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Abstract 
 
A laboratory experimental study for sediment transport in the swash zone was carried out by using dambreak flow. 
Sediment concentration and transport velocity were measured by a light distinction method and particle image 
velocimetry respectively. Sediment flux was quantified by the product of aforementioned two factors for the whole 
swash event with a vertical resolution of 0.27 mm. The data were used to investigate the effect of velocity history on 
instantaneous sediment transport and two empirical sediment transport models were compared. It was found that except 
for the early uprush and late backwash, instantaneous depth-averaged sediment flux decayed following the decreasing 
velocity with a relatively stable rate. Neither Bagnold’s energetics model nor Shields parameter model showed 
satisfying predictive ability in the swash zone. Failure of these models was considered to be resulted from significant 
sediment advection and turbulence. 
 
Key words: swash zone, sediment flux, empirical sediment transport model, PIV, image analysis 
 
 
1. Introduction 
 
The swash zone is an active region connecting the inner surf zone and coastal land. Due to its thin water 
depth, complex flow structure and large amount of sediment transport, direct measurement of the swash 
zone is very difficult. Even though many research efforts have been made to improve our knowledge of this 
challenging region, understanding of this zone is still far away from satisfactory (Chardón-Maldonado et 
al., 2016).  
     Understanding of the swash zone processes is fundamental to predict beach erosion and accretion 
(Briganti et al., 2016). Recent studies of swash zone sediment transport aimed at improving the capability 
to achieve quantitatively accurate predictions of bed profile evolution. A key factor is how to couple 
sediment transport with hydrodynamics. Phase resolving wave models are often coupled with sediment 
transport models based on energetics type formulations (e.g. Bagnold, 1963, 1966; Meyer-Peter and 
Müller, 1948). A few recent studies have shown that this approach has moderate accuracy (Masselink et al., 
2005; Othman et al., 2014) while lots of researches indicated that its applicability in the swash zone is 
limited (Aagaard and Hughes, 2006; Butt et al., 2005). Since these energetics models are initially 
developed for steady, unidirectional flow, poor applicability in the swash zone is not surprising. On the 
other hand, incomplete sampling of the entire swash event and low vertical resolution made the real 
predictive ability of these energetics type models questionable (Chardón-Maldonado et al., 2016).   
     Wu et al. (2014) developed a new image-based measurement method for sediment flux with high 
resolution and it has been utilized to measure sediment transport in the swash zone successfully (Wu et al., 
2016). They have published experimental results of sediment flux and bed level evolution and confirmed 
that the difference between the measured net sediment load and bed level change is small, indicating the 
reliability and accuracy of the measurement. In this paper, we focus on the effect of the time history of 
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velocity on the instantaneous sediment transport and the applicability of the energetics type models in the 
swash zone based on the high-resolution data. 
 
 
2. Description of the experiment 
 
2.1. Experimental set-up 
 
The experiment was carried out in a modified open channel flume (7.1 m long, 0.3 m wide and 0.7 m high) 
(Fig. 1). A reservoir was placed at one end of the glass-sided flume. The reservoir was fronted by a steel 
gate, which could be lifted rapidly to generate a single dambreak bore propagating toward a sloping beach. 
The sandy beach was built on a 1:6 fixed slope. The median diameter (d50) of the sand used in the 
experiments was 0.16 mm. In the experiment, the reservoir was filled with water to a depth of 20.0 cm, and 
the water depth in front of the gate was set at 2.0 cm. The dambreak swash run was repeated for 20 times 
without restoring the sandy beach after each swash event. A swash run consisted of the dambreak flow 
running up and down over the sandy beach without any swash-swash interaction. Therefore, the swash run 
represents a ‘pure’ swash event. For each run, the gate was lifted by hands to generate a swash flow and 
water in the flume was pumped back to the reservoir for the next swash run. The origin of the x - z 
coordinate system was located at the toe of the sandy beach, with the x-axis directed shoreward along the 
initial beach surface, and the z-axis perpendicular to the beach surface (z = 0 was the initial bed level in the 
measurement position before the first run). More details of the experiment could be found in Wu et at. 
(2016).  
 

 
Figure 1. Modified open channel flume and experimental set-up 

 
2.2. Instruments and methodology 
 
Intra-swash sediment flux (instantaneous sediment flux within a swash event) was obtained from sediment 
concentration and sediment transport velocity measured by an image-based technique. Sediment 
concentration was measured by a light extinction method using a backlight source and sediment transport 
velocity was measured by particle image velocimetry (PIV).  
      An electro-luminance sheet (20 cm long, 15 cm high, and 0.07 cm thick; El-sheet hereafter) was placed 
in the swash flow parallel to the flume side-walls at 30 cm from the toe of the sandy beach as a backlight 
source. The El-sheet, a near-homogeneous planar light sheet with a brightness of 100 cd/m2, was installed 
1.5 cm inside from the front side wall. The El-sheet was fixed to the acrylic bottom plate so that sand under 
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the initial bed level was able to be illuminated. The thickness of the EL-sheet was so thin that the influence 
of the sheet to the flow was limited. A high-speed camera (IDT Inc., M3) with a Nikon lens of fixed 50 mm 
focal length was focused on the EL-sheet to record the sediment movement in front of the EL-sheet. It was 
rotated to be aligned to the initial sandy beach and fixed at 30 cm away from the El-sheet to give a 
resolution of 66 μm/pixel. The rate of the high-speed camera was set at 1000 frames per second (fps). The 
size of the recorded images was 520 × 1000 pixels, corresponding to a field of view (FOV) of 3.47 cm × 
6.67 cm captured area. The high-speed camera was triggered when the flow reached the toe of the beach 
and t = 0 was defined as the flow firstly appeared in the recorded area. According to the Beer-Lambert law, 
light brightness of the El-sheet would be attenuated by the emergence of the sandy flow and the rate of 
attenuation (A) has a linear relationship with the sand concentration (c) in front of the El-sheet,  

 
ܣ = ݃݋݈ ܤ

଴ܤ
= ݇

 
where B and B0 are light brightness with and without sandy flow in front of the El-sheet, respectively. k is a 
coefficient which was determined by a pre-calibration test. Since the light brightness could be measured 
from the recorded images, sediment concentration could be calculated from the light attenuation rate at 
every pixel of the images. 
 

 
Figure 2. Contiguous combined and single illuminated images of initial uprush (a), middle uprush (b), flow reversal (c) 
and late backwash (d), time interval between 2 images of every pair is 0.001 s. 
 
     Different from the conventional PIV with a laser system illuminating the seeded tracer particles, sand 
particles were directly used as tracer particles with the El-sheet as the light source in this study. In addition, 
a dual lamp stroboscope system (Nissin Electronic Corporation, SA-100B-W) was employed as an 
additional light source when the sediment concentration was too high to be illuminated by the El-sheet. The 
stroboscope was synchronized with the high-speed camera by a digital delay generator (Stanford Research 
Systems, Inc., DG645) with a frequency of 100 Hz which was one tenth of the camera frequency. The 
delay generator gave one signal to each of the two lamps in one cycle and time difference between the two 
signals was set at 0.001 s. Therefore, 2 successive images which were combined-illuminated by the El-
sheet and the stroboscope and 8 images which were single-illuminated by the El-sheet were obtained 
within every cycle of 0.01 s. Contiguous couples of combined- and single-illuminated images for different 
swash phases are shown in Fig. 2. Highly concentrated sand in the vicinity of the bed could be clearly 
illuminated by the stroboscope, especially in the early uprush. Therefore, transport velocity close to the bed 
was obtained from the combined-illuminated images, incorporating with the velocities obtained from the 
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single illuminated images in the upper layer; intra-swash transport velocity field was obtained at 100 Hz. 
An FFT-based multiple-pass cross-correlation algorithm with a grid refining scheme was adopted to 
measure the velocity field (Raffel et al., 2007). Two iterations of cross-correlation with interrogation 
windows of 96 × 32 pixels and 96 × 16 pixels were carried out to estimate integer displacement. A 
parabolic curve fitting function was employed to obtain sub-pixel accuracy (Raffel et al., 2007). The 
distance between two adjacent measurement points in the z-direction was 4 pixels (0.27 mm) leading to a 
vertical overlap of 75%. Ten inspection lines (marked from left to right) with an adjacent distance of 40 
pixels in the cross-shore direction were selected to estimate the velocity field. A detailed description of the 
measurement methodology could be found in Wu et al. (2014). 
 
 
3. Instantaneous sediment transport 
 
Examples of velocity and concentration fields at representative phases for uprush and backwash are shown 
in Fig. 3. Sediment concentration was obtained from light attenuation averaged over the same interrogation 
window as in the second iteration of PIV analysis. Thus, sediment concentration and transport velocity of 
the same spatial resolution were measured to calculate bed-parallel sediment transport rate (sediment flux) 
as a product of the two quantities:   ݍ = ܿݑ
 

 
Figure 3. Examples of velocity (a, b) and concentration (c, d) fields in the uprush (a, c) and flow reversal (b, d), (color 
bar indicates the scale of sediment concentration; horizontal axis of concentration field is the index of inspection line 
corresponding to the velocity field. 

 
Figure 4. Temporal and spatial behavior of instantaneous sediment flux measured at inspection line 5 within 
a swash period. 
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where q is the instantaneous horizontal sediment flux, u is the instantaneous bed parallel transport velocity. 
Data quality control was carried out to improve the measurement reliability and accuracy. Measurement 
error mainly stemmed from the air bubbles and the uneven water surface. Either concentration or velocity 
measurement was likely to be influenced. Hence, suspicious data close to the water surface were removed 
based on a local median filter (Raffel et al., 2007). Note that sediment concentration in the vicinity of the 
water surface was relatively low and this data quality control gave little effect on the quantification of 
sediment transport. 
     Fig. 4 shows the temporal and spatial behavior of sediment flux measured at inspection line 5 within a 
swash period. It is the first time that the instantaneous sediment fluxes are plotted against the velocities in 
the swash zone for an entire swash period attributing to the unique measurement method. Significant 
sediment fluxes were observed during the initial uprush. Sediment advection from the lower swash zone 
greatly contributed to the sediment flux at the measurement location. Since sediment concentration in the 
backwash was much weaker than that in the uprush, magnitude of maximum offshore sediment flux (-56 
kg/m2/s) was only about 1/3 of the maximum onshore sediment flux (150 kg/m2/s). Because of the low 
transport velocity (within the bottom boundary layer), sediment fluxes in the vicinity of the bed were very 
small even though the concentration is much higher. On the other hand, sediment flux in the upper layer 
was also small resulted from the very low concentrations even though the transport velocity was large 
there. 
 

 
Figure 5. Scatter plot of instantaneous horizontal velocity and sediment flux measured at inspection line 5 within a 
swash period, a: depth-averaged; b: z = 0.5 cm; c: z = 1 cm; d: z = 2 cm; e: z = 3 cm; color bar indicates the time 
normalized by swash event period T. 
 
     Scatter plots of instantaneous depth-averaged horizontal velocity and depth-averaged sediment flux 
measured at inspection line 5 within a swash period were shown in Fig. 5. It is found that except for the 
early uprush and late backwash, instantaneous depth-averaged sediment flux decayed following the 
decreasing velocity with a relatively stable rate. In the late backwash, due to sediment resuspension, 
although transport velocity declined but the magnitude of instantaneous depth-averaged (negative) 
sediment flux increased. Instantaneous sediment flux at high elevation showed a monotonous tendency 
with horizontal velocity (Figure 5d, e). Variation rate decreased with the elevation since the concentrations 
are much smaller in the upper layers while velocities varied little within the water column (except for the 
bottom boundary layer). It is considered that reversions in the uprush and backwash are due to bore related 
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and bed related turbulence, respectively. Therefore, in order to precisely predict sediment transport in the 
swash zone, turbulence and advection processes are necessary to be taken into account in numerical 
models. 
 
 
4. Empirical sediment transport models  
 
Most of the models for cross-shore swash zone sediment transport are based on either Bagnold (1963; 
1966) energetics approach or Shields parameter type model (Meyer-Peter and Müller, 1948) even though 
these models are initially developed for steady flow. Comparison between field data and modeling results 
ranges from very poor, with an incorrect net transport direction, to uncertain. One reason should be that in 
the most of the previous studies instantaneous sediment flux was evaluated by multiplying estimated 
sediment concentration and velocity at a single elevation. A previous study has shown that only using 
velocity at one elevation would underestimate total sediment flux (Masselink et al., 2005). It is suggested 
that sediment flux with high spatial and temporal resolution is required in order to further examine these 
empirical sediment transport model. Therefore, based on the high-resolution data of present experiment, we 
investigated the applicability of these empirical sediment transport model in the swash zone. 
 
4.1. Bagnold’s model  
 
Bagnold’s energetics type models are based on the assumption that a part of the fluid power (߱) is able to 
be delivered to the sediment particles and initiate their mobilization. The Bagnold’s bed load and 
suspended load models are described as: 
 

௕ܫ = ݇௕߱
߮݊ܽݐ −  ߚ݊ܽݐ

 
௦ܫ = 0.5(1 − ݇௦)߱

ܹ ⁄௦ݑ − |ݑ|) ⁄ݑ  ߚ݊ܽݐ(
 
where, ܫ௕ and ܫ௦ are immersed weight of bed load and suspended load, respectively. ݇௕ and ݇௦ are bed load 
and suspended load coefficient (kg/m3), respectively. ߮  is the internal friction angle of the sediment 
(tan߮ =  ௦ is the horizontal velocity of theݑ is the bed slope, ܹ is the sediment fall velocity and ߚ ,(0.63
sediments. The fluid power is often related to the product of free stream velocity and bed shear stress (߱ =
  .(߬ݑ
     Many past studies have evaluated the Bagnold’s energetics models by using field measurements of 
swash zone sediment flux. Bed shear stress is often described in the form ߬ =  and an empirical |ݑ|ݑ݂ߩ0.5
constant f is usually adopted in the past studies for calibrating the Bagnold’s energetics approach. Thus, the 
Bagnold’s energetics models can be simplified to ܫ௕ = ݇௕ݑଷ  and ܫ௦ = ݇௦ݑସ  if the sediment velocity is 
assumed to be equal to the fluid velocity. These type of Bagnold’s energetics models have been calibrated 
either in the inter-swash time scale over individual wave circles or half circles usually by use of sediment 
traps (Hardisty et al., 1984; Hughes et al., 1997; Masselink and Hughes, 1998; Masselink et al., 2009) or in 
intra-swash time scale relying on the collaborated measurements of sediment concentration and transport 
velocity (Puleo et al, 2000). The calibration of Bagnold’s energetics models shows varying degrees of 
success (Butt et al., 2005). A common finding is that the coefficient of uprush is greater than that of 
backwash, suggesting that uprush is more powerful to transport sediments.     
     In this study, in order to evaluate the applicability of the Bagnold’s energetics approach for intra-swash 
sediment transport, instantaneous parameters of depth-averaged sediment flux and the product of bed shear 
stress and depth averaged velocity are used as inputs. 
     Bed shear stress was calculated from von Karman-Prandtl’s logarithmic model, 
 

(ݖ)ݑ = ∗ݑ 
ߢ ݖ) ݈݊ − 0.7݀ହ଴

଴ݖ
)
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߬ =  ଶ∗ݑߩ
 
where ݑ∗ is the friction velocity, ߢ is the von Karman’s constant (0.4), ݖ଴ is the height above the bed at 
which velocity is assumed to be zero. ݖ଴  equals to kୱ/30 , where ݇௦  is the equivalent Nikuradse 
roughness. ߬ is bed shear stress,  ߩ is the fluid density. Shear velocity was estimated from a least square 
regression using same with previous studies (Cox et al., 1996; Puleo et al., 2012). 
     The velocity of sand and fluid are assumed to be identical. W is calculated by (Soulby, 1997), 
 

ܹ = ߤ
ହ଴݀ߩ

(ඥ1.049݀∗ଷ + 107.3 − 10.36)    
 

݀∗ = ݀ହ଴ ቈߩଶ݃(ݏ − 1)
ଶߤ ቉

ଵ/ଷ

 
where ߤ = 10ିଷ Ns/m is the dynamic viscosity of the fluid, ݀∗ is the dimensionless grain size, ݏ = 2.65 is 
the specific gravity of the sediment and ݃ is the gravitational acceleration.  
 

 
Figure 6. Intra-swash comparison between Bagnold’s energetics approach and the instantaneous depth averaged 
sediment fluxes of 4 swash runs. Bed load model for uprush (upper left panel), bed load model for downwash (upper 
right panel), suspended load model for uprush (lower left panel) and suspended load model for downwash (lower right 
panel), arrows indicate the temporal sequence of data points.   
 
     Fig. 6 shows the comparison between the Bagnold’s energetics models and the instantaneous depth 
averaged sediment flux of 4 swash runs. Arrows in the figure indicated the temporal sequence of the data 
points. Instantaneous depth averaged sediment fluxes showed a monotonous decreasing tendency during 
the uprush. And a linear relationship could be inferred both for the bed load and suspended load model 
apart from the initial uprush, where depth averaged sediment flux was relatively large. Failure in the initial 
uprush might be stemmed from the bore-generated turbulence and sediment advection. Depth averaged 
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sediment flux kept growing after the flow reversed to offshore. Both the magnitudes of bed shear stress and 
depth-averaged transport velocity were enhancing during the former half backwash, resulting in an increase 
in the fluid power. Correspondingly, a linear relationship was observed before the peak of offshore velocity. 
Bed shear stress and depth-averaged transport velocity started to decay after the peak of offshore velocity 
and it increased strongly in the late backwash, making the fluid power became disorder relating to the 
instantaneous depth averaged sediment flux. Based on the current experimental results, Bagnold’s 
energetics approach seems to be more reliable during uprush than backwash but it is not completely 
adequate for predicting sediment transport in the swash zone as has been demonstrated by many other 
researchers (Butt et al., 2005; Puleo et al., 2005; Blenkinsopp et al., 2011) and the suspended load model 
shows no advantage over the bed load model. 
 
4.2. Meyer-Peter and Müller’s model 
 
The Shields parameter type model was also validated by using the measured data of this study. Meyer-Peter 
and Müller (1948) suggested the non-dimensional sediment transport rate ߔ has a relationship with the 
Shields parameter as following, 
 

ߔ = ݇௖(ߠ −  ߠ√(௖ߠ
 
where ߔ and ߠ are respectively defined as  
 

ߠ = ߬
ݏ)ߩ − 1)݃݀ହ଴

 
 

ߔ = ܫ
݀ହ଴ඥ(ݏ − 1)݃݀ହ଴

 
݇௖ is an empirical coefficient (݇௖ = 12; Nielsen, 1992), and ߠ௖ is the critical Shields stress parameter below 
which no sediment transport occurs (ߠ௖ = 0.05). Fig. 7 presents the comparison of measured and modeled 
intra-swash non-dimensional sediment transport rate of two swash runs. The model is only capable of 
predicting the general tendency of the sediment transport rate but shows poor agreement in the magnitudes. 
O’Donoghue et al. (2016) also tested the Shields type model, and found a factor of 2 in the difference 
between the measured and modeled transport rate. One probable reason is that sediments used in their 
experiments are much coarser (d50 = 1.3 mm and 8.4 mm), so sediment advection might be much weaker 
than the present study. 
 

 
Figure 7. Comparison of measured and modeled intra-swash non-dimensional sediment transport rate. 
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5. Conclusions 
 
A laboratory experiment was carried out on a mobile fine sandy beach. Intra-swash sediment transport was 
captured throughout the entire swash runs including the initial uprush and late backwash. Sediment 
concentration was measured by a light extinction method and transport velocity was measured by PIV. 
Sediment flux was quantified by the products of the two factors with high temporal and spatial resolution. 
Effect of velocity history on instantaneous sediment transport was investigated and applicability of two 
empirical sediment transport models in the swash zone was tested by using present experimental data. The 
following are the main conclusions of this study: 
 

1) Sediment advection from the lower swash zone greatly contributed to the sediment flux at the 
measurement location. The magnitude of maximum offshore sediment flux was only about 1/3 of 
the maximum onshore sediment flux at the measurement location.  

2) Except for the early uprush and late backwash, instantaneous depth-averaged sediment flux 
decayed following the decreasing velocity with a relatively stable rate. In the late backwash, due 
to sediment resuspension, transport velocity declined but the magnitude of instantaneous depth-
averaged (negative) sediment flux increased. 

3) Instantaneous sediment flux at high elevation showed a monotonous tendency with horizontal 
velocity. Variation rate decreased with the elevation since the concentrations are much smaller in 
the upper layers while velocities varied little within the water column (except for the bottom 
boundary layer). 

4) In the uprush, a linear relationship between sediment transport rate and fluid power could be 
inferred either for the Bagnold’s bed load or suspended load model apart from the initial stage. 
Failure in the initial uprush was suggested due to the bore-generated turbulence and sediment 
advection. In the backwash, a linear relationship was also observed before the peak of offshore 
velocity. It is suggested that because of the change of bed shear stress, models failed in the later 
backwash. 

5) The Shields parameter model can only predict the general tendency of instantaneous sediment 
transport, which is considered to be resulted from serious sediment advection since fine sand was 
used in present study. 

 
   The present study is a first step for improving the predictive ability of sediment transport in the swash 
zone. Further studies of sediment pick-up are undergoing in order to understand the entrainment process of 
sand in the swash zone.     
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