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Abstract4

Debris flow, landslides and material run-outs have significant environmental and economic conse-5

quences for numerous industries. High quality experimental data with controlled boundary conditions6

can help validate and calibrate the predictive capabilities of mechanistic and semi-empirical numerical7

models. A novel centrifuge container to model dewatering and run-outs induced by a rapid loss of con-8

finement is presented. The design features a pair of vertical doors opened in-flight to simulate failure9

of the containing structure. Illustrative centrifuge results investigating the run-out characteristics of a10

fully saturated, densely deposited class-F fly ash are presented. Modified soil moisture probes to monitor11

the distributions and time-varying fly ash water content throughout the testing are explored. Further,12

successful use of depth sensing cameras to reconstruct progressive deformations of the material front13

at various time scales is demonstrated. Combined water content, pore pressure and deformation mea-14

surements provides insight into the material behaviour during the run-out, revealing two-time scales at15

which the deformations occur. However, discrepancies between water contents inferred from the dielec-16

tric measurements and electrical conductivities highlights the need for independent verification of the17

bulk material water content when using the modified probes. Overall, the potential of these innovative18

instrumentation techniques to complement traditional geotechnical instrumentation is shown.19

Keywords: Centrifuge modelling, Fly ash (PFA), Landslides, Slopes20

1 Introduction21

Large scale deformations or fluidized flow of saturated granular materials can have devastating economic and22

environmental impacts. A variety of different industries are concerned by such events, which can include23

landslides and debris flow such as in Sierra Leone, 2017 or in Hong Kong, 1990 (Bowman et al., 2010), the24

failures of tailings dams as with Mt Polley, 2014, Fundao, 2015 (Been, 2016) or Brumadinho, 2019 and the25

failure of fly ash impoundments such as Kingston, 2008 (Bachus et al., 2019).26
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In the case of saturated granular materials, the intrinsic coupling between the effective stresses, voids ratio27

and pore pressures can lead to dramatic changes of both the strength and stiffness as the material deforms28

and ultimately lead to larger total run-out distances. However, other phenomena or mechanisms have been29

theorized to impact the material run-out, including entrainment and mechanical or even acoustic fluidisation30

(Johnson et al., 2016), the generation of heat during large volumes of material shearing (Pinyol et al., 2018)31

or inter-granular lubrication (Delaney and Evans, 2014). McDougall (2017) presents a comprehensive review32

of different run-out analysis methodologies and the associated challenges, and distinguish between numerical33

models that are semi-empirical such as Rheological versus purely mechanistic models. It is noted that the34

former approach is more prevalent in practice though suffers from difficulty in determination of parameters35

that do not necessarily have an underlying physical basis, such as a visco-plastic parameters or constant36

residual shear strengths. For both approaches, there is a clear need for high quality physical data to help37

verify predicted material behaviours, mechanisms and the total run-out distances.38

As part of a project investigating the impact of dewatering on the stability of fly ash ponds, a novel39

centrifuge container was developed at the ‘Center for Geotechnical Modeling’ (CGM) at the University of40

California Davis that can model the run-out behaviour of saturated granular materials (EPRI, 2021). In41

this paper, the design, instrumentation and example results from centrifuge tests on a fully saturated dense42

fly ash run-out are presented to showcase the insight into the mechanical behaviour that can be obtained.43

Use of the large 9-m geotechnical centrifuge at the CGM to model the fly ash run-out is driven by44

recognition of the role of the effective stresses in the material constitutive behaviour. The centrifuge box is45

designed to model a rapid loss of confinement for the contained material by reducing the total horizontal46

stress on one face of the material. The design criteria, capabilities and practical considerations of the novel47

container are first discussed in this paper.48

Appropriate instrumentation of the container and material is required to facilitate characterization of49

the material behaviour prior to and during the run-out test. The performance of low cost moisture content50

probes and depth sensing cameras is explored. For fine grained materials such as fly ash, the gravimetric51

water content of the material can influence the constitutive behaviour below and above the water table. For52

fully saturated materials, the water content can be treated as a proxy for the undrained shear strength and53

below the water table positive pore pressures will reduce the effective stresses. Further, the suctions that can54

develop above the water table can lead to non-linear effective stress increases following from the Soil Water55

Retention Curve (Bishop and Blight, 1963; Madabhushi et al., 2020). It is thus desirable to measure the56

soil water content in-flight, i.e. during the centrifuge test. Moisture content probes embedded in a material57

measure its electrical properties or characteristics that can be correlated to water content using a calibrated58

relationship (Kizito et al., 2008; Meter Group Inc., 2018). The consequences of the calibration results and59
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unique behaviour of the saturated class F fly ash tested will be discussed, and examples of the temporal60

variations and spatial distributions measured in conjunction with the pore pressures during centrifuge tests61

will be presented.62

Obtaining the progressive run-out displacements of the material body in three dimensions provides direct63

insight into the material behaviour and associated bulk failure mechanisms, and further can be used to64

calculate net volume changes or movements. The total run-out distance is also often the critical design65

parameter of practical significance and a value that predictions from numerical studies are verified against.66

The performance of multiple inexpensive depth sensing cameras used to track the short and long term67

deformations of the fly ash, a relatively uniform and untextured material, will be presented in this paper.68

2 Centrifuge Testing and Container Design69

2.1 Introduction to reduced scale physical run-out modelling70

Small scale modelling of run-out problems can provide an economic insight into the critical failure mech-71

anisms. However, to enable more direct comparisons with full scale cases or for validation of numerical72

methodologies, the use of a geotechnical centrifuge facilitates testing of small scale models at comparable73

stress levels to the full scale case. The relationship between the small scale model behaviour on a centrifuge,74

i.e. subjected to a centrifugal acceleration increasing the stresses in the model, and the full scale behaviour,75

can be mapped using scaling laws (Schofield, 1980).76

Scaling laws describe how a centrifugal acceleration of Ng on a small model will produce behaviour77

equivalent to a prototype case N × larger experiencing a vertical acceleration of 1 g, as the stresses and78

strains will be equivalent. Whilst linear dimensions and accelerations are straightforwardly scaled, the79

scaling of other parameters can require further consideration. For example, Bowman et al. (2010) discuss80

the scaling laws for debris flow in a geotechnical centrifuge. In that work, it was hypothesized that the time81

scaling for such processes can follow that employed for seismic loading, i.e. increased by a factor N , with82

the granular material in the model saturated with a pore fluid N× more viscous than the prototype case83

modelled. This ensures consistency between the inertial and diffusion scaling laws. In the present study,84

the fly ash tested was saturated with deionized water, i.e. pore fluid with the same viscosity to that in the85

full scale case. This was partly driven by the risk of viscous pore fluids with polymer chains such as methyl86

cellulose affecting the constitutive behaviour of fine grained materials such as fly ash. For simplicity, when87

time varying measurements are presented in this paper ‘model time’ will be used. The appropriate scaling88

of time for such tests will be discussed in future works.89
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Bryant et al. (2015) present a discussion on the influence of Coriolis accelerations on dry granular flows90

modelled using a centrifuge. When the lateral movement of the slope model is in the plane of rotation of91

the centrifuge, the Coriolis accelerations can affect the run-out distance. In the present studies modelling92

with the 9 m radius centrifuge at Davis, the primary lateral flow direction is parallel to the axis of rotation93

of the centrifuge which does not produce Coriolis accelerations. However, the settlement component of the94

deformation will produce some Coriolis accelerations that may bias the direction of the flow but will not95

directly alter the vertical stresses and run-out distances as described by Bryant et al. (2015).96

2.2 Centrifuge container design97

The container was required to model a rapid loss of confinement to the contained material and allow obser-98

vations of the bulk material stability and run-out behaviour. In order to facilitate the design of the novel99

centrifuge container, the computer-aided design software SolidWorks was utilized (Dassault Systèmes, 1995).100

This allowed rapid trialling of various container designs and accurate integration of the separate bearing101

systems, pneumatic and hydraulic actuators within the container and of the container with the centrifuge102

basket. Figure 1a shows the final centrifuge container design for the run-out experiments. The internal103

length, width and height of the enclosure for the material are approximately 0.67×0.46×0.4 m respectively.104

On opening of the horizontal doors the enclosed material is released onto the plastic run-out basin with a105

length and width of 1.23 m and 0.98 m respectively. The equivalent field case that the centrifuge container106

approximates is the breach of a section of a dam or impoundment retaining a material. For example, fig. 1b107

shows the 1994 Merriespruit tailings dam failure where the failed section is reasonably wide even though it108

is small relative to the overall width of the pond. In this work the doors open to release material across the109

entire width of the container. The release of the material in this fashion helps reduce lateral and diagonal110

fluid gradients which can occur when only narrow or notched openings are modelled (EPRI, 2015), and111

instead facilitates understanding of the bulk stability of the enclosed material.112

An additional benefit to designing the container using SolidWorks was that the elastic deformations of the113

structural elements could be straightforwardly predicted using the accompanying Finite Element Analyser114

(Shih, 2014). This was used to ensure plane strain conditions were reasonably enforced prior to the door115

opening whilst sizing the container side walls and moment connection to the container base plate. Predictions116

for the 1D lateral strain were at most 0.06 %. Crucially for these experiments, FEA modelling of the door117

system was also used to conservatively size the door thickness as part of designing the seals for the container118

doors. Owing to the design featuring a single pin to hold the door closed during the centrifuge experiment -119

chosen to facilitate faster opening of the doors - the maximum deflections relevant for the seal occurred near120
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where the bottom of the two doors met.121

Figure 2 shows the conservatively predicted deflections (maximum of 5 mm) for the system subjected122

to a triangularly distributed liquefied soil load at 60 g and full fixity where the system was bolted to the123

container side walls. To help limit the deflections, the doors had a maximum section thickness of 50.8mm.124

This served to reduce both the straining induced in the contained material and the likelihood of leaking prior125

to the door opening. The door system is also resilient to leaking as the O-ring grooves run along the side126

faces of the doors, creating a seal between the internal faces of the side walls and container base and the127

door. This design, comparable to a piston seal, can tolerate larger outward deflection of the doors versus a128

seal between the front faces of the container and doors.129

Further details of the door opening system are described with the annotated photograph in fig. 3a. A130

single steel pin with a square cross section is used to hold both doors closed. The pin transitions to a circular131

cross section as it passes through a pair of radial spherical plain bearings in the reaction block and is linked132

with a shackle to a hydraulic cylinder. Two pneumatic rotary actuators coupled to the door pins are used to133

accelerate the door opening when the pin is lifted in-flight. The two doors swing open, rotating about pivot134

points offset from the container walls, to simulate a loss of confinement for the contained material. This135

design was favoured over sliding doors which shear along the contained material or gates rotating vertically136

about the top or bottom of the material enclosure. The design objective was to open the doors as rapidly137

as possible to minimise restricting the subsequent material deformations or flow. A benefit of the horizontal138

door opening is that if the front face of the material is initially able to keep up with the moving doors, the139

bias is across the material width and not vertically. The doors’ were decelerated and brought to a stop using140

tetrahedral blocks made of soft modelling clay (fig. 3a). The material and shape were chosen to gradually141

dissipate the doors kinetic energy as the blocks are sheared, reducing the vibrations imparted to the container142

as the material run-out progresses.143

A consequence of the asymmetric container and model geometry along the bucket is the potential for144

relative tilt between the bucket and the resultant ‘downwards gravitational’ force on the model. Figure 3b145

shows how additional counterbalancing masses were moved to the bucket edge away from the soil container146

to help mitigate the ‘over-tilting’ that may otherwise have occurred, depending also on the swing hinge147

friction. A marble in a grooved, curved track with 0.1◦ markings was observed in-flight to monitor the148

resultant bucket tilt during swing-up and prior to the material release. Typically, a bucket tilt within ±1.5◦149

of the ideal value was achieved.150
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2.3 Instrumentation Placement151

Instrumentation within the contained material was achieved using two smooth PVC sheets, spanning the152

two side walls of the container. Each sheet had portions milled from it using a plastic routing tool to house153

and guide the instrumentation and cables. A typical arrangement of instrumentation for the run-out testing154

would be a grid of low-cost pore pressure transducers or tensiometers (Jacobsz, 2018) spanning one wall.155

These could be used to monitor the water table and dynamic redistribution of pore pressures from the door156

opening. The individual miniature strain measurement sensor boards were faced with a porous ceramic stone157

(300 kPa air entry) and cast into epoxy cylinders with reducing radius that could be inserted flush into the158

plastic side wall. The strain sensor output was calibrated to pressure measurements across a range from −80159

to 300kPa. The stone saturation process, initially consisting of cycles of flushing with CO2 and applying160

a vacuum before over-pressuring the stone during saturation was developed based on the recommendations161

by Take and Bolton (2004). On the opposite wall a grid of moisture content probes, similarly housed within162

recesses in the plastic, were used to obtain the initial and evolving water content during the material run-out.163

The complexities of using these probes to infer the water content specific to the fly ash tested are discussed164

in section 3. External to the contained material GoPro cameras were used to capture videos of the material165

run-out. In addition, section 4 describes how several depth sensing cameras were installed to image the166

container and run-out basin, and explores their potential to quantify the material deformations and run-out167

displacements.168

To facilitate future studies on the role of dewatering on the stability of the contained material the169

container also allows lowering of the water table in-flight, driven by gravity, prior to the doors being opened.170

Though not utilized in the illustrative centrifuge test results presented in this paper, one design choice for171

the drainage system should be noted. A large sheet of porous plastic filter material is adhered to the back172

wall of the container, which also has a port and pneumatic drainage valve near the base (fig. 1a). For fine173

grained materials, in-flight dewatering is preferable as changes to the centrifugal acceleration will alter the174

capillary rise and potentially the soil constitutive behaviour if different wetting and drying characteristic175

curves are traversed (Lu and Likos, 2004). In-flight dewatering prior to the door opening with drainage176

across the entire back face of the material leads to a consolidation front propagating from the back and top177

of the material towards the doors and downwards. Nevertheless, a vertical drainage sheet was opted for over178

a horizontal under-drain to avoid preferential drainage paths from the back of the container to the doors179

which could occur following the door opening and affect the material run-out.180
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3 Measuring Water Content: Soil Moisture Probes181

The gravimetric water content of a granular material, i.e. the ratio of the mass of water to mass of solids,182

is an important physical parameter for understanding the material behaviour and can be especially relevant183

for fine grained materials. In fully saturated materials changes to water content linearly map to changes in184

voids ratio, and thus determines the drained and undrained shear strengths. In unsaturated soils the water185

content can also be related to the suctions via the soil water retention curve, and thus the effective stresses and186

material shear strength. Water contents can be directly measured by fully oven drying samples of material187

at 110 ± 10◦C (or 60◦C for materials with organic matter) following ASTM-D-2216-98 (1998). However,188

obtaining the water content of a material within a centrifuge model during testing is less straightforward.189

One option is to measure electrical properties of the bulk saturated material, such as it’s dielectric190

permittivity or electrical conductivity, which can be correlated to the gravimetric water content. Kizito191

et al. (2008) summarise the different categories of soil moisture sensors which rely on these principles,192

including Time Domain Reflectometry (TDR) sensors, Frequency Domain Reflectometry (FDR) sensors and193

capacitance sensors. Broadly speaking, Kizito et al. (2008) describe the trade off between the higher accuracy194

and cost of TDR techniques operating at higher measurement frequencies and the more economical FDR195

sensors operating at lower measurement frequencies but more readily allowing continuous measurements.196

Mirshekari et al. (2018) demonstrated the use of a specific dielectric probe also reviewed by Kizito et al.197

(2008) (EC-5 sensors produced by Decagon Devices) to obtain the soil moisture during dewatering of a198

level F-75 Ottawa sand bed in a centrifuge test. They emphasised that it was advantageous to calibrate199

the probes specific to the testing conditions (i.e. soil type, pore fluid and temperature), that the probe200

alignment (horizontal or vertical) had minimal influence on the readings during calibration and finally that201

reduced probe accuracy at high saturation values motivates presentation of the results in terms of degree of202

saturation.203

In this work, FDR based GS3 soil moisture probes, a successor to the EC-5 sensors (Meter Group Inc.,204

2018) that simultaneously measure dielectric permittivity (strictly the apparent dielectric permittivity, a205

combination of the real and imaginary components), electrical conductivity and temperature, were used. In206

contrast to the EC-5’s flatter dual prong sensors, the GS3 has three circular prongs and a more convenient207

form factor for use in centrifuge modelling. Further, their smaller detection volume is advantageous for208

centrifuge models where the stress gradients and thus changes of void ratio and pore fluid distributions can209

be large. Figure 4a shows a schematic of a GS3 sensor. The probe readings were logged using an SDI-12210

to RS323 converter, which was directly connected to a PC serial port during calibration or to a Serial to211

Ethernet converter for in-flight acquisition on the centrifuge. Section 3.1 details the calibration challenges212
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of these probes when used with the class-F fly ash tested and section 3.2 illustrates results from run-out213

centrifuge tests using the same material.214

3.1 Calibration with fly ash215

The general principle of calibrating the moisture probes is to place the instruments in samples with known216

water content and correlate this to the measured probe output. In this work individual calibration data217

was recorded for each probe subsequently used in a centrifuge test. A large sample of oven dried fly ash218

(≈ 4 kg) was initially taken. Measured volumes of deionized water were mixed into this sample to increment219

the nominal water content. For each step, a portion was transferred to a smaller container (≈ 1.5 kg) with220

a known total volume. To avoid interaction with the probes, this was a cylindrical plastic container larger221

than the volume of influence of the probes. At low water contents the fly ash was tamped into place and at222

progressively higher water contents it was poured in, with the aim of keeping the sample volume fixed and223

tracking the bulk density. The output from the probes could then be correlated with the measured water224

content from oven drying each fly ash sample at 60◦C over two days, obtained following ASTM-D-2216-98225

(1998).226

Figure 5a illustrates the outputs from this procedure using an ‘as received’ probe in the fly ash. Both227

the measured dielectric permittivity and conductivity are seen to increase non-linearly with increasing gravi-228

metric water content. The limiting probe outputs are also indicated in fig. 5a, that for the permittivity229

measurement is close to value of 80 which corresponds to the permittivity of water at room temperature.230

The measured dielectric permittivity in the fly ash saturates the probe output at a water content of about231

21 %, though the conductivity measurement was far below the limiting value. The high dielectric permit-232

tivity of the fly ash, saturated with deionized water, reduces the usable range of the probe measurement to233

resolve water contents. The potential of the ionic concentration of the pore fluid to have changed following234

contact with the fly ash and thus affecting the measurements requires further investigation.235

One option to increase the measurement range of the probes within the fly ash is to reduce their sensitivity236

by covering the prongs with an insulating material. Figure 4b shows example photos of GS3 probes with237

insulating heat shrink sheaths. Madabhushi et al. (2020) previously reported that this technique could238

measure water contents up to 28 % in the same fly ash. Figure 5b presents the probe output for the239

dielectric permittivity and conductivity from a single probe modified in this fashion. It should be noted240

that by modifying the GS3 probes the recorded outputs can no longer be directly physically interpreted;241

the on-board electronics for the instruments assume values for the prong sensing length, sensitivity and242

field distributions. For clarity, the outputs are hence referred to as the indicated dielectric permittivity and243
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indicated conductivity to distinguish the readings from the ‘as received’ probes.244

Figure 5b additionally indicates the dry unit weight of the fly ash samples each of the probe recordings245

were obtained from. The liquid limit for the fly ash tested is ≈ 25%. Close to and above this value, the246

dry unit weight necessarily increased with increasing water content, i.e. reducing voids ratio, as the bulk247

unit weight of the samples could not be controlled. At lower water contents mixing and tamping of the248

fine grained fly ash samples could yield more uniform dry unit weights, as supported by fig. 5b. Overall,249

the sensitivity of the probe measurements to the void ratio between samples with the same water content250

requires further study. The validity of the calibration curves will also depend on the ranges of voids ratio the251

tested material can achieve at each water content. The calibration data could be more generally applicable252

for fine grained materials that form a slurry and where the voids ratio depends on the consolidation stresses,253

i.e. ‘clay like’ behaviour rather than ‘sand like’.254

An alternative to using an insulating cover on the GS3 probes to extend the range of measurable water255

contents from the dielectric permittivity is to reduce the prong length fig. 4c. Figure 6a presents the results256

from three GS3 sensors using a similar calibration procedure to that previously described. In two of the257

cases the stainless steel prongs were cut to 10 mm and 20 mm in length. The indicated outputs were258

also collected over a larger range of water contents. It is immediately apparent that reducing the probe259

length reduces the capacitance and conductance measured, and thus can extend the range of water contents260

resolved. A specific benefit of reducing the prong length for run-out tests is the reduced interaction of the261

sensors with the moving material. An interesting trend revealed by fig. 6a is the rise and then fall of the262

measured electrical parameters at very high water contents. Whilst the fly ash was largely in suspension at263

these water contents (i.e. it would eventually consolidate to water contents < 60 %) measurements at these264

larger water contents could be relevant for understanding the transport and deposition of fly ash in the field265

(Bachus et al., 2019). If dielectric permittivity measurements are to be used to resolve intermediate water266

contents, fig. 6a demonstrates the necessity of reducing the probe sensitivity. Such modifications could also267

be useful for soils which exhibit similar electrical properties to the fly ash, such as soils with natural salts.268

All sensors used for the run-out experiments featured a shortened prong length of 20 mm. This repre-269

sented a balance between the prong length interacting with the moving material and making fuller use of the270

dielectric permittivity sensing range. Figure 6b presents illustrative calibration data, with the sample dry271

densities indicated, up to a water content of 30 %. This was the maximum water content expected for the272

run-out tests presented in this paper. An example of the spline fits used to map the probe measurements273

to the water contents are also shown. Overall, fig. 6 shows that care must be taken if using the probes over274

a large range of water contents, as the calibration curve has a non-unique inverse. Further, ranges of the275

probe output can have plateaus or very shallow gradients making the water content more challenging to276
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resolve. Nevertheless, the data suggests that over given ranges of water content the dielectric permittivity277

measurements and/or measured bulk conductivity from the modified probes could be used to obtain the278

water content from the fly ash or soils with similar electrical properties.279

3.2 Illustrative Centrifuge Data280

In this section, illustrative results from using the GS3 probes to measure the water content of a fly ash281

centrifuge run-out test, from the consolidation to door opening stages, are presented. Figure 4c shows282

a photo of ten modified probes secured in a PVC sheet along the run-out container side wall. The use283

of plastic straps and nylon bolts to hold the GS3 probes is important to minimize interference with the284

electrical measurements. Figure 7 presents a cross section of the run-out experiment discussed. The model285

and prototype dimensions at 60 g are given, in addition to the locations of the ten GS3 probes with respect to286

the bottom left of the material enclosure. The naming convention refers to the probe column and row index287

from the same origin. Additionally, the locations of three tensiometers whose data is used to supplement288

the discussion are shown.289

The material used for the run-out tests described is a class-F fly ash (pozzolanic but not diagenetic).290

For this material, the d10 and d50 are 3 µm and 21 µm and the plastic and liquid limits are 22% and291

25%, respectively (EPRI, 2021, 2015). Further, minimum and maximum dry unit weights from 10.78 to292

14.14 kN/m3 are reported following modified sample preparation procedures described in EPRI (2012).293

An industrial mixer was used to produce a slurry of the fly ash with deionized water, with a target water294

content for the slurry of ≈ 30%. A forklift was then used to raise the industrial mixer above the centrifuge295

container and the fly ash was sluiced into the container through an outlet at the bottom of the mixer. A296

single pour of the material was left to consolidate at 1 g for > 24 hours. The final material heights of297

20.8 m and water table position of 22.8 m at 60 g, before the doors were opened, are indicated in fig. 7.298

An approximation of the dry density from the bulk material mass, height and container volume suggested a299

value of 14.95 kN/m3. Though slightly larger than the maximum density previously reported, the sensitivity300

of the density calculations to the sample mass and material height must also be acknowledged. Overall, that301

the sample preparation resulted in a relatively dense deposit of saturated fly ash should be concluded. As302

a result, it may anticipated that the material may be relatively stable and exhibit limited run-out as static303

liquefaction of the deposit is unlikely.304

The calibration data discussed in section 3.1 suggested the indicated dielectric permittivity and indicated305

conductivity could be independently used to infer the material water content. To explore this, fig. 8 presents306

the calibration measurements from four probes with a prong length of 20 mm and the data obtained during a307
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centrifuge run-out test. Starting with the calibration data, the changes to the measured dielectric permittivity308

and measured conductivity are plotted against each other for four different probes, revealing a non-linear309

relationship as both quantities depend on the changing water content. However, overlaying the centrifuge310

data from the same probes shows significant deviation of the relation between the simultaneously measured311

quantities, particularly at indicated conductivities below 6000µS/cm. Ultimately, whilst both measurements312

are physically correlated with the water content, fig. 8 shows at least one quantity may not be reliably used to313

interpret the centrifuge test data using the 1 g calibration results. In this project, the water contents inferred314

from the bulk conductivity measurements were found to agree more closely with pre and post test sampling315

from the centrifuge testing. Values derived from the indicated dielectric permittivities yielded lower water316

contents, consistent with the data in fig. 8. The importance of verifying indirect measures of the material317

water content, particularly for centrifuge modelling tests, is exemplified.318

From first pouring of the fly ash slurry and 1 g consolidation through to the centrifuge flight and door319

opening the GS3 probes were logged. The manner in which the probes were sequentially logged limited the320

sampling rate to ≈ 0.1Hz during the centrifuge test. Figure 9a presents the time history of these events, in321

terms of the measured conductivity from the ten modified probes and inferred water contents. Broadly, the322

time histories in fig. 9a show that the water content was initially high after the slurry was deposited, rapidly323

decreasing and also becoming more uniform with time at 1 g. On opening of doors fig. 9a shows there is a324

staged drop of water contents within the material.325

In fig. 9b the time histories of inferred water contents from selected GS3 probes are presented alongside326

the pore pressures obtained from a column of tensiometers near the opening doors (locations in fig. 7).327

Figure 9b shows the pore pressures quickly equilibrating with increases to the g level and remaining constant328

until the doors are opened. The hydrostatic pore pressures confirm the fly ash fully consolidated as the model329

was swung up. However, significant reductions to the void ratio and thus water content are not suggested by330

the inferred water contents. Following the door opening, the drops in water content in the material near the331

door are accompanied by rapid reductions of pore pressure and even temporary suctions closer to the fly ash332

surface. It is noted that the tensiometers were only calibrated to ≈ −80 kPa, and thus a horizontal cut-off333

line is plotted in fig. 9b to indicate greater measured suctions may be unreliable / indicate de-saturation of334

the stones that had an air entry value of 300 kPa. Section 4 contains further interpretation of these coupled335

water content and pore pressure changes in conjunction with the measured material movements.336

Further insight can be made by examining the distributions of water content constructed from this data337

at several instants of time (fig. 9c). The measurement values and linear interpolations of the data points (in338

recognition of the lack of a predictive model for the water content distributions) are shown. For simplicity,339

all values are plotted at the final prototype locations. It is confirmed that on first pouring of the slurry340
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there was a spatially variable water content across the material. Figure 9c highlights how at the end of341

the 1 g consolidation the pore fluid had redistributed and the water content was quite uniform along and342

with height through the contained material. Prior to the door opening at 60 g, a slight reduction in water343

content at all locations, in line with the expected consolidation of the material under it’s self weight, can344

be discerned. Table 1 shows the statistical mean and range of water contents from all ten sensors at these345

three stages of testing. On opening of the doors, there appears to be an immediate and fairly uniform346

reduction of water content at all locations, again confirmed by the values in table 1. This may be associated347

with the initial water flow but also a bulk settlement and horizontal expansion of the fly ash mass as the348

horizontal confining stress from the doors is removed. In addition to the small drop at all locations, there is349

larger gradual reduction of water content, propagating from the front right of material that be can be clearly350

visualised. Section 4 uses the rate of observed water content changes and redistributions, coupled with the351

pore pressure time histories and depth camera data, to gain insight into the deformation mechanics of the352

material run-out.353

Overall, following the careful modification and calibration of the GS3 probes, the data presented illustrates354

how unique insight into the spatial and time varying distribution of the water content within the material355

can be made. For saturated fine grained materials, the water content can be an effective proxy for the voids356

ratio and undrained shear strength. Such probes can be used to determine the water content across and357

with depth through the model at both 1 g and on the centrifuge. That this is achieved without intrusive358

sampling is especially advantageous, allowing unique judgements on the model preparation and uniformity359

to be made. Further, for run-out experiments the evolution of the water content distributions can be used360

to gain insight into the progressive deformation mechanisms.361

4 Profiling the Run-out: Depth Sensing Cameras362

There exists a variety of methodologies to obtain the material deformations in small scale centrifuge tests.363

Direct point measurements of displacement, particularly for structural elements or the soil surface, can be364

achieved with traditional instrumentation such as Linear Variable Differential Transformers (LVDTs) or365

drawstring potentiometers. Planar deformations of large areas of material can be obtained using Digital366

Image Correlation techniques, which rely on locating the same region of material between successive 2D367

images (Stanier et al., 2015). This methodology has also been demonstrated to work in 3D with multiple368

cameras, for example to track the out of plane settlements of a curved and submerged slope surface (Stone,369

2019). However, a drawback of these techniques can be the computational time and effort of post processing370

the images, in addition to the direct hardware cost.371
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In this work, the performance of multiple low cost depth sensing cameras are explored. A key advantage of372

these ‘off the shelf’ cameras is their ease of inclusion in a centrifuge tests, internal and automatic calibration373

of the depth information captured and minimal post-processing required. The specific model of cameras used374

was the D435 Intel R© RealSenseTM Depth Sensing Camera, pictured in fig. 10a (Intel R©, 2018). The distance375

or depth of objects from the camera is calculated using the principals of stereoscopic depth rendition, i.e.376

comparison of the relative positions of the same object captured by two cameras a known distance apart.377

This calculation is performed on-board the D435 cameras and the resulting ROSBAG output was processed378

using a combination of MATLAB and Python libraries.379

αx/y(zi) =
FoV x/y

2
+ arctan

(
tan

(FoV x/y

2

)
−B/zi

)
(1)

∆x =
zi

tanωix
(2a)

ωix = Ax +
shci
nc

αx(zi) (2b)

∆y =
zi

tanωiy
(2c)

ωiy = Ay +
shri
nr

αy(zi) (2d)

Equation (1) shows the relation given by Intel R© (2018) for the field of view for the depth sensing cameras,380

which is a function of the distance of the object to the plane of the camera module in addition to the individual381

field of view of each depth imager and separation between them. Figure 10b defines the variables and also382

illustrates how the resulting depth image with pixel coordinates can be straightforwardly converted to a383

point cloud in real space using the equations shown in eq. (2), assuming linear divisions of the fields of view384

over the depth image.385

4.1 Illustrative Centrifuge Data386

As part of the centrifuge run-out tests previously described, multiple depth sensing cameras were installed at387

the locations highlighted in fig. 10a. The potential for these cameras to provide information about the flow388

of the material from the container to the run-out basin and the resulting profile of the material is explored.389

During the centrifuge test the depth information was captured at a frame rate of 30 frames per second at a390

resolution of 848 × 480 px. As previously described, as the test features an initially dense fly ash deposit a391

limited collapse without static liquefaction of the material may be anticipated.392
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In fig. 11 illustrative point cloud reconstructions from the depth sensing cameras are shown. Two time393

instants are presented, illustrating the versatility of the cameras to capture material deformations at relatively394

short and long model time scales. In fig. 11a, the initial material movements ≈ 1.5 s after the door opening395

are shown, alongside a corresponding still image of this instant. Visually, the opened doors, run-out basin396

and relatively vertical wall of outward moving material have been reasonably captured. The ability of the397

dense saturated fly ash to transiently maintain a steep, > 10 m tall face suggests negative excess pore398

pressures are generated in the short term, supported by the measurements in fig. 9b. The eventual collapse399

and progressive outward movements of the fly ash in this test is clearly visualized in fig. 11b, approximately400

20 minutes in model time after the initial door opening.401

As a note on the accuracy of the depth sensing cameras, the manufacturer’s reported error is up to402

2 % of the measured depth. For the typical camera placements in the run-out test this implies absolute403

errors up to 8 mm and 25 mm for the closest and farthest cameras respectively, or up to 0.45 m and 1.4 m404

for scaling at 60 g. Whilst these values represent the maximum errors they would suggest the measured405

deformations cannot replace existing two-dimensional digital image correlation techniques, especially to406

calculate strains. Notwithstanding this, the relative cost and convenience of the depth sensing cameras,407

especially to capture large-scale three-dimensional movements of relatively untextured materials in centrifuge408

tests, can justify their use. The on-board automatic calibration of the depth information output also adds409

to their convenience. However, as this is completed at 1 g the potential for the self weight of the camera410

components to induce distortions and errors to the stereoscopic depth rendition should also be acknowledged.411

As an initial exploration of the cameras accuracy during the centrifuge test, table 2 presents the theoretical412

and reconstructed dimensions from the depth sensing cameras’ of relatively rigid container components. The413

mean, total standard deviation and number of measurement points used are also indicated. The theoretical414

and measured values are in good agreement at the prototype scale and with reasonably small standard415

deviations. The various components or distances referenced were located at a range of depths within the416

point-cloud and no systematic errors are obvious. Whilst this is not a comprehensive review of the camera417

accuracy, there is no strong evidence to suggest the increased self weight of the depth sensing camera418

components during the centrifuge test significantly worsens the manufacturer’s stated accuracies.419

Based on symmetry, the central portion of the released material can be approximated to have plane strain420

conditions. Following the construction of the point clouds at each time instant as illustrated in fig. 11, the421

profiles of material movement into the basin can be extracted. Figure 12 presents the averaged profiles over422

the central 0.5 m of measurements in the initial 5 s after the doors were opened (fig. 12a) and the progressive423

movements captured over 20 minutes model time (fig. 12b). In fig. 11a the immediate outward movement of424

the fly ash body can be observed; initially a steep face that collapses in two stages leading to farther material425
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movement into the basin and shallower standing faces within the original deposit. In fig. 12b the continued426

longer term deformations of the fly ash are visualized. It is evident that whilst the material continues to427

move from the container to the run-out, and in general reduce the gradient of the sloped faces, the process428

happens in discrete stages.429

The use of depth sensing cameras to visualise the moving front of material has been clearly demon-430

strated. However, a distinction between the use of the depth sensing cameras in this way versus digital431

image correlation techniques should be made. Large deformations can be tracked at modest frame rates432

as captured objects or unique regions do not need to be identified and tracked through sequential images.433

However, a disadvantage of only obtaining the moving front of material is that the relative displacements434

of a soil region and hence Lagrangian velocities cannot be straightforwardly calculated from the depth data435

alone. The scope to combine the depth data with the visible light images from the same cameras and digital436

image correlation techniques to obtain relative displacements, and potentially velocities and/or strains, will437

be explored in future works.438

Nevertheless, the profiles measured can be used to calculate the evolution of the total volume of material439

in the run-out basin and combined with other instrumentation to gain insight into the overall deformation440

mechanics. For example, fig. 13 presents the time histories of the fly ash water contents, pore pressures and441

computed volumes of material. The values shown in fig. 13a were calculated using numerical integration442

of the point cloud data at prototype scale and feature the time histories of the total volume of material443

measured in the run-out and lost from the original deposit from multiple cameras. The overall trend of both444

traces adds weight to the previously described time scales of the material movements; immediately after445

the doors are opened there is an outward movement of material which is transiently stable. The following446

material movements do not appear to occur continuously, but rather sudden collapses of the steeper faces447

leads to abrupt volume changes with intermittent periods of stability.448

Combining the volume calculations with the changes to the water content and pore pressures on the same449

time scales, as shown in fig. 13b and fig. 13c, can provide further insight into the deformation mechanics. It450

is however important to note only measurements from the un-collapsed material can be obtained, as guided451

by the comparisons shown in fig. 12. Compared to fig. 9b in particular, fig. 13c shows with dashed lines452

the pore pressure measurements after the material moves away from the sensors and the measurements may453

only reflect desaturation of the porous stones. Distinguishing between material suctions and the sensor454

desaturation is an additional benefit of combining the pore pressure measurements with the depth sensing455

camera data for problems modelling large material movements.456

Overall, the larger volume computed in the run-out than calculated to have been lost from the container,457

particularly shortly after the door opening, may be attributed to dilation of the deforming material as well as458
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to errors associated with the volume calculations. Material dilation is supported by the previous bulk density459

estimates and transient stability of the material, where the development of negative excess pore pressures460

within the material may have helped temporarily support the steep faces. It is clear however that the initial461

progression of the collapse is not accompanied by a large change in water content, with only MP3 − 4 at462

the top right corner of the contained material exhibiting a slight reduction in the first 1 min. In contrast463

to this, there is a large and continual reduction of water contents at both MP3 − 4 MP3 − 3 that precede464

a major material collapse at approximately 3.5 min after the door opening. This data further supports the465

redistribution of pore fluid being the cause of the continued collapses of the slopes.466

The increased difference between the run-out and material exited volumes following the major material467

collapse at approximately 3.5 min corresponds to an increase of ≈ 35 % of volume in the run-out; likely too468

large to be solely attributed to dilation. As an initial estimate of the calculated volume error, based on the469

camera manufacturer’s error of up to 2 % of the depth measured the volume error will be within −5.9 %470

to 6.1 %, i.e. an error of ≈ 240 m3 for a calculated volume of 4000 m3. An additional source of error may471

be the piles of dry blocks of material in the run-out basin that may not be solid masses, as assumed for472

the volume calculations, but may also have entrained air. Similarly, the decrease after 18 min is physically473

unlikely to be due to material contraction and more likely due to a combination of the errors discussed and474

possible movement of material out of the field of view of the cameras.475

5 Conclusions476

High quality physical testing data is needed by a number of industries concerned with the deformation me-477

chanics and subsequent run-out behaviour of saturated granular materials. Centrifuge modelling can provide478

a relatively inexpensive route to capture the effective stress driven physics of the material deformations in479

reduced scale models. In this paper, the design and capabilities of a novel centrifuge container to model a480

rapid loss of horizontal confinement for the contained material is presented.481

The application of two different instrumentation techniques to better characterize the run-out, with482

illustrative centrifuge data, has also been considered. Soil moisture probes that measure the apparent483

dielectric permittivity and conductivity have been used to infer the spatial and time varying distributions484

of water content during the deposition of the fly-ash and in-flight. The high dielectric permittivity of the485

saturated fly ash necessitated reduction of the measurement sensitivity, for example by reducing the probe486

length, to avoid sensor saturation. Further, discrepancies between the water contents inferred from the487

indicated dielectric measurements and indicated electrical conductivities were demonstrated between the 1 g488

calibration data and centrifuge results. Careful calibration of the sensors with additional direct determination489
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of the tested material water content was necessary for reliable use of these instruments with the fly ash490

investigated. The present study suggests attention should be paid to the bulk density of the material, in491

addition to the soil type and pore fluid highlighted by previous studies, during the sensor calibration.492

The use of low-cost depth sensing cameras to capture the fly ash deformations was also successfully493

demonstrated. The cameras allowed the three dimensional movements of the fly ash front to be straightfor-494

wardly reconstructed both immediately after the door opening and over a longer time scale. The magnitudes495

and progression of the deformations were captured and enabled calculation of the total volume of material496

movement and an indication of the shear induced volume changes. Coupled with the water content and ten-497

siometer measurements, the combined datasets gave unique insight into the both the short and longer term498

deformation mechanics of the initially dense fly ash subject to a rapid loss of confinement. It is anticipated499

the water content and depth measurement techniques will usefully supplement traditional sensors in future500

centrifuge testing.501
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(a) 3D CAD model and details of container for run-out experiments

(b) Merriespruit tailings dam failure, an example of the type of run-out
problems the novel centrifuge container can help model (Tailings.info,
n.d.)

Figure 1: Design of the novel centrifuge container used to conduct run-out experiments and example of
equivalent field case that the centrifuge container models
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Figure 2: Illustrating the use of SolidWorks FEA to conservatively predict the door deflections if the container
is filled with liquefied material at 60 g in order to the design the door seals
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Hydraulic cylinder 
2" bore, 1" stroke length

linked to door locking pin to 
only apply vertical lifting force

Pneumatic rotary actuators, 
single vane, 0.285 litres, 

coupled to pins that were 
press-fit into doors, 

to accelerate door opening

Pneumatic accumulator, 
0.29 litre, and pressure transducer to 

monitor air supply to rotatry actuators

Radial spherical
plain bearings 
used in four door 
blocks

Thrust ball 
bearing to support
door weight

Locking pin holding
doors closed and 
reaction block

Radial spherical
plain bearings 
supporting the pin

Clay stops to decelerate
doors and limit
container vibrations

(a) Photo with details of the door opening mechanism and associated mechanical,
hydraulic and pneumatic systems with the container loaded on the UC Davis 9-m
centrifuge

Masses on the underside of the bucket 
redistributed to compensate for the 

overall moment applied by the bucket assembly 
and asymmetric container geometry 

Marble in a grooved, curved track with 0.1° markings
observed in-flight via video, allowing the net bucket 

tilt to be quantified during the test

(b) Photo illustrating adjustment of the bucket balance to compensate for the
asymmetry of the run-out container and simple system to estimate the net bucket
tilt in-flight

Figure 3: Photographs of novel run-out container loaded on the UC Davis 9-m centrifuge, details of the door
opening mechanism, associated systems and efforts made to balance and verify the bucket tilt in-flight
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(a) Schematic of unmodified ECH2O GS3 moisture probes following Meter Group Inc. (2018)

(b) Modified probes using heat-shrink as an insulating cover over the stainless steel electrodes
and vertical arrangement as used in Madabhushi et al. (2020)

(c) Modified probe array with reduced length of the stainless steel electrodes without insulating
covers and grid arrangement as used in the run-out tests

Figure 4: Schematic of the unmodified GS3 moisture probes and photographs of various modifications made
to the probes to improve their performance when used in centrifuge tests with the saturated fly ash
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(a) Instrument outputs from unmodified or ‘as received’ probe in terms of electrical properties measured versus
gravimetric water content of the fly ash
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(b) Modified probe output; indicated electrical properties from probes with insulating covers versus gravimetric water
content of the fly ash

Figure 5: Illustrative GS3 probe outputs for initial calibration trials in fly ash showing increased sensing range
of water contents from the indicated Dielectric Permittivity if the probes are modified using an insulating
cover
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(a) Modified probe output; indicated electrical properties from probes with reduced length versus gravimetric water
content of the fly ash
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(b) Close up of modified probe output results over expected range of interest for centrifuge run-out tests and fitting
curves used to infer water content

Figure 6: Illustrative GS3 probe outputs for secondary calibration trials in fly ash; increased sensing range
of water contents achieved in this case by reducing the probe length which is also beneficial for reducing
interaction between the material and instrument during the run-out tests
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Figure 7: Cross section of centrifuge run-out test, model and 60 g prototype dimensions, and instrumentation
locations for results discussed in this work
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Figure 8: Data from four modified probes revealing a different relationship between the measured dielectric
permittivities and measured conductivities from changing water contents during calibration versus centrifuge
testing

28



(a) Time history of water contents inferred from measured conductivities spanning the initial model preparation
and centrifuge run-out test. The uniformity of the water contents prior to the door opening is verified by these
measurements

0 20 40 60 80 100 120 140 160 180 200
0

20

40

60

0 20 40 60 80 100 120 140 160 180 200

-200

0

200

400

0 20 40 60 80 100 120 140 160 180 200
10

20

30

(b) Time history of water contents and pore pressures from instruments near the door opening showing material
consolidation during swing up with concurrent reduction of water contents and temporary generation of negative
excess pore pressures following the door opening
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(c) Distribution of water contents inferred from measured conductivities at the final prototype scale,
confirming the uniformity of the water contents prior to door opening followed by a rapid and uniform
reduction of water contents and progressive reduction of water contents from the top right of the released
material

Figure 9: Illustrating the data collected from the GS3 probes, with both model time histories and prototype
distributions facilitating insight into the initial uniformity and progression of water content within the model
across the preparation and run-out processes

30



(a) Intel R© RealSenseTM Depth Sensing Cameras close up (left) and arrangement
of multiple cameras to capture depth data during the run-out tests (right)

(b) Geometric details and notation for distances and angles used to construct three dimensional point cloud from the
depth images captured

Figure 10: Detailing the arrangement and geometric details of the depth sensing cameras used to reconstruct
the material front prior to and during the centrifuge run-out tests
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Doors and container walls

Run-out basin floor
Fly ash material front

(a) Time instant showing initial container and prototype material movements ≈ 1.5 s after the door opening - the
fly ash is transiently maintaining a steep, tall face of material

Doors and container walls

Run-out basin floor
Fly ash material front

(b) Time instant showing container and longer term prototype material movements ≈ 20 min after the door opening
showing gentler slopes of the fly ash following the collapse of the steep faces

Figure 11: Illustrating point cloud reconstructions from multiple depth sensing cameras used during cen-
trifuge run-out tests to capture the material front immediately after the door opening and resulting defor-
mations in the longer term
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(a) Central profiles of material movement captured during from the first 5 s model time of the run-out
event, highlighting the immediate outward movement and staged collapse of the steep faces
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(b) Central profiles showing the progression of the longer term material movement and gradual reduction
of the steeper slope angles up to ≈ 30 min model time after the door opening

Figure 12: Illustrating extracted central profiles of material movement at prototype scale from multiple depth
sensing cameras showing the immediate and longer term progression of material movements. Locations of
tensiometer and GS3 probes along container (negative abscissa) and run-out basin (positive abscissa) are
additionally shown
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(a) Volume of material in the run-out tests calculated from the depth sensing camera mea-
surements, highlighting the sudden collapses of material followed by periods of intermittent
stability and potential indications of deformation induced volume change of the material

(b) Time history of water contents following the door opening event showing water content
changes occur more gradually than the material movement
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(c) Time history of pore pressures following the door opening event showing rapid changes
in response to the door opening

Figure 13: Combining instrumentation to examine the time scales of material and pore fluid movement in the
run-out tests supporting rapid generation of suctions leading to intermittently stable material faces which
collapse and move outwards as the pore fluid gradually and continually redistributes
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Table 1: Examining the distribution of water contents using the GS3 probe data

Time Mean Water Content (%) Range of Water Contents (%)

First Pouring 30.61 4.45
End of 1 g Consolidation 24.33 1.25
Prior to door opening (60 g) 24.05 1.12
1 minute after door opening (60 g) 23.83 2.19
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Table 2: Exploring the accuracy of the point-cloud reconstructions of the centrifuge run-out test at prototype
scale

Component or Distance Theoretical (m)
Mean

measured
value (m)

Standard
Deviation of

measured values (m)

Number
of Points

Run-out basin width 59.2 58.8 0.59 9378
Separation between pneumatic actuators 32.4 30.7 0.19 37

Width of contained material 23.6 24.2 0.24 156
Height to pin cross bar assembly 27.8 26.3 0.21 499
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