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Abstract

Laboratory experiments are performed to explore the response rule of a sandy beach profile under plunging wave
on a non-uniform sediment-bed slope. The initial beach slope of combination of 1/10 and 1/20 is exposed to
regular waves and cnoidal waves respectively. The free surface elevation, process of wave propagation, wave
breaking, uprush and backwash and the change of a cross-shore beach profile are measured and recorded. The
beach profile under the regular waves action exhibits two parts: a sandbar profile and a beach berm profile, and
only one typical profile transformation under the cnoidal waves action is obtained, which is the beach berm
profile. In the laboratory experiments, it is found that the beach states under wave action related to the previous
factors. In addition, they are related to the characteristic of breaking waves such as the breaking intensity of the
plunging wave. A concept about the characteristic angle of the plunging wave has been put forward through the
observation and analysis of the phenomenon of the laboratory experiment. A qualitative analysis about the
sediment transport carrying by currents generated from the plunging wave and the state of beach profile under
the wave action has been done. The quantitative analysis about the relationship between the characteristic angle
and Irribarren number has been done. An available formula of equilibrium states for the sandy beach induced by
the plunging wave has been established based on the relationship between Irribarren number and the beach
profile. By fitting these experimental results and others' experimental results to three lines, the three fitting
coefficients can be calculated in their formula respectively. The recommended empirical formulas can divide
three states of a beach morphology profile obviously, which include a depositive beach, an erosive beach and an
intermediate beach.
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1  Introduction
The morphology of the sandy beach depends mainly on coup-

ling effects together with the contribution from wave, tide, flow
and sediment. The cross-shore morphology of the sandy beach is
an important issue for a coastal erosion (Grasso et al., 2009).
Even though cross-shore sediment fluxes are usually a few or-
ders of magnitude smaller than a longshore transport, the cross-
shore beach profile has a strong influence on longshore velocity
profiles and therefore on longshore sediment fluxes. The beach
profile is the result of the trade-off between onshore and offshore
fluxes. In addition, the intensity of the sediment transport during
the uprush and the backwash is increased by the advection of
turbulence and sediment from the surf zone due to bore collapse
and/or wave breaking (Jackson et al., 2004; Pritchard and Hogg,
2005; Hughes et al., 2007; Alsina et al., 2009; Masselink et al.,
2009). This complexity that the beach profile is normally domin-
ate by the sediment transport in the surf zone with multiple wave
breaks is very difficult to reproduce with numerical models and a

physical model then becomes an interesting alternative.
Due to this complexity, the concept of equilibrium beach pro-

file and its state formula are both very useful. In a stable wave
field, the beach profiles will tend to be stable, and along with the
wave and flow conditions change, the beach profile will change.
From the 1940s, many scholars use coastal dynamics theory to
expound beach profile states and a profile evolution rule through
experimental study and field observation. Three types of the
beach profile states had been classified as shown in Fig. 1, which
include erosive beach, depositive beach and intermediate beach.
The shoreline of the erosive beach is retreating, and the sedi-
ment sink down in an offshore zone to generate a sand bar, also
known as sandbar profile. The shoreline of the depositive beach
is advancing, and the sediment sinks down in a backshore zone to
generate a berm, also known as a berm profile. The intermediate
beach fall between the erosive beach and the depositive beach,
and the sediment transport to two sides of the breaking point.

There is a beach profile classification which is based on the  
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displacement of topography from the initial beach slope (Sun-
amura and Horikawa, 1974; Mimura et al., 1986) in Fig. 1. Type a
indicates that a shoreline retrogresses and sediment accumulate
in the offshore zone; Type b indicates that a shoreline progresses
and no sediment deposition takes place offshore; and Type c in-
dicates that a shoreline advances and sediment piles up offshore.

According to studying on the theory of the topography on
Australia southeast coast, Wright and Thom (1977) first pro-
posed six commonly occurring states and a coastal topographic-
al dynamics theory, which had been known as the Morphody-
namics. The six commonly occurring states were dissipative and
reflective extremes and four intermediate states. There are many
studies on a two-dimensional beach transformation and a cross-
shore sediment transport in and out of the surf zone. Many in-
vestigations had been performed to determine parameters classi-
fying beach profiles, such as by Johnson (1949), Dean(1973, 1991)
and Xu (1988). A wave steepness, slope, and other nondimen-
sional parameters had been adopted to their expressions respect-
ively or concurrently.

The profile states of the beach erosion or deposition are influ-
enced by sediment transport offshore and onshore directions,
which controlled by some coastal dynamic factors, such as wave,
current, sediment characteristics and other factors. The typical
profile states of the sandy beach include ripple, sand bar, barrier
and berm. Water waves were applied in a laboratory flume to in-
vestigate the evolutions of the velocity fields near a sandy bed.
Many results obtained from an experimental investigation that
were performed using irregular wave conducted to determine the
wave-induced geometric characteristics of offshore ripples and
bars were presented (Günaydın and Kabdaşlı, 2003b). The dis-
cussion of results from the laboratory experiments with regular
wave sheds light on the gap that lies between the sediment trans-
port associated with ripple migration and the performance of a
standard bedload transport formula in terms of a bed shear
concept (Yamaguchi and Sekiguchi, 2011). Laboratory data and
large-scale laboratory data were presented on the influence of
regular waves, irregular waves, free long waves, bound long
waves, bichromatic wave groups and random waves on the sedi-
ment transport in the surf and swash zones (Doering and Baryla,
2002; Baldock et al., 2010, 2011; Tzang et al., 2011). In the experi-
mental study, the regular wave, the random wave, the long wave,
the wave group and the solitary wave (Roelvink et al., 1995; Ren-
iers et al., 2001; Kobayashi and Lawrence, 2004; Baldock et al.,
2010, 2011; Young et al., 2010; Alsina et al., 2012) were applied in
a laboratory flume to investigate the evolutions on the sandy
beach, and the rule of sediment transport and state of the beach
profile had been researched. These studies were expected to re-

veal the relationship among types of wave, compose of sediment
and state of sandy beach profile. These formulas (Bagnold, 1940;
Sunamura and Horikawa, 1974; Guza and Inman, 1975; Kaneko,
1985; Günaydın and Kabdaslı, 2003a) mainly considered the
wave steepness, the gradient of slope, the settling velocity of sedi-
ment and other factors. The relationship was established
between the wave hydrodynamic conditions and the sediment
transport, and an empirical formula and a semi-rational formula
had been used to estimate the type of the beach profile states.

A large number of experimental studies over the years have
greatly improved the present understanding of dynamics within
the beach states under wave action. However, there are some dis-
advantages on the formula of the beach states due to that the
situation is so complex. While a set of laboratory experiments
were performed on this study, phenomena in a real beach could
not be necessarily reproduced in wave flumes. The difference of
phenomena in the real beach and laboratory is caused by several
factors such as scale effect of physical model, three-dimensional
effect of real topographic change, irregularity of real waves, etc.
(Mimura et al., 1986).

In this study, we find that the beach states under wave action
are related to the above factors, in addition, it is related to the
characteristic of breaking waves such as the breaking intensity of
plunging waves. Existing methods that have been used to de-
scribe wave breaking characteristics employ a non-dimensional
parameter, such as the Irribarren number [Eq. (1)] (Irribarren
and Nogales, 1949 -cited Mead and Black, 2001), or the surf scal-
ing parameter [Eq. (2)] (Guza and Inman, 1975) and the surf sim-
ilarity parameter (Battjes, 1974).

» = i=
p

H 0=L 0; (1) 

" = ab!
2=(gi2); (2) 

where, ξ is the Irribarren number, i is a representative beach gra-
dient, H0 and L0 are the deepwater waveheight and wavelength,
respectively. ε is the surf scaling parameter, ab is the wave amp-
litude at breaking, ω is the wave radian frequency and g is the
gravity constant.

Longuet-Higgins (1982) proposed fitting the breaking vortex
shape of a plunging wave profile to a cubic function, and postu-
lated this may be a better descriptor of the “intensity” of a
plunging wave breaking event than the surf similarity parameter
(SSP, Fig. 2). The vortex length to width ratio was been identified
as a good indicator of the plunging wave breaking intensity, and
to enable the breaking intensity of high-quality surfing waves to
be clearly communicated, a classification scheme had been cre-
ated. The breaking wave intensity is described in five categories
from extreme to medium (Mead and Black, 2001).

a. erosive

b. intermediate

c. depositive

 

Fig. 1.   Schematic types of beach profile state.
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Fig.  2.     Cubic  vortex  fitting  to  wave  shape  (Mead  and  Black,
2001).
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where l, w and θ are the vortex length, width and angle in fitting
cubic, respectively; H is the estimated wave height.

In this paper, we attempt to analyze the relationship between
the state of the sandy beach profile and the characteristics of the
plunging wave. Different types of wave in the sandy beach have
been considered, and the free surface elevations, the processes of
wave propagation, wave breaking, uprush and backwash and the
evolution of cross-shore beach profile were measured and recor-
ded, which were used to explore the rule of evolution of the
sandy beach profile under wave action. On the basis of experi-
mental results, a concept about the characteristic angle of the
plunging wave was put forward through the observation and the
analysis of the phenomenon of the laboratory experimental pro-
cess. A qualitative analysis on the sediment transport by current
generated from the plunging wave and the state of beach profile
under wave action had been done. The states formula of the

sandy beach profile induced by the plunging wave had been es-
tablished based on the relation of Irribarren number and the
state of beach profile. These experimental results and others’ ex-
perimental results were made use of fitting to three trend lines,
and three fitting coefficients were calculated in their formula
respectively.

2  Experimental description

2.1  Experimental setup
The experiments were carried out in a wave flume equipped

with a piston wave generator (Fig. 3), 40 m in length, 0.8 m in
depth and 0.5 m in width, equipped with sponge absorption for
the control of wave generators in wave flumes. This made it pos-
sible for simultaneous generation of desired incident waves, and
absorption of the associated reflected waves.

For the convenience of describing the sand beach and the ar-
rangement of the measuring devices, a flume coordinates system
was been noted. The x-axis is aligned with the cross-shore direc-
tion, with the positive direction pointing the wave propagation
and x=0 defined at the toe of the sandy beach slope. The z direc-
tion is aligned in the vertical direction and is positive pointing
upward with z=0 defined on the bottom of the basin. The y axis is
aligned with the longshore direction. The sensors are numbered
sequentially with ascending x or z coordinate.

¾g =
p

d84=d16 = 1:824

The laboratory generalization experiment on mechanism of a
beach profile evolution had been presented in this study, and the
scale setting did not to be considered. The beach (with a combin-
ational slope of 1:10 and 1:20) was formed with 1.81 m3 (after pre-
liminary sieving) of the natural Xiangjiang River sand. A sieve
analysis was performed on the sand samples, and the grain-size
distribution obtained from the test is shown in Fig. 4. The grain
size were being the mean median diameter d50=0.363 mm, the

geometric standard deviation , the specif-

ic gravity s=2.65, and the fall velocity w=2.39 cm/s. The sand bed
thickness was practically nil at the toe while it was 65 cm at the
end of the beach, 9.5 m from the toe. Fresh water (from the city
tap) was used in the experiments. The nominal water depth is
0.30 m, 0.35 m and 0.40 m with a maximum deviation of ±1 mm.
Actual water depths were recorded before each wave.

Three kinds of measurements were made: water surface elev-
ation measurement, fluid velocity measurement and beach pro-
file measurements. Eleven capacitance wave gauges (acquisition
at 50 Hz) and non-contact ultrasonic displacement gauges (ac-
quisition at 20 Hz) were used to measure instantaneous water
surface elevations, of which seven were resistance-type wave
gauges (WG, RBR Inc.) and four were ultrasonic wave gauges

(UWG, Sinfotek Ltd.). The resistance-type wave gauges were de-
ployed seaward of the shoreline from x=–18.0 m to x=2.5 m and
the ultrasonic wave gauges were installed landward of the
shoreline, from x=2.5 m to x=4.0 m. Acoustic-Doppler velocimet-
ers (ADV, Nortek Vectrino) were deployed to measure the near-
bed fluid velocities on the breaking point. The ADV was kept at
approximately 5 cm above the bed by adjusting their vertical pos-
itions between the runs. That specific locations were been moved
according to the change of experimental condition. The beach
profile was measured by the URI-IIIU ultrasonic topographic in-
strument (UTI, Wuhan University Electronic Information Insti-
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Fig. 3.   Schematic diagram of experimental setup. h is the water depth in the wave flume, i the beach gradient.
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Fig. 4.   The grain-size distribution of three samples of the sand
used in this experiment.
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tute), which has measurement accuracy up to ±1 mm. Video cap-
ture was used to record the whole experiment process. Two cam-
eras (Pro C920 HD Webcam, Logitech Inc.) were located at one
side of the wave flume to record the whole experiment process,
such as wave uprush and backwash, sediment movement and
beach profile changes. The locations of cameras needed to be
slightly adjusted for each case.

2.2  Wave conditions
The experimental program was divided in two test series (reg-

ular wave and cnoidal wave), and within each test series a num-

ber of different wave cases were generated (Table 1). Wave condi-
tions were chosen according to the ability of the wave generator
and a comparative analysis in different cases and the basis of pre-
vious experiments in the wave flume. Typical erosion/accretion
threshold criteria based on the relative fall velocity also were be-
ing considered, and the final profiles and the net sediment trans-
port are consistent with these initial estimates. In this study, the
regular waves and the cnoidal waves were been chosen to im-
pact the sandy beach, which to investigate the evolution rule of
the sandy beach profile under wave action.
 

Computed Irribarren number [Eq. (1)] (Irribarren and No-
gales, 1949 -cited Mead and Black, 2001) ranged between 0.323
and 0.860, and computed surf-scaling parameters [Eq. (2)]
(Wright and Short, 1984) ranged between 2.927 and 10.536 (Ta-
ble 1) during the initial tests for all data sets. Camenen and Lar-
son (2007) graphically analyzed the lines of separation between
each breaker type, and postulated that each inflection point in
the graph marked a breaker type boundary. According to the
wave parameter in this study, the wave breaker category bound-
aries can be drawn in Fig. 5, and so the types of breaking wave
were visually identified as predominantly plunging wave in the-
ory. In fact, the breaking waves that we observed in the experi-
ment were basically the plunging waves.

The circles are experimental results. The lines are breaker
type separation lines. The solid line is a nonbreaking boundary
and an unstable wave boundary respectively, and dash lines rep-
resent a spilling/plunging boundary, plunging/collapsing bound-
ary and a collapsing/surging boundary respectively. The four
zones mean that ① a spilling breaker area, ② a plunging breaker
area, ③ a collapsing breaker area, ④ a surging breaker area.

2.3  Summary of the experimental methods
All the instruments were calibrated according to standard

procedures and some repeatability discuss about the experiment
were carried out before the tests, including waves generating, ini-
tial beach profile manufacturing and beach profile evolution in

the same situation. The overall agreement in the experiment was
satisfactory following Chen et al. (2012) and Jiang et al. (2015).

Before each test, the flume was first filled slowly with water to
the desired water depth, and then the sandy beach was allowed
to soak for a long time (more than 12 h). The elevation of the
beach profiles was measured by the UTI. The beach profile was
measured along two cross-shore sections (y=0.17 and 0.34 m),
which the beach profile was all measured twice along each cross-

Table 1.   Experimental conditions

Case No. Wave type
Water

depth (h)/m
Wave
height
(H)/m

Wave
period (T)/s

Irribarren
number (Eq. (1))

Surf-scaling
parameter (Eq. (2))

Waves action time
of each stage/min

Number of
action stage

1 regular wave 0.30 0.05 1 0.524 2.927 10 3

2 regular wave 0.30 0.09 1 0.391 5.268 3 5

3 regular wave 0.30 0.08 2 0.638 4.682 3 5

4 regular wave 0.35 0.05 1 0.534 2.927 10 3

5 regular wave 0.35 0.12 1 0.345 7.024 3 5

6 regular wave 0.35 0.14 2 0.499 8.194 3 5

7 regular wave 0.40 0.05 1 0.541 2.927 10 3

8 regular wave 0.40 0.14 1 0.323 8.194 3 5

9 regular wave 0.40 0.18 2 0.453 10.536 3 5

10 cnoidal wave 0.30 0.05 2 0.807 2.927 10 3

11 cnoidal wave 0.30 0.12 2 0.521 7.024 3 5

12 cnoidal wave 0.30 0.12 3 0.648 7.024 3 5

13 cnoidal wave 0.35 0.05 2 0.835 2.927 10 3

14 cnoidal wave 0.35 0.14 2 0.499 8.194 3 5

15 cnoidal wave 0.35 0.14 3 0.622 8.194 3 5

16 cnoidal wave 0.40 0.05 2 0.860 2.927 10 3

17 cnoidal wave 0.40 0.17 2 0.466 9.950 3 5

18 cnoidal wave 0.40 0.18 3 0.566 10.536 3 5
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Fig. 5.   Breaker type separation (Camenen and Larson, 2007).
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shore section to minimize possible random measurement errors.
For each test condition, the elevation of the beach profile is the
average of four measured values.

To research the evolution rule of the beach profile under
wave action, the same wave condition was run some stages for
each test condition. The time of wave action in each stage and
the number of stages in every case are given in Table 1. After
each run, the flume was filled slowly with water to a measure-
ment water level to measure the changed beach profile because
the UTI can measure only the elevation of an underwater topo-
graphy. After taking the measurement of the beach profile, the
water depth was reduced slowly to the desired experimental wa-
ter level for the next test run. Typically, a waiting time of about 30
min was allowed before starting a new test run to reduce the pos-
sible effects of a residue current in the flume and pore water in

the sandy beach. All tests were under this cycling experiment
each run.

3  Experimental results and discussion

3.1  Beach profile elevation change
As the first topic of the experimental results, a macroscopic

beach profile change will be discussed. The cross-shore distribu-
tions of the beach profile during the different tests in the experi-
ment when still water depth (h) is 0.35 m are illustrated in Fig. 6.
The evolution of the sandy beach profile before and after wave
action in different conditions was given in Fig. 6, which included
different wave types, different wave heights and different wave
periods. They showed each corresponding topography changes
in different stage compared with the initial topography.

During Case 4 (Fig. 6a) wave breaking occurred at around
x=2.70 m, and two small berms started to be generated around
the breaking point under regular wave action, with the crest loc-
ated at x=3.20 m and 3.70 m. The position of the first beach berm
and the two troughs are located in the foreshore area, below the
still water surface, while the second beach berm is located in the
backshore area, and above the still water surface. In this paper,
the first beach berm is defined as the fore-berm, and the second
beach berm is defined as post-berm, all the following discuss
based on this definition. From the morphology perspective, the
width and height of the post-berm are larger than the fore-berm.
Two sides of the fore-berm are basic symmetric, then tergal slope
of the post-berm is steeper than frontal slope. In this condition,
the sandy beach is in the intermediate state form (Wright and
Thom, 1977), and the coastline was not erosion nor deposition.

The regular waves (Cases 5 and 6) lead to the coastline
erosion and the profile has been called the sand bar in Figs 6b
and c. The sediment is transported offshore from the breaking

point location, the upper shoreface, and the overall beach slope
is reduced. This kind of change can be observed in nature in the
case of storm events during which the upper part of the beach is
eroded and the profile switches to form a sand bar (Günaydın
and Kabdaşlı, 2003b; Grasso et al., 2009). As the experiment pro-
ceeding, the berm moves to onshore but the bar moves to off-
shore. The breaking point of wave moves seaward as the bar
evolved, and was usually about 0.4 m offshore of the bar crest. In
these two conditions, the sandy beach profiles are bar-trough
state, and the coastlines are erosion. The state of beach profile
under the regular wave action may appear in different wave
types, and affected by the wave height and period.

But as shown in Figs 6d–f, the sandy beach profile under the
cnoidal waves action present the berm state. As it evolves, the
sediment is transported onshore to the berm, and the slope of
sandy beach becomes steeper and the trough is generated
around the breaking point. Figures 6e and f show that some sand
ripples are development in the offshore zone on sandy beach un-
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Fig. 6.   Experiment results of the beach profiles changes in case: h=0.35 m. a. The regular wave, H=0.05 m, T=1 s; b. the regular wave,
H=0.12 m, T=1 s; c. the regular wave, H=0.14 m, T=2 s; d. the cnoidal wave, H=0.05 m, T=2 s; e. the cnoidal wave, H=0.14 m, T=2 s; and
f. the cnoidal wave, H=0.14 m, T=3 s.
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der the cnoidal wave action in these two sets of experiments. And
this phenomenon is somewhat alike to the results of the regular
wave (Fig. 6c), but the sand ripples are not significantly gener-
ated in those cases of a smaller wave height (Fig. 6d). From the
three experimental results, that the sandy beach profile under the
cnoidal wave action was obvious change in the first stage can be
seen, and changes gradually decrease with the continuous ac-
tion. This is typical of beach profile reconstruction by fair weath-
er waves following erosion by a strong storm, and its coastline is
deposition (Certain and Barusseau, 2005; Grasso et al., 2009).

3.2  The concept about the characteristic angle of plunging wave
The experimental results reveal that the profile states of the

sandy beach under wave action are concerned with not only
wave types but also other related factors like wave height, period,
etc. From the single-frame analysis of the high definition videos
during the experiments, as shown in Fig. 7, it can be seen that the
breaking wave of different type waves on the sediment-bed slope
of the beach bed are all plunging wave. Although the types of the
breaking waves in these experiments are the plunging waves ba-
sically, but the sandy beach profile presents different shapes and
states under wave action, which included the sand bar profile
and berm profile. As shown in Fig. 7, wave was breaking during
propagating from the deep water area to the nearshore area, the
water tongue of the plunging wave hit the sandy beach fiercely,
which made the sediment to motion conspicuously.

Two currents that defined as an uprush current and a return
current in this paper had been generated from wave water after
plunging, as shown in Fig. 8. The return current is offshore move-
ment after plunging, while the uprush current is onshore move-
ment and it will turn to be offshore movement due to backwash.
The return current and the uprush current were generated from
the plunging wave. When the uprush current run up to the
highest point in the slope, it began to fall back in an offshore dir-
ection and turn to be a backwash current. Hence, there are three
currents near the breaking point. A new local coordinates system
taken hit point as the origin of the plunging wave had been noted
in Fig. 8. The angle between the water tongue and the slope was
defined as the characteristic angle in this paper.

The sediment carried by the return current, the uprush cur-
rent and the backwash current would directly state the beach
profile states, whose strength is related to such factors as wave
elements, slope of beach and so on. As shown in Fig. 8, the in-
tensities of the return current and the uprush current are differ-
ent because of the different characteristic angle of the plunging
wave, while the intensity of the backwash current is different as
the different wave period and other factors.

3.3  Discussion about the characteristic angle

3.3.1  Relationship between the angle and the states of beach
Numerous and high-class researches had been used to in-

vestigate and predict the visual geometric differences between
the breaking waves. In an effort to quantify the physical differ-
ences with the plunging breaker category, Mead and Black (2001)
and Robertson and Hall (2013) visually analyzed the laboratory-
based regular wave breaking wave profiles and proposed fitting a
cubic function to the enclosed vortex in Fig. 2. In this study, the
characteristic angle of the plunging wave (Fig. 8) had been used
to establish a relationship with the states of the sandy beach.

The bigger of the plunging wave height, the bigger of the
characteristic angle correspondingly, which makes the intensity
of the return current is strong and the uprush current is rather
weak. Sediment near the hit-point of the plunging wave on sandy
beach is scouring because of the strong impact action of the
plunging wave. The majority of the incipient sediment is trans-
ported offshore carried by the return current and accumulated
into the sand bar on the offshore side of the sand trough, while
small amount of sentiment is transported onshore carried by the
uprush current and accumulate into the berm on backshore. The
state of the sandy beach is the sandbar profile. On the contrary,
the smaller of the plunging wave, the smaller of the characterist-
ic angle correspondingly, which makes the return current weak
while the uprush current strong. Therefore, the state of the sandy
beach is the berm profile due to that the majority of the incipient
sediment is transported onshore carried by the uprush current
and accumulate into the berm onshore zone.

In fact, the intensity of these three currents is very difficult to
be measure respectively under existing experimental conditions.
But we can compare the intensity with onshore current and off-
shore. If the intensity of onshore current played much more im-
portant or dominant roles in the motion process, the sediment
would be transported onshore to the berm. And if the intensity of
offshore current played much more important or dominant roles
in the motion process, the sediment would be transported off-
shore to the sandbar.

a. regular wave b. cnoidal wave 

 

Fig. 7.   The breaking wave on the slope.
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Fig. 8.   The schematic of the characteristic angle of the plunging
wave.
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If only with consideration of the current velocity, there are
some limitations to discuss about the current intensity and the
leading factor. Because maybe one current velocity is very large
but in short time, it provides only small influence on the sedi-
ment transport. The integral for the current velocity to time have
been considered to describe the current intensity in this study.
We can compute the integral for the current velocity from the fol-
lowing formula:

S =
Z t2

t1

v (t)dt: (3) 

The measured results of velocity in the breaking point of

waves in Cases 5 and 13 are shown in Fig. 9. The velocity is great-
er than 0, indicating that the current is onshore movement, and
less than 0, indicating that the current is offshore movement. We
can see that S2 is greater than S1 in a wave period for Case 5 from
Fig. 9a. That means the offshore current plays dominant roles in
this condition. The incipient sediment induced by the plunging
waves is transported offshore and the sandy beach presented the
sand bar profile in Fig. 6b. Figure 9b presents the velocity of cur-
rent in the breaking point in Case 13, S1 is greater than S2 over a
period of time in this condition. That means the onshore current
plays the dominant roles and the incipient sediment is transpor-
ted onshore. The sandy beach presented the sand bar profile and
the shoreline was advance in Fig. 6d.

The cnoidal wave belongs to the highly nonlinear wave and
its wave crest and trough are obviously asymmetric, that is to say,
the trough is flat while the crest is pretty steep. Therefore, the en-
ergy of cnoidal wave is concentrated on the wave crest. When
wave spreads to the slope from deep water, the wave height is lar-
ger due to the superimposed impact of the reflected wave, while
the wave trough movement would be blocked by the backwash
current. Wave crest curls like tongue hit into water and occur to
break, which make the characteristic angle small, thus the up-
rush current is strong while the return current is rather weak.
Owing to the intensity of the backwash current is decided by the
intensity of the uprush current, and the strong turbulence pro-
duced by the meeting of the uprush current and the backwash
current. The incipient sediment is transported onshore carried
by the uprush current. As the intensity of turbulence and the ve-
locity of uprush current are getting weakened, the incipient sedi-
ment is accumulated and the beach profile switches to form the
berm state. Meanwhile, the increased impacting range and more
concentrated wave energy due to the characteristic angle re-
duced, the intensity of impact by the plunging wave are getting
stronger, thus the erosion range affected by the cnoidal wave is
relatively larger than the regular wave.

3.3.2  Relationship between the characteristic angle and Irribarren
number

The intensity of breaking wave is an important parameter of
the states of sandy beach under wave action. The methods used
in this study to determine the states of sandy beach are the char-
acteristic angle of the plunging waves. But the angle is not con-
venient to analyze in the process of actual operation. In order to
conduct a quantitative analysis for the relationship between the

angle and the states of sandy beach, the relationship between the
angle and Irribarren number has been established for the exam-
ination of the basic situations of the interaction of beach and
plunging waves.

According to Irribarren and Nogales (1949 -cited Mead and
Black, 2001), all wave breaking events can be divided into three
broad categories depending on the output of Eq. (1), or its break-
ing equiavalent:

»b = i=
p

H b=L 0: (4) 

Figure 10 illustrates the relationship between the angle and
the Irribarren number. According to the experimental data in the
presented paper, the relationship between the characteristic
angle of plunging waves and the Irribarren number can be pro-
posed as

»b = ¡0:247 tan'+ 0:864 4; (5) 

where φ is the characteristic angle, and it is measured by a digital
image processing technology that is from HD camera. A good re-
lationship between the angle and Irribarren number is found.
That is to say, we can use the Irribarren number to reflect the in-
tensity of plunging waves in our experiments.

4  State formula based on Irribarren number
It can be seen from the above that the sandy beach profile un-

der wave action may show different states due to different types
of wave, different wave heights and periods, different composi-
tions of sediment and other factors. According to previous re-
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Fig. 9.   The velocity of current in the break point of the plunging wave.
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search, sediment movement of the sandy beach is a three-dimen-
sional process, but the states of the beach profile are mainly com-
posed by a transverse sediment transport. That is to say, the sedi-
ment transport to onshore or offshore affects the states of the
sandy beach profile directly. Geographers classify the beach mor-
phology from the geomorphological point at first, which observ-
ably raise awareness about the sandy beach profile, but cannot
explain the process of the beach profile evolution and rule of sed-
iment movement.

Wave breaking was plunging when it propagated in the sandy
beach, and the strong impact from the plunging wave is the
mainly dynamics factors of the sediment incipient. The sedi-
ment-laden transport by the return current, the uprush current
and the backwash current directly determined the profile evolu-
tion of the sandy beach, which generated from the plunging
wave. In this study, a dimensionless surf similarity parameter was
attempted to use as a basic measurement of the intensity for the
three currents. Irribarren number had been used for represent-
ing dimensionless surf similarity parameter in this paper, and
can be calculated according to Eq. (1).

The states of sandy beach under wave action are the result of
wave and beach interaction and mutual restriction. The restrict-
ing factors include wave factors and beach factors. The wave
factors include water depth, wave height, wave period, and the
beach factors include sandy slope gradient, density and composi-
tion of sediment. So, the state (Φ) of beach profile under wave ac-
tion can be given in the following equation:

© = f (h;H ;T; '; i; d; °s; °0; Àe; g); (6) 

where h is the depth of still water; H and T are the height and
period of wave respectively; i is the gradient of the slope; d is the
composition of the sediment particle size, replaced by the medi-
an particle size (d50) in this paper; γs and γ0 are the unit mass of
sediment and water respectively; g is the acceleration of gravity;
and υe is eddy viscous coefficient. For convenience, Irribarren
number is used to replace the characteristic angle (φ) of plunging
wave.

Dimensionless has been done for the Eq. (6):

©=f

Ã
H

gT 2
;

i

(H 0=L 0)
0:5 ; i;

d50

(gH)0:5T
;
(gH)0:5

!
;

gHT
À

!
: (7) 

According to the dispersion equation of the small amplitude
wave theory [Eq. (8)], we can see that gT2 can reflect the basic
characteristics of the wavelength. Hence, H/(gT2) embodies the
physical function of the wave steepness in faculty.

L =
gT 2

2
tanh kh: (8) 

In Eq. (7), (gH)0.5 has a velocity dimension, therefore (gH)0.5T

d50=
h
(gH)0:5T

ican be used to represent some characteristics displacement of
wave particle under wave action in a period. So, 

can be regarded as the relative grain size of sediment under wave
action, and (gH)0.5/ω can be regarded as the intensity ratio
between sediment lifting by waves and sediment deposition,
which can reflect the incipient condition. (gH)0.5/υ is the Reyn-
olds number of wave, for determining the wave boundary layer
into turbulent state.

The Irribarren number has been added to the equation of en-
ergy balance (Bagnold, 1963), and the state formula has been es-
tablished in Eq. (9) based on this theory.

» = C 0 ¢ (gH)0:5

!
(f w+ i) ; (9) 

C 0where  is a pending dimensionless coefficient; and fw is the

friction coefficient of wave, it can be established which a relation-
ship between the Reynolds number of wave and the relative
roughness by using explicit expression [Nielsen, 1992, Eqs (2), (4)
and (15)].

f w = exp
h

5:5(am=¢)
¡0:2 ¡ 6:3

i
; (10) 

where am is displacement amplitude of water particle on the bot-
tom, which can be calculate briefly using small amplitude wave
theory in Eq. (11); ∆ is equivalent roughness, and can be denoted
in a median diameter (d50) in this experimental study.

am =
H
2

1
sinh kh

: (11) 

Equation (9) can be adjusted and to be given by

i

(H 0=L 0)
0:5 = C 0 ¢

·
°0gH

(°s¡ °0) gd50

¸0:5

£8>><>>:exp

8>><>>:5:5

8>><>>:
H 0

2 sinh [(2 =L 0)h]
d50

9>>=>>;
¡0:2

¡ 6:3

9>>=>>;+ i

9>>=>>; ;

(12) 

in this formula, if the left is greater than the right, the sediment
would transport to onshore, and the sandy beach profile would
present the depositive state. If the left is less than the right, the
sediment would transport to offshore, and the sandy beach pro-
file would present the erosive state.

C 0
According to Eq. (12), the pending dimensionless coeffi-

cient  of the erosive beach, the depositive beach and the inter-

mediate beach had been obtained respectively by a total of 144
groups of data from these experiments and other experiments in
Fig. 11.

For erosive beach
i

(H 0=L 0)
0:5 < 0:556

(gH)0:5

!
(f w+ i)

For depositive beach
i

(H 0=L 0)
0:5 > 0:556

(gH)0:5

!
(f w+ i)

For intermediate beach 0:394
(gH)0:5

!
(f w+ i) <

i

(H 0=L 0)
0:5 < 0:867

(gH)0:5

!
(f w+ i)

9>>>>>>>>>=>>>>>>>>>;
: (13) 
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It has been shown that the state of intermediate beach profile
is a zonal area in Fig. 11, which indicates that the intermediate
beach is a dynamic equilibrium state. Although three states of the
sandy beach had been divided clearly in Fig. 11, but there is
something to need pointing out, which is that the state formula
based on Irribarren number have imperfection because there are
still a few discrepant data and all data are come from laboratory
but not field. There are scale effects in experimental results, and
so the formula coefficient may need to be calculated when the
results were applied to the nature coastal engineering.

5  Conclusions
Laboratory experiments were performed to examine the pro-

file evolution rule and profile states of the sandy beach under the
plunging wave on a nonuniform sediment-bed slope. The data
demonstrate the influence of the regular waves and the cnoidal
waves on the profile evolution and the profile states in sandy
beach. In this study, 18 different wave conditions were used, en-
compassing the regular waves and the cnoidal waves. The experi-
ments compare variations in the beach profile evolution and the
profile states between two type waves with the same sandy beach
and initial still water depth conditions. The sandy beach under
the long time wave action had obvious erosion and deposition
variation, and the last dynamic equilibrium profile was affected
by wave action. In these experimental conditions, the sandy
beach under the regular waves showed the sand bar profile and
the berm profile. But the sandy beach profile under the cnoidal
waves is only the berm profile in this study.

The experimental results show that the profile states of sandy
beach under waves action are not only related to the type of
waves, but also to other factors, such as wave height, wave peri-
od, composition of sediment and gradient of sandy beach slope.

Through the observation and analysis of the phenomenon of
the laboratory experimental process, put forward the concept of
the characteristic angle of the plunging wave. The qualitative
analysis on the sediment transport carried by current generating
from the plunging wave and the states of beach profile under
wave action had been done. The state formula of the sandy beach
induced by plunging wave had been established based on the re-
lation of the Irribarren number and the beach profile. These ex-
perimental results and other experimental results were used to fit
to the three trend lines, and three formula coefficient is obtained.
This formula can divide the sandy beach morphology into the
three states clearly, which included deposition beach, erosion
beach and intermediate beach.
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