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ABSTRACT
Experimental studies of confined turbidity currents interacting with obstacles have become popular over the last three decades; however, little
work has sought to quantify the characteristics of unconfined turbidity currents interacting with obstacles. In the present study, unconfined turbidity
currents colliding with a rectangular basal obstruction are investigated. With a focus on the initial theoretical slumping regime, flow characteristics
are quantified and characterized. The currents varied with initial density and substrate roughness. Unobstructed currents propagated at a constant
velocity, confirming previous theory that the current is within the slumping regime; however, a typical reverse ambient bore was not present. Froude
and Reynolds numbers were shown to decrease over the obstacle by 43–54% and 17%, respectively. Deflected lateral propagation along the obstacle
face was found to entrap ambient fluid and encourage mixing, providing a starting point for understanding the implications of lateral propagation
along submerged pipelines and reservoir barriers.
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1 Introduction

A turbidity current is a buoyancy-driven flow, caused by a
sediment-laden fluid interacting with a typically less dense
ambient fluid body. They are part of a wider family of density-
driven currents, whose dynamic theory holds the same assump-
tions. This includes pyroclastic flows, haboobs, atmospheric
fronts, and aquatic flows driven by salinity or temperature differ-
ences. Turbidity currents are a common phenomenon in a range
of aquatic environments. Their flow behaviour plays an impor-
tant role in not only geophysical and environmental processes,
but also their interaction with submarine infrastructure. They
have been identified as causing submarine cable rupture (Carter,
Milliman, Talling, Gavey, & Wynn, 2012; Cattaneo et al., 2012;
Heezen & Ewing, 1952; Hsu et al., 2008; Krause, White, Piper,
& Heezen, 1970; Pope, Talling, & Carter, 2017), and as such

pose a threat to offshore oil and gas pipelines (Bruschi, Bughi,
Spinazzè, Torselletti, & Vitali, 2006). Conversely, obstacles
have been studied as a means to block turbidity currents in reser-
voirs (Oehy, De Cesare, & Schleiss, 2010; Oehy & Schleiss,
2003, 2007; Yaghoubi, Afshin, Firoozabadi, & Farizan, 2017),
as they are considered a leading sediment transport mechanism
in reservoirs and lakes (Schleiss, Franca, Juez, & De Cesare,
2016). Therefore, understanding the flow behaviour of turbidity
currents and their interaction with obstacles is of considerable
importance to engineers and geophysicists alike. Consequently,
this is the driving motivation behind the present study. To the
authors’ knowledge, there are no studies which look to quantify
both lateral and longitudinal flow characteristics of unconfined
turbidity currents interacting with obstacles. For engineers to be
able to both design obstacles to be used to mitigate current flow,
and understand how turbidity currents collide with obstacles,
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a quantitative understanding of these characteristics, from the
time of current initiation, tp , is needed.

The propagation of turbidity currents can be initiated via
a number of natural mechanisms, as detailed by Meiburg and
Kneller (2010). Sediment-laden rivers in flood experience flow
expansion at river and reservoir mouths, causing sediment to
plunge and form a hyperpycnal undercurrent. Likewise, subma-
rine slope failure caused by excess deposition or earthquakes
can cause entrainment of sediment and form a propagating cur-
rent. A recent example is the 14 November 2016 Kaikōura
Earthquake, which caused a 100–200 mm thick turbidite to form
over a large area offshore of the Wairarapa and Marlborough
regions of New Zealand – extending greater than 300 km from
Kaikōura (Barnes et al., 2017).

The physical composition of a turbidity current includes a
frontal head, body and tail (Fig. 1). The head has a distinctive
overhanging nose, caused by bed friction, and large turbulent
Kelvin–Helmholtz billows at the rear caused by viscous shear
of the upper boundary layer (Middleton, 1993). Their body is
typically characterized by uniform flow of a height less than the
head.

Over the last 50 years, it has become popular to model
experimental gravity currents using a constant-volume release
approach, where a dense fluid is released into a lighter
ambient fluid by means of a vertical lock-box release gate
(Adduce, Sciortino, & Proietti, 2012; Cenedese, Nokes, &
Hyatt, 2016; Nogueira, Adduce, Alves, & Franca, 2013a;
Ottolenghi, Adduce, Inghilesi, Armenio, & Roman, 2016;
Ottolenghi, Adduce, Roman, & Armenio, 2017; Ottolenghi,
Prestininzi, Montessori, Adduce, & La Rocca, 2018; Wilson,
Friedrich, & Stevens, 2017b). The early works of Huppert
and Simpson (1980) and Rottman and Simpson (1983) on
constant-volume release currents showed that their motion can
be separated into three distinct phases. During the first phase,
often referred to as the slumping phase, the current front ini-
tially accelerates from the rest as the lockbox gate is opened,
followed by a period of constant velocity. A second phase (self-
similar phase) develops when the front experiences an abrupt
decrease in front velocity, Un, where driving buoyancy forces
are balanced equally with resistive inertial forces. Rottman
and Simpson (1983) showed that this decrease is caused by
a reverse ambient bore (induced by displaced ambient fluid),
reflecting off the upstream lockbox wall and accelerating past
the current front. The transition is known to occur at a distance

of approximately 5–10 lockbox lengths (Meiburg & Kneller,
2010). During the self-similar phase, Un continues to deceler-
ate at ∼ t–1/3, and front position progresses by ∼ t2/3, where
t is the time after gate opening (Rottman & Simpson, 1983). In
the final phase (viscous-dominant phase), viscous forces over-
take inertial forces, causing Un to decelerate at ∼ t–4/5. Huppert
and Simpson (1980) showed through experiments that the self-
similar phase does not occur if viscous forces become dominant
prior to termination of the slumping phase.

Although a considerable amount of confined studies have
quantified the transitional stages of lock-exchange gravity cur-
rents (Adduce et al., 2012; Jacobson & Testik, 2013; Lombardi,
Adduce, Sciortino, & La Rocca, 2015; Ottolenghi, Adduce,
Inghilesi, Armenio, et al., 2016; Ottolenghi, Adduce, Inghilesi,
Roman, & Armenio, 2016), there is relatively little work which
has explored the flow processes of unconfined currents (La
Rocca, Adduce, Sciortino, & Pinzon, 2008; Lombardi, Adduce,
& La Rocca, 2017; Ottolenghi, Cenedese, & Adduce, 2017;
Yuan & Horner-Devine, 2013); even less so, work which
objectively studies how an incorporated obstacle changes flow
behaviour during the slumping phase. The consideration of
unconfinement is important as lateral spreading has retarding
effects on longitudinal spreading rate (Choi & Garcia, 2001).
Lombardi et al. (2017) demonstrated the value of laboratory-
based unconfined studies in validating numerical models; hence,
there is value to be found in unconfined, obstructed experimen-
tal studies. For a continuous obstacle, such as a submarine cable
or a submerged reservoir embankment, it is of interest to under-
stand how the current develops laterally both along and after the
obstacle face.

Through experiments, Oehy and Schleiss were among the
first to model submerged embankments as a means for miti-
gating the propagation of turbidity currents in reservoirs, and
hence reduce sedimentation (Oehy & Schleiss, 2003, 2007).
There have been numerous experimental or computational stud-
ies since, involving solid and permeable obstacles in a confined
environment (Asghari Pari, Kashefipour, & Ghomeshi, 2016;
Oehy et al., 2010; Oshaghi, Afshin, & Firoozabadi, 2013;
Tokyay & Constantinescu, 2015; Wilson et al., 2017b; Yaghoubi
et al., 2017). When a saline or sediment-laden current head
collides with a solid obstacle, a portion is usually reflected as
an undular internal bore/hydraulic jump (Rottman, Simpson,
Hunt, & Britter, 1985; Tokyay & Constantinescu, 2015; Wilson
et al., 2017b; Woods, Bursik, & Kurbatov, 1998; Yaghoubi et al.,

Figure 1 The key physical regions of a typical turbidity current: a head region with an overhanging nose of velocity Un, and distinctive
Kelvin–Helmholtz instability at the rear; a body region characterized by an upper mixing layer of consistent height; a final tail region
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2017). Provided that obstacle height is less than approximately
twice the head height (Alexander & Morris, 1994), the remain-
der of the current travels over the obstacle as a supercritical
flow and reattaches to the current bed, where the head reforms,
causing a downstream transition back to subcritical flow. Woods
et al. (1998) showed that sedimentation rate upstream of the
obstacle is similar to that downstream, if the obstacle is not of
sufficient height to produce a reverse bore. Whilst these studies
are useful in understanding streamwise current behaviour, there
is a lack of focus on the lateral, spanwise movements along and
after the obstacle.

Of the few unconfined studies which have included obsta-
cles, Alexander and Morris (1994) documented observations of
unconfined turbidity currents interacting with a wedge-shaped
obstacle and compared them with confined tests. For confined
tests, they described similar characteristics as above. How-
ever, for unconfined tests, they observed the body to be flat
with a streaming appearance and void of billows that were
present in the confined tests. They also noticed the head to be
considerably higher than the body. Similarly, through labora-
tory experiments, Morris and Alexander (2003) showed flow
behaviour and sediment deposition surrounding a wedge-shaped
obstacle can explain changes in palaeocurrent direction through
turbidities. However, more research is needed on both the lat-
eral and streamwise flow movements of currents along linear
obstacles.

1.1 Theoretical scaling

To provide meaningful quantitative insights into both lateral and
longitudinal current behaviour, typical hydrodynamic scaling is
needed. Much work has been done on developing Froude scale
relationships of buoyancy-driven currents, assuming Boussi-
nesq theory, where Froude number, F, is typically defined
as:

F = U√
g′h

(1)

where U is a characteristic velocity of the current, g
′

is ini-
tial reduced gravity, and h is a characteristic height. For the
present study, U is defined as Un. g

′
is commonly defined as

g′
0 = g(ρ0 − ρa/ρ0), where g is gravitational acceleration, ρ0 is

initial current density and ρa is ambient fluid density (Adduce
et al., 2012; Jacobson & Testik, 2014; Marino, Thomas, & Lin-
den, 2005). An alternative definition, used in the present study is
g′

a = g(ρ0 − ρa)/ρa, which is also common (Huppert & Simp-
son, 1980; Jacobson & Testik, 2014; Nogueira, Adduce, Alves,
& Franca, 2014; Ottolenghi, Adduce, Inghilesi, Roman, et al.,
2016; Rottman & Simpson, 1983; Wilson et al., 2017b). To date,
there appears to be little guidance on which definition to use;
however, Jacobson and Testik (2014) show that both can be used
for turbidity currents. Similarly, there are varying definitions
for h, such as: lock height, the height of the body just behind
the head, or the head height. Marino et al. (2005) provided an

in-depth review of these and showed that during the slumping
phase, F may be defined in terms of lockbox depth, as initial
lock conditions define flow structure:

Flock = U√
g′z0

(2)

where z0 is the lockbox gate height. They also suggest that
during the self-similar phase, F is more suitably defined as:

Fh = U√
g′zh

(3)

where zh is the maximum head height. Although theory suggests
that currents in the present study are within the slumping phase,
both equations were adopted. This was because zh changed
considerably upon current front collision with the obstacle;
therefore it was of interest to determine if the obstacle altered the
dependency of F on z0 during the slumping phase. Hence, when
accounting for bed slope, the two equations are represented
as:

Fh = U
√

g′zhcos(θ)
(4)

and

Flock = U
√

g′z0cos(θ)
(5)

where θ is the bed slope angle. A temporal Reynolds number,
R, is defined as:

R = Uzh

ν
(6)

where ν is kinematic viscosity of water.
The present study aims to investigate unconfined currents

interacting with a rectangular obstacle by: (i) qualitatively
assessing the visible flow characteristics within the theoretical
slumping range, from the point of initiation to complete pass-
ing of the obstacle by the head; (ii) spatially quantifying key
flow characteristics by providing spatio-temporal, Froude and
Reynolds analysis, and comparing characteristics with previous
confined studies; (iii) discussing the implications the findings
have on engineered structures.

Qualitative and quantitative assessment of the turbidity cur-
rents is achieved by building on the recent photometric tech-
niques introduced by Wilson, Friedrich, and Stevens (2017a).
Initial current density is varied alongside basal substrate condi-
tion: smooth or rough. In Section 2 we discuss the experimental
methodology, and in Section 3 we compare the characteristics of
the currents between the different initial conditions. In Section 4,
we discuss further the findings and their practical implications.
Finally, we draw concluding remarks in Section 5.
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2 Experimental set-up and methodology

Experimental testing was conducted in an acrylic, unconfined
basin measuring 2445 mm long by 2415 mm wide and 1040 mm
high, in the Hydraulic Engineering Laboratory at the Univer-
sity of Auckland. The basin incorporated a 595 mm long (x0)
and 400 mm wide lock-box and release gate at the upstream
end (Fig. 2). Prior to each test, the release gate was sealed with
petroleum jelly, and subsequently opened via a remote control.
A 1940 mm long, by 1975 mm wide (2ymax) glass plate, act-
ing as a false floor, was installed at a slope of 2% within the
basin. The horizontal length of the analysis area, from the lock-
box gate to the end of the glass plate, was xmax = 1945 mm.
This took into account a 5 mm wide recess at the gate. The sus-
pended floor was designed to minimize the reflection of waves
from the basin sides and downstream end. As xmax/x0 < 5, all
generated currents were expected to be within the constant-
velocity/slumping phase whilst propagating the false floor. For
all tests, the basin was filled with tap water to a height of
z0 = 300 mm above the false floor level at the gate opening.
A rectangular obstacle of length 140 mm and height 50 mm was
installed across the width of the false floor. The upstream face
of the obstacle was located at x/x0 ≈ 2.45 = 3/4xmax. This dis-
tance was chosen to maximize the upstream distance available
for the current to stabilize during the initial stages of the slump-
ing phase. For various tests, a rough substrate consisting of

D50 = 0.85 mm sand glued to a 1940 mm long, 1975 mm wide
steel sheet was installed above the false floor.

The generated turbidity currents were composed of a 1:1 ratio
by mass of kaolinite clay and spherical glass beads; a ratio iden-
tical to previous studies (Wilson et al., 2017a, 2017b). Equation
(7) was used to calculate the mass required for the desired initial
theoretical density, ρ0, of the turbidity current:

mk = ms = Vw(ρ0 − ρa)

2 − ((ρ0/ρk) − (ρ0/ρs))
(7)

where mk is the mass of kaolinite clay, ms is the mass of glass
beads, ρa is the density of water at the measured temperature
(Table 1), ρk is the particle density of kaolinite (2630 kg m−3)
and ρs is the particle density of glass beads (2500 kg m−3).
Finally, Vw is the combined volume of water in the slurry bucket
(6 l) and lock-box. The dry sediment mass was added to the 6 l
of tap water and mechanically mixed for a minimum of 30 s to
form a slurry, which prior to each test was added to the ambi-
ent water within the lockbox to achieve the required density, ρ0

(Table 1). To reduce surface waves after the gate was opened,
a displacement volume equal to the slurry volume was removed
from the ambient water in the lock box, prior to the addition of
the slurry. This ensured the head difference between the basin
and lockbox free surfaces was minimized, reducing surface
waves.

max

max

Figure 2 Schematic diagram of the unconfined basin which comprised of a lock-exchange box at the upstream region, which released the turbidity
current over a glass false floor. A LT425 camera was installed both adjacent and above the basin, recording the movement of the current over a
rectangular obstacle simultaneously
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Table 2 Camera properties

Setting Elevation camera Plan camera

Camera model Lumenera LT425 Lumenera LT425C
Lens NIKKOR 20 mm f/1.8 Samyang 10 mm f/2.8
Aperture f/8 f/9
Resolution (pixels) 2048 × 2048 2048 × 2048
Colour format Monochrome Raw Bayer (GBRG)
Capture frequency

range (s–1)
92.6–97.9 92.7–97

Exposure (ms) 7 5

To record the three-dimensional current behaviour, two
CMOS cameras were installed surrounding the basin. A
Lumenera LT425 monochrome camera (Lumenera Corporation,
Ottawa, ON, Canada; hereafter referred to as “elevation cam-
era”) was installed adjacent to the left-hand basin wall to capture
the horizontal (x) and vertical (z) movements of the visible shear
boundary of the current. A second Lumenera LT425C colour
camera was installed in plan view, centred above the basin (here-
after referred to as “plan camera”) to record horizontal (x) and
lateral (y) movements of the current boundary. Camera prop-
erties are shown in Table 2. The basin was illuminated via 16
500 W halogen lamps attached to the basin sides (Fig. 2). Both
cameras were connected via USB 3.0 to a PC, where Streampix
6 software (NorPix, Inc., Montreal, QC, Canada) was used to
record raw images from the two cameras simultaneously.

The elevation camera was installed at approximately 2.6 m
from the side wall, aligned with the lengthwise centre of the
false floor; this ensured perspective was evenly distributed at
x = 0 and x = xmax. A NIKKOR 20 mm f/1.8 lens (Nikon Cor-
poration, Tokyo, Japan) was attached to the camera to ensure
that the lengthwise extent of the false floor along the spanwise
centreline was visible. The plan camera, installed at approxi-
mately 2 m above the false floor, utilized a Samyang 10 mm f/2.8
wide-angle lens (Samyang Optics Company Ltd, Masan, South
Korea) to ensure that the full planar extent of the false floor was
visible. Care was taken to ensure the opposite wall to the ele-
vation camera was blacked out to allow the propagating current
boundary to be clearly contrasted with the negative background
space. Likewise, for the plan camera, the obstacle and false floor
was blackened.

A total of 16 tests were completed with four different obstacle
and substrate configurations (Table 1). For each configuration,
currents with four different ρ0 were tested: 1020, 1040, 1060
and 1080 kg m−3. The testing procedure started by triggering a
Canon 60D reference camera (Canon Inc., Tokyo, Japan). Then,
the recording process in Streampix was initiated for the Lumen-
era cameras. This was followed by mixing the slurry for a further
10 s and removing the displacement bucket from the lockbox.
The slurry was then poured into the lockbox and the gate was
mechanically opened via a remote switch, once the slurry had
thoroughly mixed with the ambient fluid. The gate took approx-
imately 1.7 s to open. Recording of the cameras continued for
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a minimum of 20 s after the current had passed the downstream
end of the false floor.

2.1 Photometric spatial calibration

Photometry has become a popular measurement technique of
confined gravity currents (Adduce et al., 2012; Dai, 2014;
Jacobson & Testik, 2014; Lombardi et al., 2015; Nogueira,
Adduce, Alves, & Franca, 2013b; Ottolenghi, Adduce, Inghilesi,
Armenio, et al., 2016). The fundamental purpose of photom-
etry is to obtain metric measurements of a subject from an
image, hence spatial calibration must be undertaken to pro-
vide a pixel to metric conversion factor, Γ . It is common
to assume that a confined current can be represented as a
two-dimensional flow, and that the visible side profile is rep-
resentative of the spanwise behaviour (Jacobson & Testik,
2014; Nogueira et al., 2014). However, unconfined turbid-
ity currents propagate from the lockbox in a radial man-
ner; therefore images captured in elevation view represent the
current boundary at only one cross-section. For the present
study, elevation camera images were assumed to represent
the cross-section of the planar centreline of the current, as
the current front y position was a mean of 0.1ymax from the
true centreline. This was therefore reflected in the calibration
procedure.

A discussion on the limitations associated with current inter-
face width-averaging is given in Wilson et al. (2017a), where
the method of spatially calibrated images is presented. A sep-
arate calibration test was needed for each of the four obstacle
configurations. For the elevation camera, two 100 mm wide by
400 mm high checkerboard targets were placed at each end of
the false floor along the streamwise centreline of the basin. The
individual checker squares measured 25 mm by 25 mm. The
basin was filled with water to a height of z0 and the camera lens
was focused on the checkerboards, using identical lighting to
the testing procedure. For the plan camera, a 50 mm by 50 mm
checkerboard was placed in each of the four corners of the false
floor and taken as the camera focal point.

Images were pre-processed as described by Wilson et al.
(2017a). The elevation image was cropped to xmax, and a ver-
tical height of z = 275 mm – ensuring capture of the complete
current (Fig. 3a). In contrast, the plan images were cropped to
the dimensions of the false floor. As the false floor was sloped,
the downstream end of the floor was at a further height from
the camera than the upstream end. Therefore, a perspective crop
tool was used to ensure the downstream and upstream edges of
the floor were of equal pixel width.

The calibration images were then imported into MATLAB
R2016b (The MathWorks, Inc., Natick, MA, USA), for spa-
tial measurement. For elevation camera images, three pixel

Figure 3 (a) An example calibration image from the elevation camera used for runs 9–12, after the image was corrected for lens distortion and
cropped to the horizontal extent of the false floor, along the centreline of the basin. Measurements between the checkerboard targets were used to
obtain the spatial calibration factor, Γ e. (b) A post-processed image from run 9, showing the two sections (A and B) where different light intensity
thresholds were applied to obtain a delineated vector of the current. Background noise has been subtracted, along with the first x = 75 mm (x75) of
the frame, where flow exchange with the lock-box caused interference with the delineation process. (c–e) Progression of the current over the obstacle,
outlining the algorithm used to approximate the current boundary obscured due to the perspective of the obstacle. For clarity, the obstacle is shown
outlined with a white dashed line
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measurements were taken between the two pixel targets – at
z = 0, 25 and 50 mm. The average pixel distance was used with
the known metric distance of 1845 mm to calculate the elevation
spatial calibration factor, Γ e, which ranged from 1.016 to 1.019.
For the plan camera, two diagonal measurements were taken
between the centres of the checkerboard targets and averaged
against their known metric distance of 2697.72 mm to calculate
the plan spatial calibration factor, Γ p , which ranged from 1.001
to 1.002.

2.2 Image processing and analysis

Images from all tests were first batch-processed in Photoshop
for lens distortion, rotated and cropped per the dimensions of
their corresponding calibration image. This enabled a quasi-
two-dimensional representation of the current cross-section. A
series of MATLAB algorithms were then used to delineate cur-
rent boundaries and provide spatio-temporal data of current
movement.

Elevation-view post-processing

First, background subtraction was applied to all images to
remove all unwanted reflection and improve the contrast of
the turbidity current boundary. The pixels of an arbitrary range
of 100 images prior to gate opening were averaged and sub-
tracted from each test frame. The first x = 75 mm (x75) of all
images was blackened due to the visual vertical turbulence at
the gate causing inaccurate delineation of the current boundary;
a provision which was similar to Jacobson and Testik (2014).
This can be seen in Fig. 3b–e. To further improve the two-
dimensional representation of the current, the cross-section of
the obstacle along the basin centreline was also blackened (Fig.
3b–e). Images were converted to greyscale and subsequently
binarized by applying an initial intensity threshold, I 0, which
is a non-dimensional fraction representing the light intensity
of the current boundary – a value which must lie between 0
(black) and 1 (white). For the present study, this threshold was
set through trial and error, by visually assessing the accuracy
of the identified current boundary throughout the image time
series (Table 1). Although basin illumination was optimized,
the three-dimensional nature of the frontal instabilities and
the obstacle caused unavoidable shadows. Therefore, I 0 varied
between 0.07 and 0.15 throughout the image range, N, of each
test (N extended from the first image where the current nose
passed x75 to the image where the nose reached xmax). Pixels
with a light intensity above I 0 were deemed part of the cur-
rent, allowing the current front boundary to be delineated (xf ).
To optimize the delineation of the current body, the current was
divided into two sections – section A and B (Fig. 3b–e). Through
trial and error, section A was defined by a horizontal length of
xa = ¼(xf – 75) or xa = 200Γ e, with the shortest taking prece-
dence. Section B was subsequently defined as xb = xf – xa – 75.
A different intensity threshold, Ib, was then applied to section B,
and the current boundary re-delineated (Fig. 3b). Similar to I 0,
Ib varied between 0.24 and 0.39 throughout N. This allowed a

dynamic vector outline of the current to be captured, enabling
quantitative insight into xf , and head height, zh.

Due to the camera perspective, the current along the centre-
line was not visible immediately downstream of the obstacle.
Therefore, an algorithm was developed to ensure that when the
current nose height downstream of the obstacle was less than the
obstacle height, a boundary line was drawn vertically to the bed
and subsequently upstream to the approximated obstacle edge
(Fig. 3d). This did not affect zh or xf .

Mean capture frequencies, fe and fp , for the elevation and
plan cameras, respectively, were calculated by averaging the
frame rate for each image within the range N. Horizontal veloc-
ity of the nose, defined as Un = fe(xn-xn−1), was calculated
for each image to provide a velocity time series. Due to cur-
rent interaction with the obstacle and in situ instrument racks,
large spikes in velocity data were present in some tests where
the current sightline was temporarily obstructed. Therefore, the
three-step filtering process described in Wilson et al. (2017a)
was applied. This included a standard deviation filter similar to
Keevil, Peakall, Best, and Amos (2006), a smoothing function
and manual interpolated replacement of spikes not adequately
filtered.

Plan-view post-processing

Processing of plan view images followed an identical procedure
to elevation view images; however, only one intensity threshold,
Ip = 0.08, and delineation section was needed per test. For each
image, the current front was defined as the point on the nose
boundary with the greatest x value. Similarly, the lateral current
front location, yf , was defined at the nose boundary closest to
the elevation camera.

3 Results

3.1 Physical observations of flow characteristics

After opening the lockbox, the slurry rapidly collapsed, form-
ing a well-defined head with a classical overhanging nose (Fig.
3b). The head proceeded to propagate from the lockbox in a
radial manner, and in some tests (run 5, 9–10 and 13) appeared
to detach from the body (Fig. 4a), a characteristic also seen by
Alexander et al. (2008). A radial expansion of the body was
also evident, with defined small-scale instabilities at the upper
boundary. In all tests, the head length was greater along the cen-
treline than in the lateral directions, likely due to gravitational
influence of the sloped bed and the favourable orientation of the
lockbox. Head length also visibly increased proportionally with
time from gate opening, tp . For unconfined tests the current head
continued to propagate until it traversed over the outlying edges
of the false floor, after which the body continued to extend from
the lockbox until recording ceased.

Tests with the obstacle showed significantly different
behaviour after the current reached the obstacle. Figure 4 shows
the planar propagation of the turbidity current in run 9. Upon



8 R. I Wilson et al. Journal of Hydraulic Research (2018)

Figure 4 Planar view of current propagation for run 9, where the obstacle location is shown as a grey dashed line for clarity. (a) After release of the
current, the head propagated in a radial manner, and in some cases detached from the current body. (b) The current continued to propagate radially,
where the rear of the head was clearly visible. (c) Upon reaching the obstacle, the current was deflected both laterally and upstream. (d) Upstream
reflection of the current takes the form of a reverse hydraulic jump. (e) Downstream, the head reattaches with the false floor, and supercritical flow
over the obstacle feeds the large instability at the rear of the head. (f) The hydraulic jump continues to propagate towards the lock-box, and in some
cases, a secondary undular bore was visible

the current nose impacting the upstream face of the obstacle,
the current head was immediately propelled upwards in a jet-
like fashion. Laterally, the head was deflected along the face
towards the outer perimeter of the false floor (Fig. 4c). As the
current head propagated over the top of the obstacle, a large
linear instability in the form of a sharp hydraulic jump was
reflected towards the lockbox (Fig. 4d). Downstream of the
obstacle, the collapsing head reattached with the bed and formed
a large instability also resembling a hydraulic jump (Fig. 4e).
This instability was fed by the body, which appeared to flow
over the obstacle in a supercritical state. Such characteristics are
common for current–obstacle interaction (Tokyay & Constan-
tinescu, 2015). The expansion of the current over the obstacle
and subsequent re-attachment of the head to the bed agreed with
the jet expansion and re-establishment stages of Wilson et al.
(2017b). After the nose reached xmax, the head spilled over the
downstream edge of the false floor, leaving a continuous sub-
critical flow of the body. Small-scale instabilities within the
body became less defined, whilst the reflected hydraulic jump
continued to travel towards the lockbox (Fig. 4f). Of interest
was a secondary high-density undular bore, which appeared to
travel towards the lockbox in front of the hydraulic jump. This
secondary bore was only visible in lower density tests due to
greater opacity (ρ0 = 1020 kg m−3); however it is likely present
in other tests.

3.2 Spatio-temporal analysis of head front and height

Figure 5a shows non-dimensional front distance of no-obstacle
tests, xf /x0 as a function of te, which is time measured from
xf = x75. The current front clearly propagates at a constant
velocity, similar to Lombardi et al. (2017). This confirms that
for no-obstacle tests, the current stays within the slumping phase
whilst the head is on the false floor. In tests with higher ρ0, xf

increases at a greater rate with respect to te. This is also expected
due to greater buoyancy forces acting on the ambient fluid. In
all tests, except for run 4 and partially run 1, the rough sub-
strate is shown to slightly diminish the propagation rate of the
current. A similar, although more prominent, observation was
made by La Rocca et al. (2008). In contrast, Fig. 5b shows
xf /x0 as a function of te for obstacle tests, where the obstacle
extent is plotted with dashed lines. Although all tests except
for run 9 appear to initially progress linearly, there is an excep-
tional change in behaviour after the current front impacts with
the obstacle; velocity is no longer constant. All tests showed
a rapid deceleration of the current at the upstream obstacle
face (xf /x0 = 2.45). This deceleration continues to occur until
a location downstream of the obstacle, xf /x0 ≈ 3, after which
the front accelerates. The rate of acceleration then appears to
decrease, suggesting that velocity begins to stabilize; however,
it cannot be confirmed if the current will reach a consistent
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Figure 5 Non-dimensional front distance as a function of te. (a) The longitudinal front location for runs 1–8 progresses in a linear fashion. (b) Runs
9–16 show a distinctive decrease in current front velocity upon reaching the obstacle, which is indicated by dashed lines. For clarity, only every 32nd
datum is shown

velocity as it is outside the spatio-temporal area of analysis. The
rate of change in non-dimensional front distance, xf /x0, over
the obstacle (Fig. 5b) showed similar characteristics to the tran-
sition between the slumping and self-similar phases as observed
by Jacobson and Testik (2014).

On approach to the obstacle, Un for all tests was observed
in the range of 75–225 mm s−1. This range was approximately
equal to that of Wilson et al. (2017a), who studied confined
currents under the same initial conditions z0, x0 and ρ0. Imme-
diately downstream of the obstacle, Un was in the range of
30–100 mm s−1 for the present study, whilst Wilson et al.
(2017a) showed a higher Un range of 50–150 mm s−1. These
findings somewhat conflict with the understanding that lateral
movements have a retarding effect of streamwise velocity, given
that there was no clear difference in velocities between the dif-
fering confinement studies. However, the velocities after the
obstacle for the present unconfined study were lower than Wil-
son et al. (2017a), suggesting lateral movements at the obstacle
do influence Un.

Two-dimensional (x and z orientation) side view profiles of
the currents for runs 1, 5, 4, 8, 9, 13, 12 and 16 are shown for
every 50th image in Fig. 6a–h, respectively. As discussed in
Section 2.1, the profiles represent the cross-section of the cur-
rent along the longitudinal centreline (y = 0). For all tests, a
well-defined head developed quickly after opening the lockbox.
Marino et al. (2005) had similar observations, which the quick
formation was attributed to a large z0/x0 aspect ratio. However,
in the present study a smaller aspect ratio of z0/x0 ≈ 0.50 was
predefined.

For all no-obstacle tests, current height is shown to rapidly
increase upon release from the lock box, becoming some-
what consistent for the remainder of the test. Obstacle tests
also showed an initial increase, followed by a secondary rapid
increase upon collision with the obstacle. The increase in height

(where x/x0 < 1) is further confirmed in Fig. 7, which shows
two-dimensional profiles for every 300th image, where x is non-
dimensionalized against x0. A noticeable difference is run 4 (Fig.
7c), which showed a continued increase in head height through-
out time. Run 4 also showed head length to increase over time,
however, this was not clearly definable for other tests. The non-
obstructed tests agree to an extent with Marino et al. (2005),
who found head height to be constant throughout the slumping
phase. An interesting observation was that zh/z0 varied between
approximately 0.3 to 0.5 once the current stabilized, whilst Wil-
son et al. (2017b) showed for similar Un, the current had a mean
of zh/z0 ≈ 0.5. This supports the theory that Un may not be
retarded under unconfined conditions, but rather head height
development, as the current laterally spreads. A noticeable char-
acteristic of all tests was the presence of standing instabilities
within the body, which appeared to detach from the current head
and propagate downstream at a lesser velocity than the head.
A comparison between ρ0 = 1020 kg m−3 and ρ0 = 1080 kg
m−3 runs showed that these small-scale instabilities appeared
greater in number for lower density runs (Fig. 6a, c, e and g).
Such behaviour was also noted by Marino et al. (2005); how-
ever, given their tests were confined it is unclear what the lateral
extent of theses instabilities were. In run 5, a tall instability of
height z/z0 ≈ 0.5 shears from the back of the head immediately
after gate opening; in addition to the typical Kelvin–Helmholtz
billow at the back end of the head (Fig. 6b). This instability
appears to be constrained laterally to the centreline of the basin
and takes on a column-like shape (Fig. 8). Over time, the insta-
bility decreased to a height less than the head (tp ≈ 9.9 s). A
similar instability was also witnessed in runs 8 and 12, which is
outlined clearly in Fig. 7d and g. This instability suggests that
residual inertial forces were present in the slurry from mixing,
prior to opening of the lockbox. The empirical aspects of pour-
ing the slurry into the lock-box may explain the presence of the
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Figure 6 Spatio-temporal plot of the current interface over the distance x = 0 to x = xmax, for every 50th image. The top subplots (a–d) show
runs from different no-obstacle configurations where ρ0 = 1020 kg m−3 (runs 1 and 5), compared against runs of identical substrate configuration
for runs where ρ0 = 1080 kg m−3 (runs 4 and 8), respectively. The bottom subplots (e–h) show runs from different obstacle configurations where
ρ0 = 1020 kg m−3 (runs 9 and 13), compared against runs of identical substrate configuration for runs where 1080 kg m−3 (runs 12 and 16),
respectively
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Figure 7 Spatio-temporal plot of the current boundary layer non-dimensionalized by initial lock-box gate height, z0, and lock-box length, x0,
where every 300th image boundary is shown (differentiated by line style, as labelled in (a), (c), (e) and (f)). The top subplots (a–d) show runs
from different no-obstacle configurations where ρ0 = 1020 kg m−3 (runs 1 and 5), compared against runs of identical substrate configuration for
runs where ρ0 = 1080 kg m−3 (runs 4 and 8), respectively. The bottom subplots (e–h) show runs from different obstacle configurations where
ρ0 = 1020 kg m−3 (runs 9 and 13), compared against runs of identical substrate configuration for runs where 1080 kg m−3 (runs 12 and 16),
respectively
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Figure 8 Plan-view image from run 5 at tp = 7.13 s, detailing
a localized, column-like instability which formed within the body
immediately after the gate was opened. The upper right hand inset
demonstrates the anomaly in current height due to the instability. This
instability was also visibly noticeable in run 8 and 12

instability in select runs. As discussed in Section 1, a typical
characteristic of unconfined flows is the reflection of a reverse
ambient bore off the back of the lockbox, which causes a local
depression in the current body that progresses towards the cur-
rent nose. No such depression was evident in the present tests.
Therefore, bore reflection was either yet to occur prior to the
end of the run, or the unconfined nature of the basin caused a
channelized contraction of ambient fluid entering the lockbox.
For obstacle tests, the current showed a rapid increase in head
height upon obstacle impact, as it was directed upwards as a

jet (Fig. 6e–h). The jet then began to collapse, forming a blunt
nose and reattaching with the bed as described in Section 3.1.
These characteristics were similar to the findings of Wilson et al.
(2017b).

To investigate the lateral movements of the current, spatio-
temporal contours detailing the radial growth were analysed,
where every 50th image is shown in bold. Figure 9a shows the
contours for run 8 (no-obstacle) and run 16 (obstacle), respec-
tively. These selected runs are representative of the remaining
obstacle/no-obstacle tests. The radial nature of the current prop-
agation is evident in both runs. Typical lobe-and-cleft instabil-
ities are present at the front boundary, and combine to form
sub-radial groupings as previously shown (La Rocca et al.,
2008; Lombardi et al., 2017). These groupings tend to main-
tain their shape throughout the lifespan of the current. Figure
9b clearly shows that the paths are influenced by the presence
of the obstacle, which causes the instabilities to deflect laterally
away from the centreline. Near the outer regions, the sub-radial
groupings become more acute, providing an intensified lateral
mixing region with ambient fluid. The obstacle is shown to
reduce streamwise front velocity and increase the front radius,
which almost becomes linear across the span of the false floor.

Due to the false floor aspect ratio, the current tended to reach
the lateral extents of the false floor prior to the downstream
extent. This was particularly evident for obstacle tests. There-
fore, quantitative analysis of lateral propagation was limited
to the spanwise spatial dimension, y. The lateral progression
of the unobstructed currents, shown in Fig. 10a, agreed with
streamwise progression (Fig. 5a), where velocity increased with
density. After opening of the lockbox, the currents showed a

Figure 9 Spatio-temporal contour plots detailing the plan-view propagation of the unobstructed current boundary in run 8 (a) and the obstructed
current boundary in run 16 (b). Every 50th delineation captured from the gate opening is highlighted in bold. The breaks in contours at the top of the
plots correspond to the unavoidable visual obstruction of the current, caused by the transducer rack and cabling. The obstacle location is indicated
by a dashed line style
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Figure 10 (a) Non-dimensional lateral front location, yf /ymax, as a function of tp for no-obstacle tests (runs 1–8). (b) yf /ymax as a function of tp
for obstacle tests (runs 9–16). For clarity, only every 32nd datum is shown

Figure 11 (a) Froude number defined by local head height, Fh, as a function of xf /x0 for no-obstacle tests (runs 1–8). (b) Fh as a function of xf /x0
for obstacle tests (runs 9–16), where the obstacle location is identified by dashed lines. For clarity, only every 32nd datum is shown

slight acceleration at tp ≈ 2.5 s and proceeded to propagate in a
relatively linear fashion. As expected, yf progressed at a faster
rate with increasing ρ0. In comparison, Fig. 10b shows that the
obstacle has negligible effect on the lateral nose front velocity.
A similar trend is present to Fig. 10a, where lateral veloc-
ity increases proportionally to ρ0. Noticeably, rough-bed runs
where ρ0 = 1020 kg m−3 (runs 5 and 13) were shown to accel-
erate and overtake their smooth-bed counterparts (runs 1 and 9)
for both obstacle configurations, which began to decelerate after
tp ≈ 5 s. Although run 2 also decelerates, this characteristic was
not present for any other densities.

3.3 Froude and Reynolds analysis

Froude analysis of the longitudinal front velocity was under-
taken using Eqs (4) and (5). Although the currents were within
the theoretical limits of the slumping phase (5 ∼ 10 x0), the

disruption caused by the obstacle suggested that the current
may have transitioned to the slumping phase prematurely. It
can be seen in Fig. 11a that all unconfined tests show ini-
tial Fh rapidly decreases from a range of 1.2–2.6 to less than
unity by xf /x0 = 0.5. These initial large values are associ-
ated with the formation of the head, where the current has a
low zh and high Un; therefore Fh cannot be confidently relied
upon for values less than xf /x0 ≈ 1. After this point, Fh sta-
bilizes and shows to be consistent in the range of 0.5–0.7.
For obstacle runs, Fh started to decrease sharply just prior to
the obstacle, and reached a minimum at xf /x0 ≈ 2.8. There-
after, it began to increase as the current head reformed and
velocity increased. Mean values of Fh (Fh−mean) were calcu-
lated all runs over the range of xf /x0 = 1 to 2.45 (upstream of
the obstacle). Likewise, Fh−mean was calculated downstream of
the obstacle, over the range of xf /x0 = 3–3.26. It can be seen
from Table 1 that Fh−mean has negligible variance over density
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Figure 12 (a) Froude number defined by lock-box release gate height, Flock, as a function of xf /x0 for no-obstacle tests (runs 1–8). (b) Flock as a
function of xf /x0 for obstacle tests (runs 9–16), where the obstacle location is identified by dashed lines. (c) Current height zh/z0 as a function of
non-dimensional distance xf /x0 for no-obstacle tests. (d) Current height zh/z0 as a function of non-dimensional distance xf /x0 for obstacle tests. For
clarity, only every 32nd datum is shown

and substrate condition; therefore only the obstacle condition is
important. No-obstacle runs showed Fh−mean reduced by ≈ 12%
between the upstream and downstream regions, whilst obsta-
cle tests showed a much larger reduction of ≈ 54%, which
is a combination of a decrease in Un and an increase in zh

(Fig. 12c, d).
Flock, based on initial lock height (Fig. 12) suggests no ini-

tial rapid decrease in Flock for either obstacle configuration
existed, as seen in Fig. 11. Similar to Fh, mean Flock, Flock−mean,
was calculated for a region upstream and downstream of the
obstacle. For no-obstacle tests, Flock is shown to be constant
(Flock−mean = 0.40) throughout the bed length, where similar
to Fh, there was no discernible difference between densities or
substrate condition. Flock−mean was shown to decrease by only
≈ 7% between the upstream/downstream regions. For obstacle
runs, Flock showed a remarkably similar pattern to Fh, however
there was no initial rapid decrease. On approach to the obsta-
cle, Flock is shown to be ≈ 0.4, reducing to ≈ 0.2 immediately
after the obstacle (x/x0 = 2.8) before increasing to 0.3 (x/x0 ≈
3). Flock−mean showed an average reduction of 43% between the

upstream and downstream regions. Flock was on average 21–
36% less than Fh, which is comparable to the findings of Marino
et al. (2005). Both Flock and Fh increased locally at approxi-
mately x/x0 = 1.5 for run 10. This was caused by a localized
increase in Un. The most probable cause for this due to the
influence of how the slurry was poured into the lock-box and
released. The mechanical lock-box gate was installed to min-
imize difference in gate opening speed; however, for all tests
there was an empirical factor to the pouring of the slurry into
the lock-box.

Finally, R was calculated for no-obstacle and obstacle runs
(Fig. 13a, b, respectively) using Eq. (6). For both obstacle con-
figurations, mean Reynolds number, Rmean, varied considerably
over the density range (Table 1). As expected, no-obstacle tests
showed R to initially increase rapidly due to increasing zh and
Un. Similar to the Froude analysis, R stabilized to a degree after
xf /x0 ≈ 1. R thereafter ranged from 12,000 to 28,000, where
runs with higher density showed greater R. This is noticeably
lower than Wilson et al. (2017b), who found confined currents
of identical density and zh to have a R interquartile range of
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Figure 13 (a) Reynolds number, R, as a function of xf /x0 for no-obstacle tests (runs 1–8). (b) R as a function of xf /x0 for obstacle tests (runs 9–16),
where the obstacle location is identified by dashed lines. For clarity, only every 32nd datum is shown

15,400–54,900. The difference with the present study is a result
of the smaller zh, associated with the unconfinement. Obsta-
cle tests showed similar characteristics; however there was a
rapid decrease in R from x/x0 ≈ 2.5 onwards until after the
obstacle (x/x0 ≈ 3) where it began to increase to a range of
negligible difference to non-obstructed tests. On average, the
obstacle caused a 17% reduction in R between the upstream and
downstream regions.

4 Discussion

Based on constant velocity and Froude measurements, the no-
obstacle tests (1–8) showed characteristics consistent with being
within the slumping phase. However, it was hypothesized that
with the presence of the obstacle, the current may have entered
the self-similar phase earlier than the theoretical distance of
5 ∼ 10 x0, as the reduced velocity of the head upon impact would
minimize the distance needed for the reflected ambient bore to
reach the front. However, at least within the spatial boundaries
of the false floor, this was disproved by two key observations: (i)
there was no physical evidence of an ambient bore propagating
from the lockbox; and (ii) Froude scaling was found to be depen-
dent on initial lock conditions, which holds true for currents
within the slumping phase (Marino et al., 2005). La Rocca et al.
(2008), who studied unconfined currents, also found a reflected
ambient bore to be absent, hence suggested that the currents
could not be considered within a so-called slumping phase. They
also found the current assumed two phases of movement: an ini-
tial phase, where front velocity increases, followed by a phase
of deceleration. However, the same was not found in the present
study, suggesting that further research is needed. Specifically,
there is merit in adopting a set-up with a smaller x0/xmax ratio
and a longer analysis area downstream of the obstacle to con-
firm. The conducted Froude analysis showed Froude number

defined by dynamic head height, Fh, experienced an initial rapid
decrease due to the increase in zh. This was not present for Flock,
although both methods showed a similar pattern above and after
the obstacle. Therefore, it can be concluded that Un takes prece-
dence over zh or z0 in determining local Froude number. Flock

produced lower values, driven by a larger z0, relative to zh. This
suggests that a hybrid approach may be needed in future work,
where Froude number is defined by zh, once zh stabilizes before
the obstacle. Similarly, it cannot be ruled out that the obsta-
cle may influence the constant-velocity, self-similar transitional
stage. Therefore, it is an area which requires more investigation
in future studies, particularly over a larger distance downstream
of the obstacle, as the present study focused on the obstacle
characteristics within the theoretical slumping phase.

One of the key visual characteristics of the current–obstacle
interaction was the reflected bore towards the lockbox. As dis-
cussed in Section 1, previous studies have shown this bore to be
of an undular form. However, as shown in Fig. 4e, f, two struc-
tures can be seen: (i) a linear, streamwise billow in the form of
a classical hydraulic jump, and (ii) a high-density undular bore
which accelerates at a greater rate than the former. The expand-
ing boundary of the larger billow may be explained by the abrupt
reflection of the vertical jet, where expansion is driven by ambi-
ent entrainment. Conversely, the undular bore is driven directly
by reflected inertial forces. The apparent absence of the blunt,
reflected billow in previous studies is likely due to their use of
triangular or Gaussian-shaped obstacles, where current expan-
sion is directed downstream (Tokyay & Constantinescu, 2015;
Woods et al., 1998; Yaghoubi et al., 2017).

The nature of the reflected bores invokes a number of prac-
tical considerations for obstacles used in engineered designs.
When considering an obstacle as a barrier for reservoir turbidity
currents, the distance travelled by the high-density undular
bore becomes important as it affects the area of concentrated
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sediment deposition and potential resuspension. This has fur-
ther implications on long-term sediment removal maintenance
behind the barrier, and also the impact on bed fauna and
flora. Similarly, the expanding jet created upon current colli-
sion with the obstacle directly affects turbidity of ambient water
by increasing the opaque current height, which can degrade
the surrounding ecosystem by reducing sunlight penetration
(Chowdhury & Testik, 2014). There is also potential for the
reflected bores to resuspend basal sediment; therefore, deposi-
tion patterns and their relation to obstacle dimensions become
important and require further investigation. The lateral move-
ments of the current along the upstream obstacle face are also
important. Figure 9b showed that lobe-and-cleft instabilities are
deflected outwards laterally, and may encourage lateral mixing
of ambient fluid. In a practical sense, the extent to which cur-
rents propagate laterally along an obstacle is important for both
designing the extent of reservoir obstacles, and also understand-
ing the extent of a submarine cable or pipeline which may be
at risk from an axisymmetric turbidity current. Hence, there is
merit for future studies to include in situ measurement sensors,
such as ultrasonic Doppler velocity profilers, to measure the
lateral velocity at the obstacle face.

The rough substrate was included as a test parameter to deter-
mine its effect on current flow, hence its usefulness in laboratory
models. However, although substrate was shown to decrease
longitudinal front propagation rate, the Froude/Reynolds analy-
sis showed that overall, the rough substrate had little effect. This
is in contrast with La Rocca et al. (2008), who despite show-
ing very similar streamwise Un to the present study for smooth
substrates, demonstrated surface roughness had a greater effect
on front velocity during the outlined second phase of move-
ment. However, the latter study conducted tests using saline
currents over a flat bed and tested a greater range of roughness
(0.7–3.0 mm), hence drag forces due to friction were greater.
Nonetheless, there is merit in further studying the effect rough-
ness has on the vertical velocity profiles and density structure of
the currents surrounding the obstacle.

5 Conclusions

The objectives of the presented study were to investigate the
key flow characteristics and processes of an unconfined turbid-
ity current interacting with a rectangular obstacle, within the
theoretical slumping phase.

Upon release from the lock-box, the turbidity current prop-
agated in a radial manner, with longitudinal velocity exceeding
lateral velocity. When the current reached the obstacle, the flow
was deflected vertically as a jet, laterally along the obstacle
face, and upstream towards the lockbox in the form of a hybrid,
turbulent and undular hydraulic jump. The current then tra-
versed the obstacle, reattaching with the bed and forming a new
head. Lateral deflection caused acute folding of the sub-radial

instability groupings at the front, suggesting enhanced ambi-
ent fluid entrainment. Practically, lateral mixing and veloc-
ity may provide an understanding of the extent to which an
otherwise unconfined turbidity current may travel parallel to
a submarine pipeline, or a reservoir barrier, hence assisting
in design.

For no-obstacle tests, current velocity was consistent, agree-
ing with the theory of the slumping phase; however, no reverse
ambient bore was present. Although bore absence has been
found in previous unconfined studies, the constant velocity in
the present study differs. This questions whether the slump-
ing phase under unconfined conditions exists, and needs to be
further studied. Current velocity was found to increase pro-
portionally with density, although instabilities within the body
were diminished with greater density. The substrate was found
to reduce front velocity; however, substrate condition had little
effect on the Froude and Reynolds numbers. The obstacle was
found to reduce local Froude and Reynolds numbers by 43–
54% and 17%, respectively. Froude numbers defined by lock
height and local current height had similar patterns over the
obstacle, showing that front velocity becomes more important
than current height or lock height. However, Froude numbers
differed significantly in the initial stages, where current height
increases rapidly. Therefore, future work is needed to define
a scale where Fh becomes comparable to Flock and to con-
firm the importance of front velocity over current height at the
obstacle.
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Notation

F = Froude number (–)
fe = mean capture frequency of elevation camera

(s–1)
Fh = Froude number defined by zh (–)
Fh−mean = mean Froude number defined by zh (–)
Flock = Froude number defined by z0 (–)
Flock−mean = mean Froude number defined by z0 (–)
fp = mean capture frequency of plan camera (s–1)
g = acceleration due to gravity (m s−2)
g

′ = specific gravity, as a fraction of ρa (m s−2)
g

′
0 = specific gravity, as a fraction of ρ0 (m s−2)

h = characteristic height of current (m)
I 0 = initial light intensity threshold (–)
Ib = light intensity threshold applied to the rear of

the current (section B) (–)
Ip = light intensity threshold applied to plan

images (–)
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mk = mass of kaolinite clay (kg)
ms = mass of spherical glass beads/ballotini (kg)
N = total number of images processed in each exper-

imental run (–)
R = Reynolds number (–)
Rmean = mean Reynolds number (–)
te = elapsed time from first recorded elevation image

(s)
tp = elapsed time from first recorded plan image (s)
U = characteristic current velocity (m s−1)
Un = front velocity of current (m s−1)
Vw = combined volume of water in the slurry bucket

(l)
x = streamwise distance measured from lock-box

gate (mm)
x0 = streamwise length of lockbox (mm)
x75 = the first 75 mm ignored in photometric analysis

(mm)
xa = streamwise length of current front section

(section A) (mm)
xb = streamwise length of current rear section

(section B) (mm)
xf = streamwise distance of current front from lock-

box (mm)
xmax = streamwise extent of bed (mm)
y = spanwise distance, measured from the stream

wise centre of the false floor (mm)
yf = spanwise current front location (mm)
ymax = maximum spanwise extent of false floor, mea-

sured from the streamwise centre (mm)
z = vertical distance, measured from the bed (mm)
z0 = depth of water at lockbox gate (m)
zh = current head height (m)
Γ = pixel calibration factor (mm pixel−1)
Γ e = pixel calibration factor for elevation images

(mm pixel−1)
Γ p = pixel calibration factor for plan images (mm

pixel−1)
θ = bed slope angle (°)
ν = kinematic viscosity (m2 s−1)
ρ0 = initial theoretical density of turbidity current (kg

m−3)
ρa = density of ambient water at measured tempera-

ture (kg m−3)
ρk = particle density of kaolinite clay (kg m−3)
ρs = particle density of spherical glass beads/

ballotini (kg m−3)
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