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ABSTRACT
Interactions among waves, sand beaches, and rubble mound structures are difficult to investigate 
experimentally, because of the differences between the model and prototype, and to predict 
numerically, because of complex sediment dynamics inside porous structures. A small-scale 
experiment in a wave flume was conducted by Yuksel and Kobayashi (2019) in order to compare 
sand beach profile evolution and wave overtopping of a sand berm for the three cases of no 
structure (N), a stone revetment protecting a steep sand berm (R), and a stone sill reducing wave 
action on the berm (S). An existing numerical model verified with the small-scale N, R, and S 
tests was used to predict what may happen to prototype revetments and sills. Froude similitude 
with a length ratio of 1/16 (model/prototype) was used to scale up the incident waves, beach 
profile, and stones in the prototype. The sand was kept the same in hypothetical prototype PN 
(No structure), PR (Revetment), and PS (Sill) tests. The computed wave transformation and 
stone damage were predicted reasonably well. The beach profile changes were larger in the 
prototype because the fine sand was exposed to much larger waves.
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1 INTRODUCTION
Stone revetments are conventionally used 
to protect eroding shores and reduce wave 
overtopping and damage to backshore 
areas. Revetments constructed on estuarine 
shorelines may eliminate buffering wetlands 
and tidal habitat (e.g., Needelman et al., 
2012). Sills are constructed to protect planted 
marshes in living shoreline projects (e.g., 
Hardaway et al., 2010). The revetment and sill 
were discussed for living shoreline projects 
but have not been compared in quantitative 
manners. A laboratory experiment consisting 
of three tests was conducted in a wave flume 
to examine irregular wave transformation 
on a sand beach without and with a stone 
structure in the surf and swash zone. The 
first test was conducted to quantify shore 
erosion and wave overtopping for the case of 
no structure. The second and third tests were 
for the rebuilt shore protected by a stone 
revetment or sill, respectively. The stones 
used in the revetment and sill were identical. 
The data obtained from the experimental 
study were used to extend the cross-shore 
numerical model CSHORE (Kobayashi, 
2016) for the prediction of the sand transport 
in the vicinity of the porous revetment and 

sill (Yuksel and Kobayashi, 2020). The 
laboratory experiment and data analysis in 
the report by Yuksel and Kobayashi (2019) 
are summarized concisely together with 
the numerical model extension and the 
comparison with the data. The extended 
CSHORE is applied to the corresponding 
prototype revetment and sill to quantify the 
differences between the model and prototype 
in the laboratory experiment.

2 LABORATORY EXPERIMENT
Yuksel and Kobayashi (2019) studied the 
efficacies of two different structures, a 
revetment or a sill, in reducing shore erosion 
and wave overtopping. In order to do that a 
laboratory experiment consisting of three 
tests was conducted in a wave flume to 
compare sand beach profile evolution and 
wave overtopping of a sand berm for the 
cases of no structure (N), a stone revetment 
protecting the steep sand berm (R), and a 
stone sill reducing wave action on the berm 
(S). The sand beach in the flume that is 30 m 
long, 1.15 m wide, and 1.5 m high consisted 
of fine sand with a median diameter of 0.18 
mm. The initial profile at the beginning of the
experiment is depicted in Fig.1. A 400-s run

Figure 1. Experimental setup at the start of test N with no structure.
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of irregular waves with a Texel, Marsen, and 
Arsloe (TMA) spectrum was generated in 
water depths of 88, 92 or 96 cm. The spectral 
significant wave height and peak period were 
19 cm and 2.6 s, and the wave steepness was 
0.018. The still water level (SWL) elevations 
were 0, 4, and 8-cm with 10 runs for each 
SWL of the three tests (N, R, and S). Eight 
wave gauges (WG1–WG8) were used to 
measure the free surface elevation from 
wave shoaling zone to swash zone. The time 
series for Wave Gauges WG1–WG3, located 
at x = 0.0, 0.25, and 0.95 m, respectively, 
were used to separate incident and reflected 
waves at the location of x = 0 for each run. 
The separation method was explained by 
Kobayashi et al. (1990). The fluid velocities 
in the surf zone were measured by three 
velocimeters: one two-dimensional (2D) 
acoustic Doppler velocimeter (ADV) and 
two vectrinos (Nortek, Rud, Norway) at 
an elevation above the bed of one-third of 
the local water depth. A vertical wall was 
located at the onshore coordinate x = 19.9 m 
with x = 0 at WG1. Three tests conducted in 
sequence are listed in Table 1. The first test 
was conducted to quantify the shore erosion 
for the case of no structure (N). After the N 
test, the initial beach profile was rebuilt, and 
a stone revetment was placed on a filter of 
polyester fabric mesh with an opening of 
0.074 mm for the revetment (R) test in Fig. 
2. The revetment was constructed of the
green and blue stones used by Kobayashi
and Kim (2017). The nominal diameters of
the green and blue stones were 3.52 and 3.81
cm, respectively. The volumetric porosity
was 0.44 for both stones. The green and blue
stone segment widths across the 115 cm wide
flume were 62 and 53 cm, respectively (Kim
et al., 2016). The revetment slope was about
1:2. The testing procedure for the sill (S) test
was the same as that for the revetment (R)
test.

3 MEASURED HYDRODYNAMICS
The measured time series of the free 
surface elevation η relative to SWL and the 
velocities for each 90 runs in the N, R, and 
S tests were analyzed to examine the cross-
shore wave transformation. The measured 
alongshore and vertical velocities were small 
in comparison to the cross-shore velocity 
u. The mean and standard deviations of
η and u were calculated to compare the
wave transformation in the three tests. The
averaging of WG8 located above the berm in
Fig. 1 and buried partially in the sand was
performed for the wet duration. The wet
probability Pw was defined as the ratio of
the wet and total durations. These measured
values for 10 runs with the given SWL were
averaged, and the averaged values for the N,
R, and S tests were compared to examine the
effects of the revetment and sill on the wave
transformation. The examination details of
analyzed hydrodynamic measurements were
given in Yuksel and Kobayashi (2019). In
this paper, only the results of the sill structure
are presented for the three different SWLs as
explained below.

Test Description SWL 
(cm)

No. of 
Runs Time (s)

N No protection 0 10 0 – 4,000

4 10 4,000 – 8,000

8 10 8,000 – 12,000

R Revetment 0 10 0 – 4,000

4 10 4,000 – 8,000

8 10 8,000 – 12,000

S Sill 0 10 0 – 4,000

4 10 4,000 – 8,000

8 10 8,000 – 12,000

Table 1. Sequence of three tests
with three still water levels
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Fig. 3 presents average values of mean 
and standard deviation of the free surface 
elevation η and wet probability Pw for 10 
runs with SWL = 0, 4, and 8 cm in test S. The 
cross-shore variation of the local significant 
wave height 4ση shows the sill effect on 
breaking wave height reduction. Moreover, an 
increase of SWL increases wave height at the 
sill located inside the surf zone. Wave gauge 
8 at x = 18.6 m on the berm crest became 
wetter as SWL increased and the foreshore 
was eroded (Yuksel and Kobayashi, 2019). 
The volumes of water and sand transported 
over the impermeable vertical wall were 
used to obtain the water overtopping rate q0 

and sand overwash rate qbs per unit width 
averaged over each 400-s run. For the N test, 
minor wave overtopping, observed during t = 
0 – 8,000 s, but no sand overwash occurred 
because sand in the overtopped water was 
deposited on the 1.3-m-wide berm between 
WG8 and the vertical wall (Fig. 1). During t 
= 8,000 – 12,000 s, major wave overtopping 

and sand overwash occurred. For the R test, 
wave overtopping and overwash did not 
occur during t = 0 – 8,000 s. When SWL was 
increased to 8-cm, the revetment reduced q0 
and qbs considerably. For the S test, wave 
overtopping and overwash did not occur 
during t = 0 – 4,000 s. Minor wave overtopping 
occurred during t = 4,000 – 8,000 s, but 
sand in the overtopped water did not reach 
the vertical wall. The values of q0 and qbs
during t = 8,000 – 12,000 s became as large 
as those for the N test because the sill crest 
was sufficiently submerged, as explained in 
the following (Yuksel and Kobayashi, 2019).

4 BEACH PROFILE CHANGES
The profile evolution of the N test is shown 
in Fig. 4, where use is made of t1 = 4,000 s, 
t2 = 8,000 s, and t3= 12,000 s for brevity and 
the areas filled with green and yellow are the 
areas where obvious accretion and erosion 
occurred, respectively. SWL was increased 
by an increment of 4 cm at t = t1 and t2. The 
SWL shoreline at t = t0 was located on the 
gentle beach in front of the initial (t = 0) 

Figure 2. Initial profiles of tests N, R, and S
with SWLs of 0, 4, and 8 cm.

Figure 3. Average values of mean and 
standard deviation of free surface elevation| 
and wet probability Pw for 10 runs with SWL 

= 0, 4, and 8 cm in test S.
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profile. The profiles in the zone of x = 15.0 
– 19.9 m of noticeable profile changes are
presented for clarity. Onshore sand transport
and accretion in front of the steep slope
occurred during t = t0 – t1, perhaps because
the initial profile was created by moving sand
offshore from the accreted zone, as explained
in relation to Fig. 2. During t = t1 – t2 with the
4-cm SWL, the profile change was relatively
small, and minor wave overtopping eroded
the upper part of the steep slope. During t =
t2 – t3 with the 8-cm SWL, the steep slope
was eroded significantly and became gentler
under major wave overtopping (Yuksel and
Kobayashi, 2019).
Fig. 5 shows the measured profiles for test R
during t = t0 – t1, t = t1 – t2, and t = t2 – t3 with
the 4-cm SWL increase and the areas filled
with green (accretion) and yellow (erosion),
while the area colored with magenta is for
the structure damage. The revetment was
situated in the zone of x = 18.12 – 18.52 m.
During t = t0 – t1, onshore sand transport and
accretion occurred in front of the revetment.
The toe of the revetment was located 8 cm
above the initial SWL. During t = t1 – t2,
minor erosion occurred at the toe and crest
of the revetment, and the stone surface
settlement was observed. During t = t2 –
t3, with the 8-cm SWL, wave overtopping
caused scour landward of the revetment
crest and dislodged stones placed loosely on
the smooth fabric mesh. The revetment was
damaged, but shore erosion above the initial
SWL was less in the R test than in the N test
(Yuksel and Kobayashi, 2019).
The measured profiles for the S test are
shown in Fig. 6, where the sill was located in
the zone of x = 16.16 – 16.64 m. The colored
areas in Fig. 6 have the same meanings as
indicated for Fig. 5. During t = t0 – t1, the
sill crest located 4.1 cm above the SWL at
t = t0 was damaged and lowered by 2.6 cm
by t = t1. The sand profile change was small

apart from minor scour at the seaward sill toe 
and localized erosion below the initial SWL. 
During t = t1 – t2 with the 4-cm SWL, the sill 
crest was submerged, and the sill profile did 
not change much. The sand profile change 
was limited to the zone landward of the sill. 
The erosion and accretion patterns during t 
= t1 – t2 were similar for the N and S tests. 
During t = t2 – t3 with the 8-cm SWL, the still 
water depth above the sill was approximately 
7 cm in comparison to the incident significant 
wave height Hm0 = 19 cm. The similarity of 
the sand profile changes for the N and S tests 
became more apparent except for the scour 
at the seaward sill toe. The narrow sill in the 
experiment was not effective in reducing 
shore erosion when it was submerged 
sufficiently (Yuksel and Kobayashi, 2019).

Figure 4. Measured profiles for Test N during 
t = t0 – t1, t = t1 – t2, and t = t2 – t3 with 

4-cm SWL increase.
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Figure 5. Measured profiles for Test R during 
t = t0 – t1, t = t1 – t2, and t = t2 – t3 with a 

4-cm SWL increase.

Figure 6. Measured profiles for Test S during 
t = t0 – t1, t = t1 – t2, and t = t2 – t3 with a 

4-cm SWL increase.

5 RUBBLE MOUND DEFORMATION
Damage progression of the stone revetment 
and sill was analyzed using a conventional 
method (e.g., Melby and Kobayashi, 1998). 
The measured stone profiles at t = t0, t1, t2 
and t3 were compared with the initial stone 
profile to calculate the eroded (lowered) 
area Ae of the initial stone cross- section. 
The green and blue stones were used in the 
experiment as explained in relation to Fig. 2. 
The segments of the green and blue stones 
were averaged separately and the alongshore 
averaged profile for each segment was used 
to calculate Ae for each stone. The temporal 
variation of damage Se = Ae / (Dn50)2, where 
the nominal diameter Dn50 = 3.52 and 3.81 cm 
for the green and blue stones, respectively, 
were analyzed. The damage Se starting from 
Se = 0 at t = t0 increased with time. The 
revetment damage progression was related to 
the increase of wave action on the revetment 
with the 4-cm increment of the SWL at t = 
4,000 and 8,000 s, where the damage was 
negligible during t = 0 – 4,000 s with the 
initial SWL. The sill damage progression 
was related to wave action on the sill crest. 
The narrow (about two-stone width) sill crest 
emerged 4.1 cm (about one-stone height) 
above the initial SWL and was damaged 
during t = 0 – 4,000 s but the damaged crest 
was submerged and fairly stable under the 
SWL of 4 – 8 cm during t = 4,000 – 12,000 
s. The damage difference between the green
and blue stones was observed to be caused
partly by the nominal diameter difference of
8% and partly by the alongshore variability
of the eroded area which was investigated by
Melby and Kobayashi (1998).
The cause of the stone damage was examined
in the same way as in the stone seawall
experiment by Kobayashi and Kim (2017)
where the initial and final profiles of the stone
surface and fabric mesh filter for the R and S
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tests were considered. The revetment damage 
was caused mostly by the filter settlement 
and the wave overtopping caused additional 
damage on the revetment crest. Some of 
the stones on the revetment crest were 
dislodged landward onto the sand surface 
and the filter was visible at locations of stone 
dislodgement. For the S test, the initial and 
final filter elevations were essentially the 
same and filter settlement did not occur. The 
stones dislodged from the sill crest were 
deposited on the side slopes. The damaged 
crest shifted landward probably because of 
onshore stone movement under breaking 
wave action over the low and narrow crest. 
Some stones moved seaward during the wave 
downrush on the seaward slope (Yuksel and 
Kobayashi, 2019). 
The deposited sand height on the filter was 
about 0.3 and 0.8 cm inside the revetment 
and sill, respectively, where no sand existed 
on the filter at the beginning of each test, and 
there was more deposition near the revetment 
toe on the foreshore slope of 0.4 (vertical/
horizontal), while there was a more uniform 
and larger deposition inside the sill in the the 
surf zone (Fig. 7), (Yuksel and Kobayashi, 
2019).

6 NUMERICAL MODEL CSHORE
The cross-shore numerical model CSHORE 
was upgraded for its application to the sill 
test where the emerged sill crest became 
submerged during the test. The upgraded 
model was compared with the measured 
wave transformation, the wave overtopping 
and overwash rates, and the beach profile 
evolution and the prediction by the upgraded 
CSHORE was reasonable. The upgraded 
model also included an option of no filter to 
predict the settlement of the stone structure 
caused by sand erosion below the structure 
and to estimate the settlement reduction 
provided by the filter which was significant 
in the R test (Yuksel and Kobayashi, 2020). 
This study aims to provide insight into the 
performance of prototype revetments and 
sills by using CSHORE which was verified 
with the small-scale N, R, and S tests.
Numerical hydrodynamic models exist to 
predict detailed wave hydrodynamics on fixed 
bottoms and structures, and morphological 
models exist to predict beach profile changes 
for the case of no structure. No model exists 
to predict sand transport on a beach and 
inside a porous structure, except a few studies 
solely focused on sand transport inside a 
porous structure e.g., Van Gent et al. (2017) 
and Jacobsen et al. (2017). They investigated 
the erosion and deposition patterns inside 
of an open filter of rock on top of sand. 
Complex interactions of hydrodynamics, 
sediments, and structures are difficult to 
formulate and predict, partly because of 
limited available data. There is a need of 
an efficient model to perform a number of 
computations and optimize the location and 
geometry of a revetment and a sill under 
various water levels and wave conditions. A 
comprehensive model is required to predict 
wave transformation and overtopping, beach 
profile evolution, and structure damage and 

Figure 7. Deposited sand height inside porous 
revetment and sill structures.
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settlement. Such a numerical model needs to 
be evaluated using extensive laboratory and 
field data.
A process-based numerical model is required 
to design the revetments and sills for various 
prototype conditions. Kobayashi (2016) 
reviewed the capabilities and shortcomings 
of phase-averaged and resolving models. 
The phase-averaged model CSHORE 
was upgraded because of its versatility 
and computational efficiency. Yuksel and 
Kobayashi (2020) used the version of 
CSHORE which included the following 
components: a combined wave and current 
model based on time-averaged continuity, 
momentum, wave action, and roller energy 
equations; a sediment transport model for 
bed and suspended load coupled with the 
continuity equation of bottom sediment; a 
permeable layer model for porous flow; and 
a probabilistic swash model on impermeable 
(fine sand) and permeable (stone) bottoms. 
CSHORE was upgraded by adding an option 
to simulate water ponding between the 
initially emerged (later submerged) sill and 
the shoreline on the emerged beach in test S, 
because wave overtopping and transmission 
through the porous sill caused water ponding 
landward of the sill but ponded water flowed 
seaward over and through the porous sill. The 
formulation by Kobayashi and Kim (2017) 
for sand transport inside a stone structure 
on a fixed filter was extended to the case of 
no filter so as to estimate the settlement of a 
stone structure placed directly on sand.

7 PROTOTYPE APPLICATION OF 
CSHORE

CSHORE verified with the small-scale N, 
R, and S tests was used to investigate the 
sand profile changes and stone displacement 
in the prototype scale. Froude similitude 
of 1/16 (model/prototype) was considered 

for the three tests. Input files were changed 
accordingly to create input files for prototype 
N, R, and S tests indicated here as PN, PR, 
and PS tests.
The measured hydrodynamics and profiles 
were scaled up by using Froude similitude 
with the length ratio of 1/16 (model/
prototype). The corresponding ratios of the 
velocity and time are 1/4 (Table 2). There is no 
accepted similitude between the model sand 
and prototype sediment, therefore, “model 
sand” = “prototype sand” and the prototype 
sand is more mobile. The stone diameter 
is increased by a factor of 16. The incident 
wave height and peak period were scaled up 
to 3.04 m and 10.4 s. For the computation of 
sand beach profile evolution in the PN, PR 
and PS tests, the stones in the PR and PS tests 
were assumed to be immobile on the filter, 
which was assumed to be fixed. The average 
nominal diameter of 0.6 m was used for 
green and blue stones. The median diameter 
of sand was 0.18 mm and kept the same.
The present CSHORE cannot predict sand 
beach profile evolution and structure damage 
simultaneously. Damage on the stone 
revetment and sill was computed assuming 
no deformation of the initial sand beach 
profile. The critical stability number Nc 
related to the instantaneous fluid velocity for 
the initiation of stone movement (Kobayashi 
et al. 2010) was calibrated as Nc=0.6. Stones 
piled on the narrow sill crest in the S tests 
were found to be exceptionally unstable due 
to the possibility of insufficient contact with 
neighboring stones and the stability number 
of Nc was considered as 0.1 in the model 
scale by Yuksel and Kobayashi (2020). The 
computed damage progression with the 
same Nc value of 0.1 for the blue and green 
stones in the PS test in comparison with 
the measured damage is shown in Fig. 8. 
The calibrated value of Nc=0.1 gave good 
agreement at t=48,000 s but underpredicted 
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damage at 16,000 s, probably because of the 
spatial variation of Nc over the sill and some 
scale effect for stone damage. The computed 
damage for the PR test was much smaller 
than the measured damage caused mostly by 
the filter settlement. 
For the computation of sand beach profile 
evolution in the PN, PR, and PS tests, the 
adjusted initial profile in prototype scale for 
revetment and sill tests were used in 

Dimension Mode 1 Prototype

Incident significant wave 
height, Hm0 (cm) 0.19 3.04

Spectral peak period, Tp (s) 2.60 10.4

Computation domain (m) 20 320

Computation duration (s) 12,000 48,000

Table 2. Hypothetical prototype tests PN, PR, 
and PS based on Froude similitude of a length 

ratio of 1/16

Figure 8. Computed and measured damage of 
blue and green stones in the PS test.

order to reduce errors by the assumptions 
of no settlement and no stone damage. The 
detailed explanation of profile adjustment 
was given by Yuksel and Kobayashi (2020). 
The computed results in the following are 
based on the adjusted initial profiles for the 
PR and PS tests. 

The computed and measured cross-shore 
variations of the mean and standard deviation 
of free surface elevation η and horizontal 
velocity u together with Pw for 10 runs with 
128 cm (8 cm in the model scale) SWL 
were compared for the PS test (Fig. 9). The 
hydrodynamic variables are predicted within 
errors of about 20% and ση = (Hm0/4) is 
underpredicted immediately landward of the 
sill (located in the zone of x =258.56-266.24 
m). Near the shoreline, where the same sand 
was used in the model and prototype, beach 
profile changes are larger in prototype. Some 
scale effect on the free surface elevation and 
velocity is also observed in very shallow 
water. The comparison of CSHORE with 
the measured wave overtopping rate q0 and 
overwash rate qbs indicates that the computed 
prototype q0 and qbs tend to be overpredicted 
for the small q0 and qbs in the model which 
must have been affected by permeability and 
sand roughness in very small depth.

Figure 9. Computed and measured average 
values of mean and standard deviation of | 

and u together with Pw for 10 runs with 128 
cm SWL for the PS test.
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8 DIFFERENCES BETWEEN MODEL 
AND PROTOTYPE ON BEACH 
PROFILE CHANGES

The measured and computed profiles at time 
t1 = 16,000s, t2 = 32,000 s, and t3 = 48,000 
s for PN, PR, and PS tests are presented 
together with the model scale comparisons in 
Fig. 10, 11 and 12, respectively. The initial 
profile at t =0 is plotted to indicate the degree 
of the profile change at the given time. The 
result for each test is explained separately 
because the revetment and sill have different 
effects on the beach profile evolution.
The beach profile changes of the no-structure 
case are given in Fig. 10 as for the model 
(N) and prototype (PN) scale to reveal their
differences.

For the PN test, the larger waves suspend 
the fine sand more and cause more offshore 
suspended sand transport due to return 
(undertow) current and the beach profile 
changes are computed to be more pronounced 
than the profile changes in the model scale.
The beach profile changes are presented in 
Fig. 11 side by side for R and PR tests. For 
the PR test, offshore suspended sand 
transport is dominant, resulting in larger 
offshore deposition and larger scour in 
front of the revetment toe. 
For the PS test, dominant suspended sand 
transport causes larger deposition on the 
landward side of the sill and larger erosion of 
the berm in front of the vertical wall.

Figure 10. Computed and measured profiles at time t1, t2, and t3 for the N and PN tests. 

Figure 11. Computed and measured profiles at time t1, t2, and t3 for the R and PR tests. 
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Figure 12. Computed and measured profiles at time t1, t2, and t3 for the S and PS tests.

9 CONCLUSIONS
The cross-shore numerical model CSHORE 
verified with the small-scale N, R, and S 
tests was used to predict the performance of 
prototype revetments and sills. The computed 
wave transformation and stone damage were 
almost the same in the model and prototype. 
The hypothetical prototype computed results 
indicated more offshore transport of the 
model sand and pronounced beach profile 
changes.
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