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Fig. 4 Flow properties and sediment motion beneath a breaking tidal bore-flow conditions: S0 = 0, Q = 
0.05 m3 js, d0 = 0.14m, V0 = 0.71 m/s, U = 0.84m/s, Fr = 1.4, x = 5 m, movable boundary bed. a (left) 
Instantaneous and mean free-surface profile and longitudinal pressure gradient force . b (right) Time-variation 
of the longitudinal velocity component at z/d0 = 0.041. c (left) Sediment particle trajectories as function of 
time for an experimental run. d (right) Maximum sediment particle acceleration as a function of the relative 
bore passage time 

3.2 Forces acting on sediment particles 

The instantaneous forces acting on the sediment particles were estimated based upon the 
simultaneous measurements of the free-surface properties, instantaneous velocity compo­
nents next to the bed and instantaneous particle velocity. While the net force (F = ms x a) 
acting on each particle, where a = 3Vs/3t is the particle acceleration, was estimated as in 
Khezri and Chanson [16], the drag and virtual mass force terms were calculated using the 
instantaneous velocities. The novel contribution herein was the larger data set together with 
the calculation of the instantaneous forces based upon the instantaneous velocity data. The 
longitudinal pressure gradient force was deduced from the bore free-surface profile assuming 
hydrostatic pressure distributions. For completeness, the Boussinesq equation was tested to 
account for the free-surface curvature following Montes and Chanson [25], and the results 
showed <5% difference from the hydrostatic pressure estimates at the channel bed. 

The time-variation of the pressure gradient force is presented in Figs. 4a and 6, high­
lighting the large longitudinal pressure force at the roller toe (Point 2). Figure 6 shows the 
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Fig. 5 Sediment particle motion properties beneath a breaking tidal bore-flow conditions: S0 = 0, Q = 
0.05 m3 /s, d0 = 0.14 m, V0 = 0.71 m/s, U = 0.84 m/s, Fr = 1.4, x = 4.5-5.5 m movable boundary bed. a 
(left) Particle motion duration. b (right) average particle velocity-(V s)mean. c (left) Maximum instantaneous 
particle ve1ocity-(V s)maK· d (right) Maximum particle acceleration-amaK 

instantaneous forces acting on two particles during a same run, with t- t2 = 0 corresponding 
to the moment when the bore roller toe passed right above the particle. The fluid velocity 
measurements were synchronised with the video recording, the ADV head being located on 
the gravel bed with the sampling volume: i.e., z = 5.8 mm above the bed, compared to the 
median particle size d8 ~ 5. 7 mm. 

The full results are summarised in Fig. 7 for more than 200 particles, and a line of best 
fit was added in Fig. 7a, b. The longitudinal pressure force induced the dominant force term 
during the bore roller toe passage (Fig. 7) and was mostly responsible for the onset of bed 
load motion. During the bore passage, the net force was negative before tending to positive 
values leading to the particle motion stoppage (Fig. 7a). The instantaneous virtual mass force 
term was non negligible (Fig. 7b). For a majority of particles, the instantaneous drag force 
was negative during the transient flow recirculation, adding to the pressure gradient force, 
although for a short duration (Fig. 7c). For a very small number of particles, a relatively large 
positive drag force was observed, opposing the sediment particle movement (Fig. 7d). 
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Fig. 6 Instantaneous net, pressure gradient, drag and virtual mass forces acting on a sediment particle beneath 
a breaking tidal bore tor two particles during the same experimental run-flow conditions: S0 = 0, Q = 
0.05 m3 fs, d0 = 0.14m, V0 = 0.71 rn/s, U = 0.84rn/s, Fr = 1.4, x = 4.5-5.5m, movable boundary bed 

4 Sediment motion and particle velocities 

The present data set provided further detailed information on the particle trajectories and 
diffusion in a rapidly varied flow corresponding to the upstream propagation of a breaking 
bore over a mobile gravel bed. In total 132 complete particle trajectories were selected and 
analysed. The data gave some quantitative information on the particle trajectory duration and 
length, the instantaneous particle velocity and the maximum particle horizontal acceleration. 
The statistics are summarised in Table 1. The bed particle trajectories were measured with 
different start point (Xstart) and starting time (Tstard· A first step in the analysis was to shift 
the trajectories in the x-direction such that all trajectories started from the same point of 
release (Fig. 8a). The cloud of relative trajectories is shown in Fig. 8a and resembles that for 
well-established diffusion cases, at least fort- Tstart < 0.25 s. This qualitative observation 
is confirmed in Fig. 8c where the variance of particle coordinate varied with (t- Tstart) 1.4 1. In 
a steady flow, such an exponent would correspond to ballistic particle trajectories, compared 
to an exponent of 0.5 for normal (Gaussian) diffusion [28]. The higher moments, skewness 
and excess kurtosis, are shown also in Fig. 8c. The data in Fig. 8c significantly deviate from 
Gaussian values for the entire trajectory duration. 

The dispersion and diffusivity of particles were estimated. All the results were expressed 
in terms of the relative trajectory timet' = t - Tstart· The absolute longitudinal dispersion 
was calculated as [ 18]: 

1 N 
D(t') = N x ~ (xi(t')- x(t'))

2 

l=! 

(5) 

where D is the absolute dispersion at time t', N is the number of particles at the relative 
time t' and x is the ensemble average at time t'. Thus the absolute longitudinal dispersion 
equals the variance of the data sample, and the data are reported in Fig. 9a. Note that the 
data trend exhibited a sharp drop when the number of particles at timet' dropped below 15. 
The absolute dispersion of single particles showed a non linear growth without intermediate 
phase. D varied with time as t' L41 which tended to correspond to a 'ballistic' regime (D ex t'2) 
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Fig. 7 Instantaneous dimension1ess forces acting on each sediment particle beneath a breaking tidal bore­
flow conditions: S0 = 0, Q = 0.05 m3/s, d0 = 0.14 m, V0 = 0.71 m/s, U = 0.84 m/s, Fr = 1.4, x = 
4.5-5.5 m, movable boundary bed. (a, Left) Net force: data and best fit line. (b, Right) Virtual mass. (c, Left) 
Drag force for 97% of particles. (d, Right) Drag force for 3% of particles 

in steady and pseudo-steady flows (Fig. 9a) [29]. The present analysis was however limited 
to relatively short particle travel times, as the number of particles in motion dropped sharply 
for t' > 0.2 s (Fig. 8a). The absolute diffusivity grew non linearly with time: K ex t'2·1 for 
t' < 0.2 s. Note however that the notion of absolute dispersion requires a relatively long 
dispersion time [31] which might not be met in the present study. 

The relative dispersion of particle pairs was estimated as: 

(6) 
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Fig. 8 Particle trajectories beneath a breaking tidal bore-flow conditions: S0 = 0, Q = 0.05 m3 js, d0 = 
0.14m, V0 = 0.71 rnls, U = 0.84m/s, Fr = 1.4, x = 4.5-5.5 m, movable boundary bed. (a, Left) 
X-Xstart = f(t-Tstart). (b, Right) X-Xend = f(t-Tend). (c, Left) Time variations of second-order, third 
order and fourth order moments of particle positions X-Xstart = f(t-Tstart). (d, Right) Time variations of 
second-order, third order and fourth order moments of particle positions Xend - X = f(Tend - t) 

where M is the number of pairs and (xi - Xj) represents the separation between two particles 
at time t'. The relative diffusivity is defined as: 

1 anC2) (t') 
K(2)(t') = - X ---

2 at' 
(7) 

The data are reported in Fig. 9b. Herein the calculations were conducted based upon the 
particle trajectories relative to the starting point, and they were restricted to sediment particle 
pairs which travelled together for a minimum of four time steps (i.e. 0.16s or more). The 
relative dispersion data indicated a non linear growth about D(2) <X t' 3 for t' < 0.25 s (Fig. 
9b ). The findings differed substantially from long term oceanic and wave data [18, 31]. The 
relative diffusivity increased non linearly with time: K(2) <X t'2·1 fort' < 0.2 s. The results 
might suggest an enstrophy cascade, observed for example in geophysical flows [19,26]. 
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Fig. 9 Time-variations of longitudinal dispersion and diffusivity of sediment particles beneath a breaking 
tidal bore-flow conditions: S0 = 0, Q = 0.05 m3 js, d0 = 0.14 m, V0 = 0.71 m/s, U = 0.84 m/s, Fr = 
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'fodi.Jie 1 Betl parlicle Lrajeclury, velucily autl acceleraliuu slalislics-nuw cuutliliuus: S0 = 0, Q = 
0.05 m3 js, d0 = 0.14 m, V0 = 0.71 rn/s, U = 0.84 rn/s, Fr = 1.4, breaking tidal bore, x = 4 .5-5.5 m 
movable boundary bed 

Parameter Mean Median Standard deviation Skewness Excess kurtosis 
(1) (2) (3) (4) (5) (6) 

Tstart - tz (s) 0.0133 0.0067 0.0671 0.3089 -0.5256 

Trajectory duration (s) 0.208 0.200 0.070 0.756 0.510 

Trajectory length Ls (m) 0.0150 0.0116 0.0110 2.06 5.71 

Instantaneous velocity IV sI (rn/s)a 0.0893 0.0732 0.0651 1.65 3.59 

Maximum acceleration lamax I 2.64 2.26 1.46 1.475 2.80 
(per trajectory) (rnls2)a 

tz: Absolute time of passage of roller toe above particle 
a Particle velocity and acceleration amplitude positive upstream 

The instantaneous particle trajectory data set provided some detailed information on the 
particle velocity statistics (Table 1; Fig. 1 Oa). Figure 1 Oa shows that the PDF of instantaneous 
particle velocities were skewed to the right (positive skewness). A statistical summary is 
included in Table 1. The histogram of particle trajectory length is shown in Fig. lOb. The 
data were skewed towards longer trajectory lengths and the mean value was slightly larger 
than the most probable value. On average the mean particle trajectory length was about 2.6 
median particle sizes, but the data indicated trajectory lengths ranging from <0.5 x ds up to 
13 x ds. In the rapidly varied unsteady flow, the particle motion was drastically shorter than 
observations of bed load motion in steady flows (e.g. [29]). 

5 Discussion 

The visual observations suggested that some particles were lifted up at the onset of motion 
before the bed load motion. The lift force on a sediment particle was estimated herein as: 

(8) 

where the lift coefficient was calculated following Mei [23] (see also [13]). The results 
indicated that the ratio of lift to relative weight forces was about 0.24 during the steady flow 
conditions and decreased towards <0.05 during the bore roller propagation. Simply the lift 
force could not counterbalance the particle's submerged weight. In turn, it is believed that the 
apparent upward motion of some particles was likely caused by some intergrannular reaction 
force when the particles were dislodged. 

Altogether the present data indicated that the combination of pressure gradient and drag 
force terms contributed primarily to the sediment sheet flow motion. The finding was validated 
with over 400 particles, including the data set of Khezri and Chanson [16]. The sediment 
movements were mostly a transient bed load motion, of relatively short duration, and the 
instantaneous lift force estimates did not support the occurrence of particle saltation. The 
gravel particle motion was characterised by large maximum horizontal accelerations (Fig. 5d). 
At the same time, some distinctive differences were observed between the present study and 
that of Khezri and Chanson [16] which was limited by some average velocity estimate. In 
particular the present data indicated that the virtual mass force term was non negligible . 
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Fig. 10 Sediment particle 
velocity and trajectory length 
PDFs beneath a breaking tidal 
bore. a PDF of instantaneous 
particle velocities (positive 
upstream). b PDF of particle 
trajectory lengths 
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Although the particle-particle collisions were not recorded, the inter-granular force mag­
nitude was deduced from Newton's law of motion applied to individual particles and by testing 
the validity ofEq. (2). The present findings suggested that the effects of inter-granular forces 
were possibly the most relevant at the onset of particle motion and during the particle motion 
stoppage. Focusing on the motion stoppage, the particle trajectories were analysed relative 
to the end point (Xend) and end time (Tend). The cloud of shifted trajectories is shown in Fig. 
8b, and the statistical data of particle coordinate are summarised in Fig. 8d. The variance of 
particle coordinate varied with (Tend- t)I.OS for Tend- t < 0.2 s. 
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6 Conclusion 

The transient sediment transport beneath a breaking bore was investigated in laboratory 
by measuring simultaneously the fluid and sediment motion. The study considered a tidal 
bore propagating upstream against an initially steady flow with a movable bed consisting 
of non-cohesive gravel materials, and the findings may be relevant to breaking waves in 
the swash. There was no sediment transport observed during the initially steady flow, and 
no gravel motion was recorded beneath undular bores. On the other hand, a characteristic 
transient sheet flow motion was observed beneath the breaking bores. The data showed that 
the sediment notion was initiated during the passage of the roller toe, when the discontinuity 
of the free-surface slope induced a large longitudinal pressure gradient force. 

During the laboratory experiments, the free-surface properties, and fluid and sediment 
velocities, were recorded simultaneously. The particles were subjected to large horizontal 
accelerations, with 5 % of particles subjected to maximum accelerations larger than 1 g. The 
particles were advected upstream with an average velocity magnitude comparable to the 
instantaneous fluid velocity. The analysis of the evolution of ensemble-averaged particle 
velocity from entrainment onwards, and close to stoppage, indicated that the particle motion 
for short time scales included two highly unsteady phases corresponding to onset of motion 
and stoppage. The duration of the acceleration phase and deceleration phase differed between 
different particles. Some particles were accelerated/decelerated just at the very beginning/end, 
while others were accelerated/decelerated over a longer period. Beneath the breaking bore, 
the sediment transport was caused by the longitudinal pressure gradient force complemented 
by a drag force term during the transient fluid recirculation, although the entire sheet flow 
motion was brief. The intergrannular forces played possibly a dominant role during the 
particle motion onset and stoppage. 

The present study complemented the earlier study of Khezri and Chanson [16], demon­
strating the potential for tidal bores to scour the channel bed and to advect upstream the 
sediments in a natural estuarine system. The present data provided some quantitative data in 
terms of various force terms acting on sediment particles beneath a tidal bore. The findings 
were consistent with a few prototype observations in tidal bores showing that the arrival of 
the bore front is associated with intense bed material mixing and upstream sediment advec­
tion behind the bore front [8, 9,27,32,34]. Future research should consider the effects of bed 
morphology [2] and take into account the sediment suspension transport. 
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CrossMark 

Unfortunately, in the original publication of this article the first author's last name was 
wrongly captured as Khzeri where it should be Khezri. 

The online version of the original article can be found under doi: 10.1007 Is 10652-0 14-9358-z. 
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