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Centrifuge modelling on granular flow and boundary erosion

Abstract. Boundary forces generated by debris flows can be powerful enough to erode bedrock
and cause considerable damage to infrastructure during runout. Performing experiments large
enough to generate realistic boundary forces is a challenge. An alternative is to run table-top
simulations with unnaturally weak but fast-eroding pseudo-bedrock, another is to extrapolate
from micro-erosion of natural substrates driven by unnaturally weak impacts. A different
approach was taken by using centrifuge modelling to scale up the granular impact forces and
produce boundary erosion. A 40cm-diameter rotating drum on the centrifuge at effective gravity
levels up to 100 g was deployed to generate analog debris flows with an effective flow depth up
to several meters. The granular flow and boundary erosion were studied (a) by using high-speed
video and particle tracking to measure their velocity fields, and (b) by mapping patterns of wear
in a synthetic bedrock wall plate using 3D micro-photogrammetric methods. By combining these
experimental results with theoretical developments, basic ingredients for constructing an erosion
law for sliding wear at the margins of a dense granular flow were obtained.

Keywords: debris flow, bedrock erosion, centrifuge modeling, granular flow, particle tracking
velocimetry (PTV), microphotogrammetric mapping.

DOI: https://doi.org/10.32523/2616-68-36-2020-132-3-110-119

Introduction. When debris flows pass through bedrock canyons or reinforced concrete structures,
they can seriously abrade and damage lateral and bottom boundaries. Such damage processes are
difficult to study in-situ during events, since both their timing and location is difficult to anticipate
and such flows can easily destroy instrumentation. Knowledge gained from the field is therefore
mostly limited to observations acquired after events and is often qualitative in nature.

As an example shown in Figure 1, serious debris flow impacts caused by Typhoon Morakot that
made landfall on Taiwan on 7-9 August 2009. This cyclone brought 24-hour rainfall accumulations
exceeding 500 mm to mountainous terrain in the south-west of the island (Chien and Kuo 2011, Xie
and Zhang 2012). Heavy mass-wasting ensued, such as along the Putunpunas River, a tributary of
the Laonong River, which suffered massive landsliding and subsequent debris flow. Sediment from
this and nearby tributary flows has raised the bed-level of the Laonong River by about 30 m. A typical
section in the feeder canyon for the Putunpunas debris flow is shown in Figure 2: its shape is the
result of boundary erosion by multiple, similarly powerful debris flows over millennia.

In this study, we try to demonstrate the feasibility of running centrifuge model tests on analog
debris flows that simulate this kind of wear process in a controlled environment. The final goal is to
use experimental data to develop a semi-empirical boundary erosion law for debris flows.

Background. Granular materials can behave like solid, a liquid or a gas. For the intermediate
dense regime, it still lacks a unified view to describe and has motivated many studies over the past
decades. In the review of empirical data on dense granular flow, GDR Midi (2004) summarized a wide
range of test device used for laboratory experiments. Of particular interest here are heap and drum
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Figure 2 - Typical debris-flow channel, Putunpunas River

flow apparatus. Heap flow rigs are popular in debris flow experiments (e.g., Savage, 1984; Iverson
1997; Azanza et al. 1999 and Parsons et al. 2001). Typically, single event, short duration flows are
generated, making any study of their long-term erosive effects impractical. In contrast, drum-driven
flows are less realistic, but they provide a form of recirculating flume that makes long-term erosion
study feasible. The work of Hsu (2010) is a good example: she used a 4 m-diameter drum to drive thin,
persistent flows using a range of media mixtures (sand, gravel, mud, water). Drum-driven granular
flows have wide industrial application, and there is a substantial literature on their use (Ristow 1996;
Boateng 1998 and Ding et al. 2001). By considering both the granular flow and the boundary erosion,
we opted to use a small (0.4 m-diameter) drum to explore the effects of erosive granular flows. Unlike
the Hsu (2010) experiments that focused on thin flows by loading the drum with a small amount of
sediment, we used a half-filled drum to drive a central zone of channelized granular avalanching.
Instead of studying wear caused by impacts at the frontal tongue of a simulated debris flow (Hsu
et al. 2008), we looked at the wear induced by frictional sliding along the drum wall. Despite its
relevance to debris-flow driven erosion, this sliding wear process has not been widely studied.

Experimental design and test procedure.

Scaling-up granular flows. A key goal was to study the erosion of materials with strength and
erodibility properties similar to real rocks. To achieve this, we have to work with granular flows
whose boundary forces match those of natural debris flows. Rather than building a very large drum
and working with large grain impacts, we scaled up small-grain impact forces by running the drum
experiments under enhanced gravity in a geotechnical centrifuge. Brucks et al. (2007) were the first
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Centrifuge modelling on granular flow and boundary erosion

to demonstrate the feasibility of performing drum-based granular flow experiments on a centrifuge.
Partly inspired by their work, a similar drum apparatus was built for deployment on the 100 g-ton
capacity centrifuge at Columbia University (Figure 3).

(b)

centrifuge
spin axis

drum
controller

| 4 .. Ilr : \I
| / Yy Mg | ZF drur
a=ng " spin-drive = /('d |
tilt counterweight .
payloa 1g

Figure 3 - Schematic view of the centrifuge

view point

Drum design Our primary design goal is to drive steady granular avalanching on the drum such
that we mimic debris flow erosion at drum wall. The flow regime on a drum is roughly predicted by
Froude number Fr and effective g (Brucks et al. 2007), suitable design parameters of the drum can be
determined. Main constraint is the maximum power supply on the centrifuge payload of Pmax=1 kW.
Taking into account the physical space available on the payload, the maximum g level (100g), material
densities, and a reasonable grain size range of D=2.3~4 mm, we settled on a drum of Diameter D=400
mm built of aluminum alloy (Figure 4).

Erosion plate To simulate debris-flow-driven boundary erosion, we embed a disk of synthetic
rock into the wall of the drum (Figure 7). Grain flow past this erosion plate drives sliding wear at
rates determined by the strength of the rock, grain size, speed and depth of flow, and effective g at
the drum center. We opted to mount the synthetic rock on an aluminum plate with diameter 200 mm
and depth 10 mm.

The synthetic rock was made with a mixture of gypsum cement, sand and water. The weight
ration of gypsum to sand was 7:3, and 35% W/C ratio was adopted. The strengths of the synthetic
rock at different aging were checked through element tests in both tension and compression. Test
results together with the density of the specimens are shown in Figure 5. Although a stably converged
strength was hardly determined, by comparing compressive strength with density, we deduced that
the synthetic rock reaches a stable strength after about 20 days.

Figure 4 - Drum and the erosion plate
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Figure 5 - Strength and density of synthetic bedrock

High-speed video camera To acquire high definition images for analyzing the velocity field
this limitation, a high speed video camera, Phantom Miro 320s, which delivers a raw image size
of 1400x1210 at 1800 fps was used. By placing the camera orthogonally in front of the drum at a
distance of 400 mm, and by using a 16 mm wide-angle C-mount lens, we were able to view the entire
drum with little distortion (Figure 6). Image acquisition was controlled remotely over Wi-Fi during
centrifuge spinning, allowing us to record 2~3s bursts of video at a series of effective g-levels and
drum rotation rates during a single run.

Figure 6 - High speed video camera and installation

Image analyses.

Grain flow velocity field Particle tracking velocimetry (PTV) has been applied in wide range of
experimental contexts (Adrain 1991) and has been shown to be capable of high accuracy. The research
group has adapted the PTV method and developed code tailored to tracking ensemble coarse grain
motions (Capart 2002). The code was adapted further during the present study to address the
particular challenges posed by drum-driven granular avalanching.
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The PTV image processing sequence is illustrated in Figure 10. First, to establish a mapping
between the images and the drum, a calibration plate with fixed target pattern was used to measure
the drum-sensor distance. Then each image was projected into a Cartesian coordinate system whose
origin is at the center of the drum. Next, filtering techniques were applied to identify characteristic
points on grains (Figure 7, left inset, yellow points). By pairing grains in successive images based
on their proximity, apparent grain displacements over time were tracked and a time series of grain
velocity fields was obtained (Figure 7, top right). Since the drum generates steady non-uniform flow,
multiple frames were picked up to bin and average the grain velocities (here 4980 frames lasting
2.77s were adopted) and calculate the gridded velocity field (Figure 7, right bottom). Finally, the
stream function of the grain flow field was obtained by processing further the velocity field data and
eliminating the empty cells.

Multitemporal Mapping of Erosion Patterns Drum rotation drives a lens-shaped zone of
granular flow at whose wall boundaries frictional sliding takes place. The goal of the tests is to
induce erosion on the synthetic rock plate embedded in the back wall and to measure the pattern
and degree of erosion over a series of tests. To achieve the latter, a novel microtopographic mapping
technique was adopted. This mapping method was based on close-range photography and modern
photogrammetric techniques, specifically structure-from-motion and multiview stereo (Verhoeven
2011 and Fonstad et al. 2013) provided by the commercial software tool PhotoScan created by AgiSoft.
To map microtopography at a resolution of ~1 mm to a vertical precision of ~100 um over the entire
200 mm-diameter erosion plate, a 36 Mpixel professional DSLR with a good quality 35 mm prime
lens was used. Sixteen (16) accurately measured ground control points arrayed around the erosion
plate to guide calibration and scaling. The lighting was also carefully controlled. A 3D topographic
model of the required resolution with a set of only 16 oblique photos taken at a distance of 350 mm
was constructed as shown in Figure 8.
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Figure 7 - Particle tracking velocimetry Figure 8 - Microphotogrammetric
(PTV) processes mapping of erosion plate

Test results. A series of drum tests at different effective g levels and rotation rates has been
conducted to explore the granular flow behavior (Figure 9), and the boundary erosion process (Table
1).

As for the flow behavior, results drawn from this study are in broad agreement with Brucks et al.,
(2007). It is found that a series of flow regimes from intermittent avalanching, to continuous planar
avalanching, to avalanching with a sigmoidal free (upper) surface, all approximately delimited by
Froude number.
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Figure 9 illustrates these results. The left-hand column shows long-exposure images generated
from about 100 video frames spanning a little over 0.05 s. These images demonstrate the broad
dependence of flow geometry on Froude number: first, as the rotation rate is increased from low (2
rpm, Fr~0.001) to high (20 rpm, Fr~0.1; bottom to middle images) and the free upper flow surface
ranges from planar to sigmoidally curved; second, as effective gravity is increased from 1 gto 50 g
(Fr~0.002) and the free surface is forced to return to a planar form (middle to top images). The middle
column visualizes some raw results from PTV mapping of the velocity field: warm colors indicate
high granular flow speeds, while cool colors indicate slower flow.

The cases with similar Froude numbers Fr, i.e., 1 g and 2 rpm (bottom) and 50 g and 20 rpm (top),
show quite similar flow patterns, but order-of-magnitude difference in granular flow speed. The right
column shows the streamlines (pink) and the base of the granular flow layer (green). The flow layer is
thinner at 1 g and 2 rpm (bottom) and at 50 g and 20 rpm (top), i.e., lower Fr, and thicker at 1 g and 20
rpm (middle), i.e., at higher Fr. By combining the granular flow fields with the flow layer boundaries
identified using the streamlines, we can make the measurements of grain-wall velocity and stress that
will be the essential ingredients in an empirical erosion law.

Table 1 summarizes the series of erosion tests subsequently carried out with the synthetic rock
erosion plate placed axially on the drum wall (Figure 4). The rock surface in its initial state (51)
was smooth and flat, and its microtopography was mapped before and after progressive erosion at
various effective g levels, rotation rates, and grain types. By testing with these parameters the degree
of erosion for each state were identified.

As the results, negligible erosion at low effective g (S2 to S3), centrally localized erosion at high g
with spherical (2.3 mm and 4 mm, mean diameter) grains (S1 to S2, S3 to 54, S6 to S7, S7 to S8), and
faster erosion over a broader area with angular 4 mm grains (S4 to S5, S5 to S6) were observed as
shown in Figures 10 and 11. It is also found that, by fixing the flow depth while tuning the grain size
and rotation rate (S6 to S7 and S7 to S8), faster flow speeds and larger grain sizes strongly enhance
erosion. It is important to remember that these patterns of plate erosion are the result of angular
integration (as the drum rotates) of a spatially variable wear rate field induced by frictional sliding
at the wall of the granular flow zone. The central localization of erosion is therefore the result of
either a velocity threshold or a threshold in wall-normal stress (therefore frictional shear stress) — or a
combination of both — surpassed in the faster, deeper flow zone near the drum axis.
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Figure 10 -- Granular flow behavior. Top row: 20 rpm at 50 g; middle row: 20 rpm at 1 g;
bottom row: 2 rpm at 1 g. Left column: long exposure images; middle column:
velocity fields; right column: stream lines
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Table 1 - Summary of erosion plate tests

States Grain size Grain shape Duration Rotation g-level Weight lose
Before/After (mm) (min.) rate (rpm) (g) (gram)
S1~52 2.3 spherical 30 30 50 Not measured
52~53 2.3 spherical 30 30 1 0.076
S3~54 2.3 spherical 30 30 50 14.835
S4~S5 4 angular 0.6 48 50 4.806
S5~56 4 angular 5 30 50 21.483
S6~57 4 spherical 10 45 50 26.238
S7~S8 2.3 spherical 30 30 50 10.088

State 1

State 5

Figure 10 - Microtopography of the erosion plate for successive states
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Figure 11 - Profiles of the erosion plate at different state (z = 0)

Concluding remarks. In this study, we have demonstrated the feasibility of using a centrifuge
to scale up table-top-size experiments with granular flows to drive erosion of material similar to
natural bedrock. In addition, methods for quantifying the patterns and rates of granular flow and
their consequent boundary erosion were developed. These methods are accurate and reliable enough
to provide the kinds of measurements needed to build an empirical law for sliding wear at the
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margins of a dry dense granular flow. Furthermore, based on pilot experiments not described here,
we anticipate that wet granular flows that better mimic true (i.e., wet and muddy) debris flows will
also be amenable to this kind of treatment.

As Brucks et al. (2007) have pointed out, granular flow experiments at effective g levels over 10 g
are prone to non-negligible Coriolis forces. The effects of Coriolis forces on the granular flow were
investigated in detail and reported separately (Hung et al. 2016).

On the long term, the observation of a velocity-stress threshold in the wear process may be of use
in the mapping of debris flow induced erosion hazard.
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Avvyar An', Un-5lo Xynr?
IKoaymbus yrusepcumemi, Hoto-Vopx, AKIL
Yyn Cun yammork ynusepcumemi, Taiiwxyn, Tatisans

Ty#ipnIikTi aFbIH MeH IIeKapaAblK 9PpO3MSTHbI HeHTpuQYraablK MOdeabAey

Angarna. Cea arbiHAapBl KYpraH IleKapa KyIlTepi OaifbIpFBI Tay SKBIHBICTApBIH OY3BIII, COKKBI KediHge
MHPpaKypPBhLABIMFa aliTapABIKTall 3VSTH KeATipyli MyMKiH. HaKThI mmekapa KyInrepiH KypyFa >KeTKiAiKTi yakeH
DKCIIepVIMEHTTep KYPri3y ayblp MiHAeT 00451l TabblaaAbl. basama-Oya TaOurn eMec o4cis, 6ipak Tes bIABIpali-
TBIH JKaAfaH TaMBIPABI JKbIHBICTaPMEeH KYMBIC YCTeal MOjeAbJeyAepiH JKYpPrisy, COHAall-aK, TaOMFN eMec 94Ci3
COKKbLAapJAaH TybIHAAFaH TaONUFM CyOCTpaTTapAblH MUKPODPO3UAABIK KacueTTepiH dKcTpanoasanusiaay. Llen-
Tpudyragarsr Anametpi 40 cM aitHaamaAabl 6apadan 100 r AeitiH TMiMA] ayBIPABIK AeHTeifinze AHaAOTTBHI KOKBIC
arplHAApbIH >Kacay YIIiH OipHellle MeTpre JAeifiH THiMAl aFbIHMeH OpHaAacTLIPHIAABL. TyHipIIiKTi aFbH KoHe
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IIeKapa DpO3VIICH (a) JKblAAaMABIK ©picTepiH ©AIIey YIiH JKOFaphl XKbLAAaMABIKTEL OeliHe JKoHe DoAIeKTepAi
HaxpLaay apkplabl skoHe (b) 3D MukpodoTorpaMMeTpIsIABIK d4icTepAi KOA4aHa OTBIPHIIN, OalibIPFBI Tay >Kbl-
HBICTaPBIHBIH CUHTETUKAABIK KaObIpFa I1AacTUHACBIHAAFBI TO3Y 3aH/ABLABIKTapbIH KapTaFra TYCipy apKbLABI 3epT-
TeaAi. OCBbI DKCIIEPUMEHTTIK HOTIDKeAepAi TeOPUAABIK d3ipAeMeepMeH OipiKTipe OTBHIPHII, THIFBI3 TYipPIIiKTI
arbIHHBIH IIeKapaJapblHAA SKBLAKbIMaAbl TO3Y DPO3VACHIHBIH 3aHBIH KYPY YIIIH Herisri KOMIIOHEHTTep aAblH-
ABL.

Tyi1ia ce3aep: cea TacKbIHEL, OalbIPFEI JKBIHBICTAPABIH DPO3VIICH], [eHTpuQyralblkK MoAeAbaey, TYipIlik-
TeATeH arblH, OoameKkTepai 6akpraay bty BeaocuMeTpusacsl((I1TB), MukpodororpaMMeTpusAbIK KapTajay.

Avvyar An', Un-5lo Xynr?
"Koaymoutickui yrusepcumem, Hoto-Mopx, CIIIA
?Hayuonarvnviit ynusepcumem Yyn Cun, Tatiuxyn, Taiieano

HeHTpI/I(I)Y)KHOG MOJeanpoOBaHVe 3epHUCTOrO IIOTOKa 1 norpaHMquﬁ opo3un

AnnoTanus. [lorpanuyHbie CUAbL, CO3JaBaeMble CeA€BRIMU ITOTOKaMM, MOTYT OBITh 4OCTaTOYHO MOITHBIM,
4TOOBI Pa3pyIIaTh KOPEHHbIe TIOPOABI ¥ HAHOCUTD 3HAUMTEABHBIN yilepO MHPpPaCTPyKType BO BpeMs OMeHns.
ITpoBeseHne HKCIIEPUMEHTOB, 4OCTAaTOUYHO OOABIIUX A4Sl CO3AAHNS PAAVICTUYHBIX TPAHUYHBIX CUA, ABASETCS
CAOXKHOI 3ajadell. AAbTepHaTUBOM ABASETCs IPOBejeHNe HaCTOABHBIX CUMYAAIINIL C HeeCTeCTBeHHO cAaObIMM,
HO OBICTPO pa3pyLIAIONMMUCA IICeBAOKOPEHHBIMU [IOPOJaMH, a TakKXKe DKCTPANoOAALNs MUKPODPO3MOHHBIX
CBOVICTB IPUPOAHBIX CyOCTPaATOB, BEI3BAHHBIX HEeCTECTBEHHO CAabbMM yaapaMi. JpyToii 1oaxos Obia mpumMe-
HeH ITPU MCII0Ab30BaHUN I[eHTPUPYKHOTO MOAAMPOBAHUSA A5 YBeAUUEHNS CIA 3ePHIUCTOTO yiapa 1 co3ja-
HILSL 9PO3UN TpaHull. Bpamatommuiics 6apaban anametpom 40 cMm Ha neHTpudyre npu 3PpQPeKTUBHOM ypOBHE
rpasuTanun 40 100 r 6614 pasBepHYT 445 CO3AaHUS aHAAOTOBBIX ITOTOKOB Mycopa ¢ 9(PQPeKTUBHOI IAyOMHOII
IIOTOKa A0 HECKOABKMX MeTPOB. 3epHUCTLIN IIOTOK ¥ IIOTPaHMYHAsl DPO3us ObLAM U3Y4YeHHI (a) C IIOMOIIBIO
BBICOKOCKOPOCTHOTO BUAEO U CAEXKEeHUs 3a YaCTUIIaMU AAs U3MePeHMs UX 1moael ckopocreii u (b) mytem kap-
TUPOBaHM:A 3aKOHOMEPHOCTEN M3HOCA B CUHTETIYIECKOI CTeHOBOI I11acTiHe KOPEeHHEBIX IIOPOJ, C MCII0Ab30Ba-
uueM 3D-MukpodoTorpaMmMeTpudIecknx MeTolos. O0beHNB 9TH HKCIIepUMeHTaAbHbIe Pe3yAbTaTHl C Teope-
TUYECKMMM pa3dpaboTKaMM, TIOAYYMAN OCHOBHBIE KOMIIOHEHTHI A5 IIOCTPOeHM I 3aKOHa DPO3UIU CKOAB3AIIETO
M3HOCA Ha IpaHUIIaX IIA0THOTO 3€pHUCTOTO IIOTOKa.

Karouesbie ca0Ba: ceaeBOIl IOTOK, DPO3Usl KOPEHHBIX IIOPOJ, LIeHTPUQYKHOe MOAeANpOBaHIe, TPaHy Al-
POBaHHBII ITOTOK, BeAoCcuMeTpus caexxeHus 3a yacturniamu( [1TB), mukpodoTtorpammerpudeckoe KapTuposa-

HIIE.
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