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Flow visualisation in a geotechnical centrifuge under controlled seepage
conditions

C.T.S. Beckett
School of Engineering, Institute for Infrastructure and Environment,
The University of Edinburgh, Edinburgh, Scotland, UK

A.B. Fourie
School of Civil, Environmental and Mining Engineering,
The University of Western Australia, Perth, WA

ABSTRACT: Image analysis is a powerful tool to obtain high-resolution displacement data from centrifuge
models non-destructively. However, ‘invisible’ features, for example the phreatic surface, cannot be captured.
Rather, analysis must rely on traditional measurement techniques, e.g. pressure transducers. Depending on
the geotechnical complexity of the model, such discrete technologies might be insufficient. In this paper, we
describe the processes used to inject a tracking fluid to visually identify flow patterns through a model slope. The
merits of three tracing fluids were assessed: acrylic-resin ink (“artist’s ink”); food-grade dye; and a fluorescent,
low-viscosity dye (sodium fluorescein). Results showed that the developed injection technique was able to
deliver the fluid without otherwise affecting seepage conditions. Depending on the fluid selected, the technique
was equally able to examine the migration of a dense contaminant, assess model homogeneity or identify hidden
flaws.

1 INTRODUCTION

Digital image analysis techniques are now common-
place when examining the behaviour of geotechnical
centrifuge models (Stanier et al. 2015). The key ad-
vantage of such techniques is that high resolution data
pertaining to the observed phenomenon can be ob-
tained non-destructively. However, image analysis is
clearly limited to visible phenomena: the position of
the phreatic surface, for example, must be measured
using more traditional, discrete measurement devices
e.g. pressure transducers. For hydrostatic problems,
such a system might be sufficient. However, such
limited measurements might represent a considerable
drawback when the flow conditions are unknown.

This work formed part of a larger study study-
ing seepage characteristics of tailings storage facili-
ties (TSFs): man-made geotechnical structures, often
hundreds of metres high, formed by the progressive
deposition of tailings slurry behind a retaining dam
(Beckett et al. 2016, Beckett and Fourie 2016). Ac-
curate control of the water balance in such systems is
critical; of 22 TSF failures shortlisted by Blight and
Fourie (2005), 7 could be said to be due to seepage-
related phenomena, accounting for 268 deaths. The
need to improve seepage characterisation in these

structures is therefore obvious. In this paper, we dis-
cuss the development of a technique to visually track
flow through a centrifuge model, under controlled
seepage conditions, by injecting a tracing fluid; cap-
turing the entire phreatic surface via image analysis
would significantly improve confidence in groundwa-
ter level calculations and so those for TSF stability.

2 EXPERIMENTAL PROGRAMME

2.1 Benchtop testing

The fluid injection system discussed in this paper was
designed to interface with centrifuge apparatus shown
in Figure 1, described in Beckett et al. (2016). In
that work, a syringe pump was used in a closed loop
to control and monitor downstream seepage from a
model embankment subjected to a hydraulic gradient.
Here, we built on that apparatus to examine the abil-
ity of an additional syringe pump to inject a tracing
fluid upstream of the model via the centrifuge’s wa-
ter supply. Critically, the developed system had to de-
liver the tracing fluid without affecting seepage con-
ditions within the model: fluctuations in the deliv-
ered flow rate would result in lengthy re-equilibration
times and, if significant, excessive centrifuge imbal-
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Figure 2: Injection system benchtop testing, showing key com-
ponents

ance and potential safety concerns.
Benchtop testing was used to validate the proposed

system under normal gravity (i.e. 1g), shown in Fig-
ure 2. Water was fed into a measuring tank directly
from the centrifuge water supply to ensure a realistic
delivery pressure. Flow into the tank was controlled
by a needle valve and measured via a pressure trans-
ducer mounted in the tank’s base. Tracer fluid (here,
acrylic-resin ink) was injected upstream of the needle
valve (via a mixing loop) into the water supply at var-
ious rates; head levels in the tank during injection are
shown in Figure 3. Head levels increased nominally
linearly with time, indicating that injection did not af-
fect flow rate into the tank for all of the examined dye
delivery rates: the system was capable of delivering
dye to the model at different concentrations without
affecting flow conditions. The setup was therefore in-
corporated into the centrifuge apparatus according to
the hydraulic diagram shown in Figure 4.

2.2 Centrifuge modelling

Injection testing was carried out in the 1.8m radius
beam centrifuge based at the National Geotechni-
cal Centrifuge Facility at the University of Western
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Figure 3: Change in tank head level with time during injection

Australia (UWA). Centrifuge models were housed
within an outer 650×390×325mm strongbox in a
custom-designed container comprising two flanking
reservoirs, a central model compartment and base-
mounted pressure transducers (Figure 1). The con-
tainer was equipped with a 25mm Perspex screen, fit-
ted with photogrammetry tracking markers at 50mm
vertical and horizontal intervals (photogrammetry
was not used as part of the injection study but was
used elsewhere). A small-format, five-megapixel res-
olution machine vision camera (Allied Vision Tech-
nologies Prosilica GC2450C) coupled with a Goya
C-Mount 8mm focal length lens captured images of
the models in-flight. Again, the centrifuge apparatus
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Table 1: Model layer properties. e0 void ratio under no effective stress; Cv coefficient of consolidation
Model Layer Fine sand (%) Silt (%) Kaolin (%) ksat (µm/s) e0 Cv (m2/year)
1 Embankment 0 100 0 3.71–4.55 1.59 2.88×103–1.08×105

2 Embankment 0 100 0 3.71–4.55 1.59 2.88×103–1.08×105

Base 10 90 0 0.31a 0.60 11.85
3 Embankment 31 43 26 3.14×10−3–4.25×10−2 1.06 12.53–118.04

a constant over stress range of interest;

is discussed in detail in Beckett et al. (2016).
The full study comprised 18 steady-state and draw-

down seepage tests, completed over three rounds
on models of increasing geotechnical complexity: 1)
(nominally) uniform material; 2) two (nominally) uni-
form strata of differing permeabilities; 3) heteroge-
neous material. Flow tracing methods were examined
in the concluding test of each round, to attempt to vi-
sualise the phreatic surface. Soil properties for each
of the models are given in Tables 1 and 2. Materials
were selected to be increasingly representative of real
tailings; provided that the model Reynolds number is
sufficiently low, using the same material in the model
as in the prototype ensures similar seepage conditions
between the two (Hensley and Schofield 1991). Mod-
els were manufactured from a slurry (45% water con-
tent) of the given materials (representative of field de-
position), poured into the model compartment within
the strongbox. Material was then centrifugally con-
solidated and dewatered at an acceleration of 100g,
removed from the centrifuge and cut to the desired
profile, shown in Figure 5 (at prototype scale); meth-
ods used to convert lengths and head levels to pro-
totype scale are described in Beckett et al. (2016).
Sand filters of average hydraulic conductivity (ksat)
3.49mm/s and void ratio (e) 0.62 abutted the mod-
els (within the model compartment) to protect the up-
stream and downstream reservoir membranes. Reser-
voirs were filled with gravel to provide support to the
membranes without hindering flow.

It is noted that traditional tailings deposition meth-
ods impart a highly stratified profile whose hydraulic
properties can vary by orders of magnitude (Bussière
2007). Layering could not be recreated in the model,
however, as scaled layers of representative thickness
could not be constructed (can be <1mm at model
scale). The models therefore represented bulk TSF
seepage behaviour.

Each test assessed the suitability of one tracing
fluid: 1) concentrated acrylic-resin ink (AR); 2) con-
centrated food-grade dye (FD); and 3) sodium fluo-
rescein (FL). All fluids were non-toxic as fluid had to
be discharged to the centrifuge chamber during test-
ing. AR and FD are regularly used as flow tracers in
flume testing. Fluorescent tracers are commonly used
in medical applications as an alternative to coloured
dyes; FL is one such tracer, used as it is non-toxic
and water soluble. FL angiography can image struc-
tures of the order of 1µm, which is typical of tailings
pore sizes (Lee et al. 2014). Fluorescein concentra-

Table 2: Individual material component properties. d10, d50 &
d60: 10, 50 and 60% mass passing particle diameters; PL: Plastic
limit; LL: Liquid limit

Material d10 (µm) d50 (µm) d60 (µm)
Filter sand 300 497 529
Fine sand 124 195 211
Silt 3.2 19.7 27.1
Material PL (%) LL (%)
Kaolin 27a 61a

a (Cocjin et al. 2014);

tions of up to 100ppm in water (0.1g/L) cause negli-
gible changes to density, viscosity or surface tension
(Timmons et al. 1971, Palladini et al. 2005): 100ppm
FL was used in this study. Dry fluorescein is an or-
ange powder but forms a yellow-green liquid when
mixed with water. It fluoresces green under UV light,
which provides a good distinction between it and a
nominally-red background, e.g. geotechnical materi-
als. Fluorescein detection can be enhanced by filter-
ing the absorbed (495nm) and emitted (525nm) wave-
lengths (Keith 1968). Filters were obtained from the
UWA Lions Eye Institute and mounted to a UV light
source (installed above the camera) and camera re-
spectively.

Tracer fluid injection commenced from a condition
of steady-state seepage at 100g; processes used to es-
tablish this seepage regime are described in detail in
Beckett et al. (2016). Upstream and downstream wa-
ter levels at the point of injection are shown in Fig-
ure 5 (at prototype scale). Fluid was injected into the
centrifuge water supply, which fed into the top of the
upstream reservoir. In Models 1 and 2, a single sy-
ringe barrel was injected to observe pulse migration.
In Model 3, multiple (consecutive) barrels, filled via
an additional reservoir (shown in Figure 4), were used
to flush the model with FL solution to observe the en-
tire phreatic surface. Fluids were injected at a pres-
sure equal to that of the supply to limit dilution on
entering the stream; under such conditions, the water
supply was effectively cut off and replaced with the
dye stream for the duration of injection.

3 RESULTS AND DISCUSSION

Changes in head level during injection are shown in
Figures 6a, c and e for Models 1, 2 and 3 respec-
tively, alongside example images showing the fluid’s
progress. Note that test times are at model scale; tim-
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Figure 5: a-c: Model 1-3 profiles at prototype scale. Chainage originates at the upstream reservoir. Light grey zones show upstream
(leftmost) and downstream (rightmost) water levels. Dark grey zones show sand filters

ing began at the point of injection into the water sup-
ply, i.e. some time elapsed before fluids appeared in
the model.

3.1 Model 1: Acrylic-resin ink

AR was visible in the upstream and downstream
reservoirs roughly 1000s and 3000s after injection re-
spectively. The downstream reservoir was clear after
roughly 5000s. Head levels were nominally constant
at all points throughout the test: AR was successfully
injected without affecting steady-state seepage condi-
tions. However, regular head ‘beats’ were detected on
all PPTs (Figure 6a). These occurred as flow was col-
lected in the downstream reservoir whilst purging the
downstream pump, the effect of which was commu-
nicated back up the hydraulic gradient. Consequently,
these beats diminished with distance from the down-
stream reservoir. Figure 6a shows that head levels on
all PPTs rapidly returned to steady-state conditions
after purging was complete.

AR was visible (faintly) in the downstream sand
filter, indicated in Figure 6b, indicating that it might
be suitable for examining flow phenomena in gran-
ular materials. Unfortunately, it was not detected in
the main body of the model, either visually or by
analysing changes in pixel colour intensities (using
a similar method to that described in Beckett et al.
(2016)). AR was therefore not suitable for tracing the
phreatic surface or the migration of a single pulse for
this model.

3.2 Model 2: Food-grade dye

PPT responses during FD injection are shown in Fig-
ure 6c; the injected pulse partway through testing is
shown in Figure 6d. Given the higher viscosity, FD
pulse migration took significantly longer than AR:
roughly 7 hours at model scale. Such times might be
prohibitive given the high cost of centrifuge testing.

Unlike AR, FD was visible in the model material.
Colouration was the most intense around the lower,
less permeable base stratum, due to lower seepage
velocities. Figure 6d also shows dispersed dye close
to the embankment crest due to capillary uptake and
flow above the phreatic surface (flow in the saturated
and unsaturated regions was discussed in (Beckett and
Fourie 2016)).

Notably, introducing FD into the water feed re-
duced the delivered flow velocity, causing a drop in
head throughout the model (most strongly at the up-
stream reservoir). Upstream head level dropped dra-
matically on the pulse entering the reservoir, at 1500s,
the effect of which propagated down the hydraulic
gradient. Upstream head levels recovered to steady-
state values as the pulse passed into the model. The
pulse’s transition is seen as subsequent ’rebounding’
of head levels at roughly 8000, 1200, 15000 and
18000s in Figure 6c for PPTs 1, 2, 3 and 4. It should
be noted, however, that changes in head level dur-
ing rebound events was less than 2% that occuring
due to pump purging in Model 1 for AR. Head level
changes were due to the FD’s high (with respect to
water) viscosity, which reduced local flowrate, and
so head, when upstream of a given transducer. Times
between rebound events and rebound amplitudes re-
duced as the pulse progressed: dispersion (reducing
the pulse’s local viscosity) and the model’s taper-
ing shape increased local flowrate (approaching that
of water) towards the downstream reservoir. Clearly,
diffusion and viscosity effects therefore preclude FD
from tracing steady-state groundwater phreatic sur-
faces. However, capturing unequal seepage velocities
may be useful when examining migration of a dense
contaminant, for example DNAPLs.

3.3 Model 3: Fluorescein

Head level changes during FL injection are shown in
Figure 6e. Multiple consecutive syringe barrels were
injected (facilitated by an additional dye reservoir,
Figure 4) to capture the entire phreatic surface. Ex-
cepting in the downstream reservoir, PPT responses
showed little fluctuation during injection, indicat-
ing steady-state conditions throughout the test. Small
downstream head fluctuations (roughly ±0.1mm at
model scale) were due to a feedback error on the sy-
ringe control loop which generated excessive signal
noise.

Available camera exposure times (≤5s) were in-
sufficient to capture fluorescence when the adsorp-
tion filter was fitted; the filter was therefore removed,
increasing model illumination but creating an addi-
tional glow above the model due to the visible light
component of the UV light source. The glow notwith-
standing, FL provided an excellent contrast between



the wet and dry portions of the sand filters, seen to
the left and right hand sides of Figure 6f, using a
4s exposure time. FL also highlighted a large trans-
verse crack within the embankment; the crack formed
during steady-state testing but was thought closed.
Rather, FL demonstrated that it was filled with coarser
debris, forming a preferential seepage path (compro-
mising the model). The phreatic surface in the main
body, however, could not be identified: what fluores-
cence there was was masked by other sources. Re-
incorporating the light filter may alleviate this issue,
however exposure times greater than those permitted
using the current software (limited to 5s) must be ac-
commodated. FL’s low viscosity and ready detection
may, however, provide an excellent tool to visually
verify steady-state phreatic surfaces and model in-
tegrity.

4 CONCLUSIONS

This paper presented a method to visually trace seep-
age flows through a geotechnical centrifuge model.
Three models of increasing geotechnical complex-
ity were tested under stress levels representative of
full-scale tailings dams. Hydraulic gradients were im-
posed by controlling water levels upstream and down-
stream of the models and internal head levels mon-
itored via base-mounted pressure transducers. Trac-
ing dyes were injected on reaching steady-state con-
ditions. Three fluids were investigated: acrylic-resin
ink; food-grade dye; and fluorescein. The first two flu-
ids were readily available and all three are non-toxic.
Fluorescein is regularly used in medical applications
to examine the structures of micron-sized features.

Benchtop testing at 1g demonstrated the developed
apparatus’ ability to deliver a tracing fluid without af-
fecting flow rates into the model. It was therefore in-
corporated into the main centrifuge apparatus.

Acrylic-resin ink was visible in the highly-
permeable sand filters but was unable to create suf-
ficient colour contrast between saturated and unsatu-
rated regions in the main model body. Contrariwise,
food-grade dye provided a good contrast throughout
the model but its higher viscosity detrimentally af-
fected local flow velocities and head levels: it was not
suitable to trace the phreatic surface but might prove
a useful tool if examining dense contaminant migra-
tion, for example DNAPLs.

Fluorescein provided excellent distinction between
saturated and unsaturated regions of high permeabil-
ity without affecting steady-state head levels. A previ-
ously undetected longitudinal crack within the model
was also highlighted. Any fluorescence from the main
body was, however, masked by brighter regions; in-
corporating camera and light filters and increasing im-
age exposure times would alleviate this issue. This
study therefore demonstrated the potential for fluo-
rescein injection to identify seepage surfaces or path-
ways in centrifuge models.
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Figure 6: Change in total head (prototype scale), recorded at base-mounted pore pressure transducers (PPTs) during injection (left)
and example image of injected fluid (right). Times are at model scale. Top: Model 1 (AR); middle: Model 2 (FD); bottom: Model 3
(FL). “US”: upstream; “DS”, downstream


