels representing void are brighter
and that is due to the water retention. As explained in Figure 1.4, the small samples for micro-CT scanning
are made from the frozen samples and thence some water was not thoroughly drained, retaining among par-
ticles. It was observed by Khaddour et al. (2018) that the amount of local water retention in sand is negatively
correlated with local porosity. Therefore, the brighter pixels can be considered as the indication of locally
accumulated fine grains and dust (grains finer than 0.1 mm, which could have been cleared) which provides
small porosity for water retention. The dust cannot be clearly depicted by the micro-CT scanner but it indeed
exists according to previous optical observation.

As a comparison, as shown in Figure 3.14, here is no obvious local accumulation of fine grains or dust
for the specimen prepared by the traditional vibration method. Besides, in the CT image of the vibrated
specimen, one cannot see manifest stratifying condition which is a significant feature of pluviated specimens.

3.6.2. Quantification of Fabric Features
More than general descriptions, quantification of fabric features is needed to evaluate the specimen pru-
dently. This work focus on two aspects and they are local grain size distribution and orientations of sand
particles, respectively. It was planned to quantify the fabric features using the index coordination number,
which is popular in the field of DEM, to estimate the stability of clusters of idealized spheres. However, as
it has been revealed that the 2D coordination number is generally positively correlated with the 3D coordi-
nation number for granular materials (see e.g. Rabbani et al., 2016) and negatively correlated with porosity
(see e.g. Smith et al., 1929) and therefore, the index coordination number reflects the similar information as
that represented by the relative density, which has been discussed in details in the previous sections. What is
more, it has been indicated that the index coordination number cannot represent the mechanical response
of granular materials if the form, roundness and roughness of particles are not taken into account (see e.g.
Rorato et al., 2018). Therefore, the index coordination number was not used to quantify the stability of sand
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Figure 3.13: Micro-CT of sample D01 by the pluviation method

* Same as the illustration of Figure 3.10: the layer governed by the bouncing mechanism should be loose, especially when comparing
with that of compacting mechanism. However, the bouncing layer is densified if a new layer is pluviated above.

Figure 3.14: Micro-CT of sample Y01 by the vibration method
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Figure 3.15: Image processing steps for extracting particles (a. grayscale image; b. binary image; c. particle detecting)

packing.
In this study, recognizing and segmenting sand grains from the CT images are necessary, the Image Pro-

cessing Toolbox of MATLAB (MathWorks, 2019) were applied to carry on with these works, and the processing
steps are shown in Figure 3.15.

Firstly, the reconstructed grayscale CT image is binarized using a certain threshold and the value of thresh-
old was dynamically determined by the author referring to optical observation. Afterwards, when distinct
sand particles can be clearly shown in the binary image, the function reigionprops of MATLAB was used to
extract each single particles, and the particles with bounding boxes are shown in Figure 3.15c. It should be
mentioned that during the process of binarization, some of the sand grains can be “bonded”, the function
watershed of MATLAB was used to segment those grains, although the particles could be over-segmented (an
integral particle is split into multiple smaller pieces) and this phenomenon agrees with that mentioned by
Andò et al. (2013). Therefore, the binarization work should be partially artificially executed. In other words,
one can segment the bonded particles by changing the values of certain pixels directly.

To describe the orientation of a packing of sand particles, the method for analyzing the two-dimensional
orientations of geological features proposed by Curray (1956) was applied, and it can be expressed as

θ̄ = 1

2
arctan

∑
ni sin2θi∑
ni cos2θi

(3.5)

L = 100∑
ni

√
(
∑

ni sin2θi )2 + (
∑

ni cos2θi )2 (3.6)

where θi is the azimuth of each sand grains, θ̄ is the preferred orientation direction of an interested pack-
ing of sand particles, L is the magnitude of resultant orientation vector in terms of per cent, and n is the
number of particles. For L, a value of 100% indicates that all the sand grains has the same inclination while
a value of 0 means that the inclination of each sand grains are completely different. The inclinations of sand
particles located in each areas of interest are shown in Figure 3.16 and the values of θ̄ and L are shown in
Table 3.3.

Table 3.3: Sand particles’ orientation features for different pluviation mechanisms, comparing with the vibration method

Resultant Azimuth θ̄ Resultant Magnitude L
Pluviation Method 4◦ 27%
– Bouncing Mechanism 0◦ 29%
– Rolling Mechanism 2◦ 28%
– Compacting Mechanism 12◦ 22%
Vibration Method 35◦ 3%

As can be seen, for the sand specimens prepared by the pluviation method, here exists a tendency that
particles lie horizontally and this feature agrees with previous research works (e.g. Arulanandan, 1978).

Additionally, it is notable that for the sand layers governed by the compacting mechanism, where the
resultant preferred inclination of particles is larger than those of two other mechanisms and the variation of
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Figure 3.16: Sand particles’ inclinations for different pluviation mechanisms, comparing with the vibration method

Figure 3.17: Rose diagram to show preferred orientation of sand particles of different in-situ samples in Japan (Oda and Koishikawa,
1978) (a. Fuji river sand sample No. 6; b. Kugenuma beach sand sample No. 52; c. Shirako dune sand sample No. 19)

particles’ orientations is also larger for the compacting mechanism. Although the differences among the three
mechanisms are relatively insignificant when comparing with specimens prepared by the vibration method,
by which, more sand particles tend to stand vertically and hence the resultant azimuth of the whole sample is
increased up to 35°. What is more, the small value of Resultant Magnitude L reflects the random distribution
of particles’ orientations for sampled prepared by the vibration method.

The preferred orientation of numerous in-situ samples was analyzed by Oda and Koishikawa (1978) using
the same quantifying method, and the rose diagrams are shown in Figure 3.17. When comparing Figure 3.16
with Figure 3.17, it can be generally supposed that the pluviation method is more suitable for preparing spec-
imens modelling river sand and beach sand while the vibration method could be relatively more suitable for
modelling dune sand.

The local grain size distribution is of great significance as well, as a small amount of extra fine grains
could result in evident differences in sand’s behaviour. For example, specimens which were made from the
same silty sand but by different preparation methods were observed to have distinct behaviour in a series
of undrained triaxial compression tests (Yamamuro and Wood, 2004). One potential explanation for this
phenomenon is based on the hypothesis proposed by Yamamuro and Lade (1997): a silty sand specimen
would be less likely to be liquefied if large grains contact with each other directly. In contrast, if the large
grains are connected by fine grains, the microstructure of silty sand would become weaker than the former
one, evening having the same recipe of silt and sand. What is more, the existence of fine grains in sand
changes the hydraulic conductivity of the medium along the drainage path and hence affects the hydraulic
behaviour of sand, such as dissipation of excess pore water pressure (Askarinejad, 2013).

Therefore, analogously, the local grading condition of specimens prepared by the pluviation method must
be taken into account, although very fine grains cannot be depicted clearly by the micro-CT scanner of TU
Delft. The grain size distribution of particles in areas of different mechanisms are shown in Figure 3.18. It is
conspicuous that the sand packing in the area of the rolling mechanism has generally larger grain sizes and
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Figure 3.18: Grain size distribution of different pluviation mechanisms of the coarse Merwede River sand (based on image analysis)

this phenomenon indicates that fine grains are more likely to accumulate in the layers of bouncing and com-
pacting mechanisms, especially the latter one. It is also worthy of mentioning that the grain size distribution
curves by image analysis represents better grading condition (e.g. larger Cu) than that by the sieve analysis.
It is due to the flaw of the image processing method applied in this study and this phenomenon agrees with
previous works (e.g. Alshibli et al., 2015). Better grading in the area of the bouncing and compacting mecha-
nism could result in mechanically stronger layers according to the conventional view, but it is not impossible
to increase the local risk of liquefaction, especially when the fine grains are located among the large grains.
Thus, the detailed contacting condition of fine grains is recommended to be observed by apparatuses with
higher resolution.

3.7. Discussions on the Behaviour of Pluviated Specimens
3.7.1. The Shallow Foundation Comparison Test
To quantify the physical property of sand specimens, the relative density is undoubtedly an important and
persuasive index, as it affects the behaviour of sand significantly. However, as explained before, the behaviour
of sand could be affected by many other factors (e.g. inclination of particles) and it has been indicated by
many researchers that sand specimens having the same relative density but different other fabric features
could have significantly different behaviour for shear, compression, cone resistance and liquefaction tests
(see e.g. Arulanandan, 1978) and those differences must be discussed prudently for the standardization of
sample preparation work for physical modelling in geotechnics.

Merely focusing on the bulk feature of sand’s fabrics is not enough. As explained in Section 3.6, for one
specific pluviated sand sample, fabric features (i.e. inclination of particles and local grain size distribution)
of distinct layers are different. Therefore, the expected different behaviour of pluviated specimens with the
same relative density should be due to both local fabric features themselves and their spatial alteration.

Despite the complexity, a set of comparison tests were done to check the behaviour of two pluviated
specimens elementally. The previously introduced Sample 3 and Sample 4 were selected, as they have the
same bulk relative density (both around 80%). The preparation variables are described in Table 2.1 and the
vertical distribution of local relative density is shown in Figure 3.8.

As the factor of heterogeneity has been included in many designing methods of shallow foundations (see
e.g. Mayne and Poulos, 1999) and taking the relative simplicity into consideration, for these two samples, 2D
strip shallow foundation tests were applied. The width of the foundation is 3 cm, which is 1/10 of the sample
box’s length and approximately 1/3 of the sand body’s depth. The sketch of these tests is shown in Figure 3.19,
and the tests were done in the centrifuge with an acceleration of 40 times gravity to simulate the condition of
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Figure 3.19: Sketch of the shallow foundation comparison test

a more realistic scale.

As shown in Figure 3.19, the sand bodies of Sample 3 and Sample 4 have the similar size and relative den-
sity but ultimately distinct shear bands. To be more specific, for Sample 3, the shear band has a depth of 4.7
cm and length of 10.5 cm, while the depth and length of Sample 4 are 3.2 cm and 8.1 cm, respectively. These
distinct results are not unexpected, as many works researching on the random field of numerical modelling
have indicated that the different patterns of heterogeneity may results in significantly distinct failure modes
of slopes (see e.g. Hicks and Spencer, 2010) and to some extent, these conclusions are analogous to those of
shallow foundation tests.

Besides, the different load-settlement curves are noticeable as well, as shown in Figure 3.20. It is wor-
thy of mentioning that the curves are “weird” comparing with those normal ones whose value of vertical
load decrease monotonically after reaching the peak. This is due to the low stiffness of the loading frame in
the centrifuge. When the value of load increases, the shallow foundation model rotates, making the loading
non-vertical and eccentric. That is also the reason for the existence of only one shear band for each tests,
rather than symmetrical two under normal circumstances. The changing direction of loading made the shear
bands developed intermittently and thence, the values of load for both Sample 3 and Sample 4 dropped in-
stantaneously for times. Despite that, there indeed exists significant difference between the bearing capacity
of Sample 3 and Sample 4. To be more specific, the peak values of load (before the first slide) of these two
samples are 2502 N and 1815 N, respectively, as shown in Figure 3.20.

3.7.2. Other Discussions
In addition to the shallow foundation cases, the behaviour of pile foundations is a topic deserving discussion
as well. According to the designing method proposed by the American Petroleum Institute (API) (1993), the
shaft capacity of piles in sand is directly related to the average values of stress level and relative density at
certain depths. That means the total bearing capacity is not sensitive to the variation of the relative density
along depth and thence, the influence of the stratification condition of samples prepared by the pluviation
methods could be considered as insignificant for pile foundation issues, at least for the vertical bearing ca-
pacity. However, as it has been indicated that the shaft resistance of piles can be described as a function of a
set of more sophisticated parameters including the cone resistance (qc ) value of CPT tests (see e.g. Gavin and
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Figure 3.20: Load-settlement curves of the shallow foundation comparison test

Lehane, 2003) and hence, a series of pile installation tests or CPT tests are still recommended in the future
research.

What is more, the varying value of permeability must be noticed. As shown in Figure 3.13, fine grains and
dust tend to accumulate in certain layers. These layers with fine grains work as capillary barrier, as shown
in Figure 3.21 where it can be seen that the horizontal saturating speed of different layers varied. It has been
indicated that the hydraulic impedance caused by the capillary barriers have significant effects on the results
of physical modelling tests (Mancarella and Simeone, 2012). The physical modelling project for a dike (van
Adrichem, 2021) should be mentioned and for which, the influence of time-dependent change of water level
on the dike was explored. It is not unimaginable that if the model (as shown in Figure 3.22) was prepared
by the pluviation method and consequently have embedded dust layers, the tests results would be seriously
affected by these capillary barriers, which can be considered as experimental errors.
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Figure 3.21: The capillary barrier effect of a pluviated specimen

Figure 3.22: Physical modelling for the dike project (van Adrichem, 2021)



4
Tests on the Geba Sand

4.1. The Geba Sand
The Geba sand is used for the mono-pile’s physical modeling project at TU Delft, and the pluviation method
was chosen for the sample preparation work. Therefore, tests for the Geba sand should be done using the TU
Delft sand pluviator.

Besides, for the sand pluviation process, a hypothesis and a series of practical recommendations were
proposed in Chapter 3, and the reliability of these proposals would be checked in the tests on the Geba sand.

The basic properties of the Geba sand are shown in Table 4.1 (after Maghsoudloo et al., 2018; Krapfen-
bauer, 2016).

Table 4.1: Properties of the Geba sand

Gs D60 (mm) D50 (mm) D30 (mm) D10 (mm) Cu Cc emax emi n

2.65 0.123 0.118 0.110 0.084 1.47 1.17 1.07 0.64

4.2. Sample Box
A cylinder sample box is selected for the mono-pile project. The inner diameter of the box is 295 mm and the
height is 180 mm. The photo of this cylinder box is shown in Figure 4.1.

Figure 4.1: The cylinder sample box

31
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4.3. The Relative Density Tests
For the mono-pile modelling project, using the Geba sand, samples with the relative density of 80% and
40% are needed. Following the practical recommendations based on the hypothesis, samples with satisfy-
ing relative density were prepared within a limited number of attempts, and the processes for the "Dr 40%
specimens" and the "Dr 80% specimens" are shown in Table 4.2 and Table 4.3, respectively.

Referring to the previously mentioned recommendations, for the relatively loose "Dr 40% specimens",
the Box Speed was initially set as a small value of 15 mm/s. The Opening Width was set as a large value of
1.0 mm, which is about 8 times the D50 of the Geba sand. The Falling Height was also set as a small value of
240 mm (as the minimum value is 180 mm, which is the height of the sample box). This "recipe" is recorded
as Attempt 1 in Table 4.2. The Dr of the pluviated specimen was 52% and undoubtedly too dense for 40%.
Therefore, the Opening Width should be increased, and the Falling Height should be decreased. As the current
value of Falling Height is already very small, it was decided to increase the Opening Width to 1.5 mm firstly, as
recorded in Attempt 2. As a results of the actions mentioned above, the Dr decreased to 49%, but still dense.
Hence, the Falling Height was decreased to the minimum value of 180 mm for Attempt 3. If the Dr for Attempt
3 was still too high, the Opening Width would have to be increased again, although that is not beneficial to the
homogeneity. Luckily, the Dr for Attempt 3 was 39%, and no further actions for the Opening Width needed to
be taken.

For the relatively dense "Dr 80% specimens", the Box Speed was initially set as a large value of 30 mm/s,
and the Opening Width should undoubted be smaller than the value of 1.5 mm for the "Dr 40% specimens".
The Falling Height remained 240 mm for the first trial (recorded as Attempt 4 in Table 4.3). The Dr for Attempt
4 was 57%, which is smaller than the targeted value of 80%. According to the recommendations, the Opening
Width should be decreased in this occasion. However, it was observed that when the Opening Width is smaller
than 1 mm, the Geba "sand curtain" would become "unstable", in other word, many of the particles moved
horizontally rather than fell down ideally vertically. Therefore, the Opening Width remained 1.3 mm, and
the Falling Height was increase to 540 mm. Consequently, the Dr for Attempt 5 increased to 77%, which is
basically satisfying. As mentioned in Chapter 2, the deviation of the relative density of pluviated specimens
could exceed 5% due to the challenges, and therefore, the results of Attempt 3 and Attempt 5 are acceptable.

The tests on the Geba sand proved the reliability of practical recommendations based on the hypothesis
proposed in Chapter 3. In other words, one can concoct the "recipe" for sand specimens of targeted Dr and
most ideal homogeneity with a limited number of attempts.

Table 4.2: Attempts for Geba sand specimens Dr = 40%

Variables
Dr Comments

Falling Height Opening Width Box Speed

Attempt 1 240 mm 1.0 mm 15 mm/s 52% Too dense
Attempt 2 240 mm 1.5 mm 15 mm/s 49% Too dense
Attempt 3 180 mm 1.5 mm 15 mm/s 39% Good

Table 4.3: Attempts for Geba sand specimens Dr = 80%

Variables
Dr Comments

Falling Height Opening Width Box Speed

Attempt 4 240 mm 1.3 mm 30 mm/s 57% Too loose
Attempt 5 540 mm 1.3 mm 30 mm/s 77% Basically good

4.4. Homogeneity Check for Pluviated Specimens
Lastly, the homogeneity of the Geba sand specimens was checked. As supposed, the "recipe" for the relative
density of 80% (de facto 77%) should make the specimens relatively uniform, due to the small Opening Width.
In contrast, the specimens of 40% (de facto 39%) relative density should be more obviously stratified.

To explore the uniformity of the Geba sand specimens, a special sample was prepared, whose lower half
was prepared using the "recipe" for Attempt 5, and the upper half was prepared using the "recipe" for Attempt
3. The CT image is shown in Figure 4.2.
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Figure 4.2: The CT image of the Geba sand sample G01

Figure 4.3: The horizontal heterogeneity sketch of cylinder sand specimens

As can be seen, the upper half indeed has a more obvious feature of stratification, and the downer half is
more uniform. Besides, as no sharp edges (as explained in Figure 3.5) was applied for this series of tests, the
height of the pluviated sand body is smaller in the middle part and larger near the boundary.

What is more, the pluviated sand body is relatively denser near the boundary and looser in the middle.
This phenomenon is obvious in the section perpendicular to the "sand curtain" but ignorable in the parallel
sections, as shown in Figure 4.3, where darker yellow represents denser sand packing, vice versa. Therefore,
for cylinder sample boxes, it is recommended to rotate the box horizontally during the process of pluviation.
At least, the user of the sand pluviator should attach significance to the direction of horizontal loading (e.g.
lateral loading for mono-pile), if applicable.





5
Conclusions

Firstly, it was proved by a series of repetitive tests that the line-style sand pluviator of TU Delft is capable of
preparing sand samples of controllable bulk relative density. By controlling the execution parameters Falling
Height, Opening Width and Box Speed, specimens with Dr ranging from 50% to 100% can be prepared, using
the coarse Merwede River sand. Besides, the fullness of sand hopper, initial state of stored sand and the
potential dynamic crushing and abrasion of sand particles are important as well, as these indexes may result
in the unacceptable deviation of the relative density and make the sample preparation work unrepeatable, if
are not properly controlled.

Furthermore, the general relationship among the bulk relative density and three variables were con-
cluded. The relative density is positively correlated with Falling Height and negatively correlated with Open-
ing Width, with some exceptions, although. The relationship between Dr and Box Speed is not monotonic.
Based on the pluviation tests, CT scanning results and high frame rate photographs, a partially substanti-
ated hypothesis of the three variables’ influences on the relative density was proposed, and this hypothesis
provides practical advices on preparing samples using the Geba sand.

Additionally, using the macro-CT scanner, it was observed that stratification is obvious in the specimens
prepared by the pluviation method. The variation of local relative density along depth is analogous to a
trigonometric function and the shape of the function is generally controllable by changing the values of three
variables. Using the micro-CT scanner, it was observed that the inclination of sand particles and the grading
conditions are distinct in different layers of the stratified specimens and one should attach importance to
these phenomena, as the variation of local relative density and other fabric features of sand significantly affect
the behaviour of specimens in different types of physical modelling tests, including the shallow foundation
tests in which a difference of 38% for bearing capacity was found between two specimens with the same
bulk relative density but different stratifying conditions. Apart from exploring the influences of the stratifying
heterogeneity, it is also recommended to focus on the air-water pluviation method to make it possible to
prepare loose and more homogeneous specimens.
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