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Revisiting the particle size effects in centrifuge modelling

S. Nadimi, J. Fonseca & R.N. Taylor
City University London, UK

D. Barreto
Edinburgh Napier University, Scotland

ABSTRACT: Geotechnical centrifuge modelling provides an opportunity to examine novel and cc
events in a well-controlled and repeatable environment. While grain interaction and contact dynar
considered in centrifuge modelling, the soil is treated as a continuum, consistent with standard geo
analysis. In the last four decades, particle size effects have been normally approached byofiraedtan
particle diameter to critical dimension of modelled structure. The current study considers the respo
granular medium in a centrifuge model by coupling physical tests and equivalent discrete element sim
The response of a strip footing on uniféyngraded glass ballotini is investigated. This is chosen as the
ple characteristics can be accurately replicated diiscrete element simulation. Particle size distributi
gravity and footing width are scaled in the context of model-the-model technique and the sensitivit
bulk response to rapid increase in stress level is explored. This will help establishing the link betweer
cro phenomena and the macro response and contribute towards improving geotechnical design. The
scribes the work conducted to overcome challenges related to physical modelling including particle
sample preparation, image analysis, and loading apparatus.

1 INRODUCTION In other words, it is assumed that the prototype
model is exactly ‘N’ times the size of the centrifuge

It has been understood that the soil behaviour imodel. Schofield (1980) describes the relationships
highly nonlinear in varying stress-level conditions.between centrifuge and prototype model as scaling
Thus representing full scale stresses and stress dlaws. The length should be scaled according to these
tribution is important. Centrifuge modelling consistsscaling laws which basically come from Equation 4.
of subjecting a small scale model to an inertial radiaBut, the question is should the particle size in the
acceleration field of ‘N’ times greater than earth’s  model also be reduced to correctly represent the pro-
gravity (Taylor, 1995). This causes a rapid increaséotype particle size? This may lead to the use of soil
in the stress level from surface to bottom of than the model with different properties.

model which can be determined by soil density and A number of researchers have investigated particle
‘N’. If the vertical stress at deph in a centrifuge size effects and suggested using the ratio between

model is: median patrticle size @) and the dimension of mod-
1 elled structure for reducing this effect. This infor-
Fym = PANR, (1) mation was collected and summarised by Gargiier

al. (2007). Tatsuokat al.(1991) recommended us-
ing the ratio of particle size to the thickness of the
shear band at failure. Taylor (1995) has advised that
particle size effects may be important in some cir-
(2) cumstances and the model test series should contain
satisfactory relevant investigation.

wherep is density and g is gravity. Considering
the prototype vertical stressyrototypd at depthhy is
equal to model vertical stress, () athm:

O-v,m = O-v, prototype

_ Regarding soil-footing interaction, Ovesen (1979)
£NH = £gN, 3 showed that the effect of reducing the footing size
Therefore: while retaining particle size is negligible wherdg
iIs more than 30 (where B is the footing width). Lau
h_mzi (4) & Bolton (2011) observed that there is no particle
h N size effects for B/gh of varying from 165 to 8333

when investigating the bearing capacityaafircular



footing. These studies raise the question of the rel2 CENTRIFUGE MODELLING
abilities of tests where there is no consideration o

soil grading, particle shape and particle strength. F
example, can the study of Lau Bolton (2011) on
fine silica sand and silt justify #ft scaling effects are
negligible foraninvestigation on coarse grained De-
vonian Limestone (Halaet al. 2012) or a case of

.1 Centrifuge Facility

The London geotechnical centrifuge centre at City
University London utilises an Acutronic 661 centr
fuge. The centrifuge has a working radius of 1.6 m
- : ind a maximum acceleration of 200g. It is classed
ggﬁ;s?e carbonate sand under different loading cono@S a 40 g-tonne machine: it can carry a maximum of
' 400kg at 100g, and 200kg at 200g. Schofield &

In recent years, soil-footing interaction under ) - ;
combined loading has received increasing attentior, aylor (1988) describe the specifications of this ma-

in particular for the design of offshore structures. Fof;'ne n dEta'IS'd McN?(marat al. (2012) describe
instance, in the latest international conference on th e recent upgrade works.
jack-up platforms (McKinley, 2015), six papers fo-
cused on centrifuge modelling of footing-soil inte 2.2 Model Assembly
action. Govonkt al.(2011) studied a shallow foot-
ing under combined loading and also noted that a A schematic of the plane strain testadtrip foot-
comprehensive investigation of the particle size e ing is shown in Figure 1. Two stiff aluminium plates
fects is required. with 10mm thickness were machined to represent
The aim of this study is to revisit the particle size20mm and 40mm wide footing with a length of
effects from particle scale behaviour. In orderdo r 200mm. This will enable plane strain conditions
duce the number of variables and deuphysical which correspond to a 2m wide strip footing at 100g
model with an equivalent discrete element simulaand 50g, respectivelyGlass beads were glued to the
tion, smooth spherical particles (glass beads) werigottom of footing to create an interaction surface.
used for the granular medium. A strip footing in the The loading apparatus developed by Tagbal.
context of model-the-model technique was used an@@013) has been modified for the purpose of thi
particle size distribution, gravity and footing width study. This includes a 10kN screw jack load actua-
were scaledModel-the-model technique refers to tor, servo motor and gearbox. The plate was driven
two different physical dimensions tested, which repinto the soil at a constant rate of penetration wfim
resent the same prototype dimensions at differeqder minute until achieving a settlement of at least
gravities. The work conducted to overcome som@®.1B. Two LVDTs were used to measure the dis-
challenges related to physical modelling and verifiplacement of the footing and quantify if there is any
cation tests are presented here. titing in the major dimension. The force sandwich
plates are shown in Figure 2. They consist of three
load cells located between two aluminium plates
with 6 mm thickness. The load is applied at the cen-
tre between the three load cells. The reading of load

a) 1009/50%
Screw jack
Gear bO\ Loading guides
Servo moto& Actuator and

motor support

Load cells”
Footing—x

<& Extension

Figure 1. a) Schematic of the actuator and strongbox assembly, b) a generdlsgééwp and image analysis parameters.



cells will demonstrate the un-level seating of theTable 1. Glass ballotini sizes and percentage (by

footing on soil. mass) to prepare two uniform graded asx
The internal dimensions of the strong box were % of mix Paticle size (mm)
reduced using timber blocks to make a soil bed with Mix1 20 0.5-0.75
dimension of 300 x 200 x 160 mmThe timber 50 1.0-1.3
bolcks facilitated the process of creating top surface 30 1.7-2.1
of sample which is critical in this experiment, while Mix2 20 1.25-1.65
reducing the number of particles for DEM simula- 50 2.0-24
tions. 30 3.4-4.0

FE simulatiols were carried out using PLAXIS
2D incorporating Mohr-coulomb model, with |t was decided to mix three sizes of glass ballotini
¢’=0.15kPa an@=26°, to investigate the maximum to produce two uniforiy graded samples shown in
zone of deformation (Figure 3). These simulaion Figure 4. This was based on the following consider
confirm that there is no boundary effect in the retions: 1) tolimit the size of particles for DEM simu-
duced dimensions of sample. lation, 2) different ranges of Bigratio for model-
the-model technique and 3) the need to consider the
size of beads due to experimental conditiombere
are some challenges associated with the preparation

a
@) SkN Load cell Aluminium Plate

| / of uniform graded sample of glass ballotini in the
0/" strong box. These include: 1) granular mixing (also
“R3 known as solid-solid mixing), 2) pouring/packing,
and 3) trimming the top surface. The issues are de-
scribed in the following section.
Mix 1 ——Mix 2
100
/1
80 - /|
£ 60 - | /
2
: . . . 240
Figure 2. Force plate for measuring axial reaction load, a) plan £ /
and b) general view. 20 /
0 1 r 3
< 1.7B . 0.10 1.00 10.00
~ 058B ‘ g Particle size (mm)

Figure 4 Particle size distribution of two glass ballotini mixes.

2.3.1 Granular mixing
In order to produce near homogenous and repeatable
NS RS T e s samples, a mixing deviceasdeveloped. Mixing of
Wi e s SUS S e S o particulates is an important process in many indus-
Ll L ' tries and is an active area of research (e.g. Mwzio
R : ' ' —— al. 2003). Mixing devices can be classified as gravi-
Figure 3. PLAXIS results showing deformation zone for stripty controlled, bladed and high shear (or high energy)
footing problem. mixers. Measurement of mixing state is non-trivial
in experiments. Cleary & Sinnott (2008) carried out
_ several DEM simulations to assess the characteris-
2.3 Sample Preparation tics of granular mixing devices for the various meth-

_ . _ L .. ods and to quantify the degree of mixing. Two
Six _partlcle sizes of glass ballotini with specific gchemes have been used by the authors to measure
gravity of 2.57 and 95% roundness were used (Tablge degree of mixing. In the first scheme, an assem-
1). They are commercially supplied by Sigmundyy of particlesis divided into groups and the centre
Lindner as type S beads. The maximum and mininf mass of each group is calculated (before mixing).
mum void ratios of 0.63 and 0.54 have been reporteflne cyrrent distance of the centroids for each group
by Barreto (2009). over the global centre of mass presents the degree of
mixing. In the second scheme, a 3D grid is con-




structed over the assembly. The local averages of the (a)
selected properties such as mass, density and diame-

ter characterises the degree of mixing. More detail
can be found in Cleary (1998).

The comparison of different mixing devices
demonstrates that the final mixing state of high shear
mixer with a blade impeller is much higher than the
other methods. For example the model of disc impel-
ler was able to produce a mix with only 70% homo-
geneity when compared to the 95% for the blade im-
peller. The blade impeller was chosen here as it
produces the best state of mixindh schematic of
the mixer with a blade impeller is shown in Figure 5,
following Cleary & Sinnott (2008).

Figure 6 shows a general view of the mixirg d
vice developed here. For this mixer, the mixing
state as a function of time is presented in Figure 7
obtained from DEM simulationsThe probability of
close to homogeneous mixing is very strong with
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Figure 5. Schematic of the mixer with a blade impeller follo

ing Cleary & Sinnott (2008)

Figure 6. A general view of mixer developed for this study.
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Figure 7 The mixing state for a high shear mixer with a blade
impeller as a function of time for: (a) azimuthal and (b) radial
mixing from DEM simulations by Cleary and Sinnott (2008).

Figure 8 shows an experiment for mixing dyed
and non-dyed glass ballotini. The initial state of pa
ticles is shown in Figure 8.a. The mixing has been
carried out for 60sec with speed of 100rpm. The
final mixing state is presented in Figure 8.b. As
shown in the figure a good mixing state was
achieved. A quantitative description of the mixing
using image processing is under progress.

a)

Figure 8. Mixing of dyed and non-dyed glass ballotini, a) initial
state, b) mixing state after 60 sec.

2.3.2 Pouring/Packing

Cavarretta (2009) proposed a simple method for air
pluviation of glass ballotini using funnel. In this
method, the funnel throat is kept in contact with the
soil surface (no drop height) and is raised without
excessive agitation, to achieve a void ratio of 0.60 *
0.02 for triaxial specimens. This method was &dop



ed in this project as there is concern that the drop)

height may induce particle segregation. As the di- 250
mensions of the sample in this study are large, the * Undyed: peak, ¢'=24.4 .
direction of pouring is changed from layer to layer: 200 | *Undyed: ultimate, ¢'=22.9 .o,
one layer parallel and the next layer normatte 5 ® Dyed: peak, ¢'=26.2 il
strong box window. At the end, the top surface was  Tiso | *Dyed: ultimate, ¢"=25 %
trimmed to the same level as the timber blocks. g g

L. 100 I
2.4 Deformation monitoring i
The pre-failure deformation behaviour of the footing 0
and foundation soil was monitored using particle 0 100~ 200 300 400 500
image velocimetry (PIV) technique. This technique Vertical effective stress (kPa)

allows more flexible image analysis for the wide
range of physical models in comparison with track-b)
ing target markers proposed by Taykral. (1998).

In order to make high quality image texture for PIV
analysis, firstly some glass ballotini has been dyed
(Figure 9). In order to investigate the effect of dying
on frictional behaviour of glass ballotini, a series of
direct shear tests were conducted.

a) b) c)

Figure 10. a) Direct shear results for dyed and non-dyed glass
Figure 9 a) Black dyed, b) grey dyed ar@) non-dyed fine  ballotini, b) dyed glass Ballotini viewed under a microscope.
glass ballotini.

The direct shear tests showadlight increase in
friction angle due to dying (Figure 10.a). Using a2.5 Preliminary Tests
microscope,tihas been observed that dying of glass
ballotini causes particle clumping and changes in Six preliminary tests have been conducted with
surface roughness (Figure 10.b). It is important téhe aim of checking the loading apparatus, image
note that gentle sieving carried out before the expegnalysis, model design, instrumentation and soft-
iments could not remove all particle clumping.ware. Testing consisted of accelerating the model
Thereforeathin layer coated glass bead was orderedising the centrifuge to §0or 100g, while the foot-
from the same supplier mentioned earlier. The coatng was hold above the sample surface. At the target
ing surface includes 2um silver base and 1-3um gravity the footing was loaded at a rate of Imm/min
colouring of a Sol-Gel. to touch the surface and then depress into the ballo-
Reference again to Figure 1, black beads can B#i up to 0.2B. Figure 11 showestypical stress vs.
placed in the form of strip lines or mixed to makesettlement curve obtained from LVDTs and load cell
visualisation and monitoring of deformation possi-readings fora40 mm footing at 1g. When the foot-
ble. Here, Image texture 2 (shown in Figure 1) whichng is not in contact with soil at target gravity, the
is mix of beads has been used. Image texture plagsirve shows zero stress, in this case up to 5mm set-
an important role in the precision of image analysiglement. The friction test has been carried out to
using PIV. More detail can be found in Nadieti find the optimum gap between the footing and the
al. (2016). strong box, which consists of loading a footing
without soil. Load cell readings show the amount of
frictional force. In order to avoid filling of the gap
with glass beads, the smallest size of particles
(0.5mm) was selected to be larger than the gap
<0.4mm). The loading guides shown in Figure 1



have been used to control the backlash in the scresv DEM MODELLING
jack and create a purely vertical loading.
In contrast to continuum (FE) modelling, the Dis-

gg crete Element Method (DEM) proposed by Cundall
30 & Strack (1979) accounts for the particulate nature
- : . Y .
£ 25 of soil. A DEM simulation involves cyclic calcula-
£ 20 tions. At any time t, inter-particle forces are calculat-
81 ed from the relative velocities of particles in contact.
“ 10 From particle forces, new particle accelerations are
5 obtained using Newton's second law. Numerical in-
0 tegration of the accelerations, using a time-centred
0 5 10 15 20 explicit finite difference scheme, provides new parti-

Settlement, mm cle velocities which give new displacements from

which new particle positions are obtained. A typical

Figure 11 Typical Stress/s. settlement curve obtained from  DEM simulation repeats the cycle of updating con-
centrifuge experiment. tact forces and particle locations for a pre-defined

number of (small) time-steps.

o The main advantage of using DEM simulations is

2.6 Verification Tests the possibility of monitoring parameters that cannot
_ . _ be easily measured from experimental tests and from

The purpose of these tesssto verify the consisten- \yhich micro-mechanical analyses can be performed
cy of the apparatus and testing regime. Two separag gain further insight into the particle-scale interac-
tests with exactly the same conditions were conductigns that underlie the observed macro-scale behav-
fuge tests in terms of stress vs. time and stress Wghich replicates each of the experimental (centri-
settlement for a 20 mm strip footing at 100g. Theyge) tests is currently being carried out. These
data show good agreement between two tests prgmulations will enable detailed analysis on the de-

senting the reproducibility of the methodology. velopment and thickness of shear bands to verify the
findings by Tatsuokat al. (1991), amongst others,
iy and to further understand the nature and importance
of particle size effects in centrifuge modelling (Tay-
200 . lor, 1995). Furthermore, O’Sullivan (2011) high-
— L lights that DEM has been mostly used for the simu-
150 lation of element tests. The modelling of boundary

value problems using DEM is more limited and it is
significantly constrained by their associated compu-
- tational cost (proportional to the number of particles
used). Taking advantage of the plane strain (2D) na-
0 ture of the centrifuge tests, 2D as well as 3D simula-
0 50 100 150 200 250 300 tions with differing model thicknesses (in the out-of-
Time (Sec) plane direction- hence with significantly different
Figure 12. Stressvs. time curves for centrifuge verification number of particles), will be compared to 1) estab-
tests. lish better DEM simulation requirements, 2) explic-
itly assess the need to perform 3D simulations for
250 plane strain (2D) problems and 3) to expand the ex-
isting knowledge on the influence of differing gravi-
tational levels on granular materials’ behaviour at a
particle scale.

100
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4 CLOSING REMARKS

50

This study aims to revisit particle size effects in cen-
trifuge modelling. The work carried out to over-

come challenges regarding physical modelling has
_ _ .. been described here. Model design and sample
Figure 13. Stress vs. settlement curves for centrifuge Ve”f'caﬁ)reparation are two key steps for carrying well-

tion tests. controlled and repeatable experiments. As the sam-
ple represents uniform grading of glass ballotini, a

0 1 2 3 4

Settelment (mm)



mixing apparatus has been developed based on DEM 2003. Solids Mixing, in Handbook of Industrial Mixing:
Slmulatlon results to make a near homogenoufs_ sa Science and Pl’aCth(@dS E. L. Paul, V. A. AtlemO-Obeng

ple. The macro response of the centrifuge model and ‘3”815' M. Kresta), John Wiley & Sons, Inc., Hoboken, NJ,

deformation pattern will be com_parec! with DEM re- Nadimi, S. Divall, S., Fonseca, J., Goodey, R. & Taylor, R.N.
sults. The DEM model can provide micro parameters 2016. An addendum for particle image velocimetry in cen-
such as contact forces to investigate the effect of trifuge modelling Proceeding of the 3rd European Confer-
varying gravity on contact force distributionit is ence on Physical Modelling in Geotechnicblantes,
suggested that coupling established physical model-, France.

. . . - . O’Sullivan, C. 2011. Particulate Discrete Element Modelling:
ling with advances in discrete computational meth-"", ~_ "= = . Perspecti@pon Press

ods can improve understanding for geotechnical deyyesen, N. K.1979 Panel discussion: The scaling lawarel

sign. tionship. Proc7th Eur. Conf. Soil Mech. And Found. Eng,
Brighton,319-323.

Schofield, A.N.1980 Cambridge geotechnical centrifuge ppe
ations.Géotechnique0 (3): 227268.

Schofield, A.N. & Taylor, R.N. 1988. Development of standard
geotechnical centrifuge operations. Paris, France.
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