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Abstract By tracking and monitoring the profile configuration, topography, and hydrodynamic factors of an artificial cobble beach
in Tianquan Bay, Xiamen, China over three consecutive years after its completion, we analyzed the evolution of its profile configura-
tion and plane morphology, and its storm response characteristics. The evolution of the profile configuration of the artificial cobble
beach in Tianquan Bay can be divided into four stages. The beach was unstable during the initial stage after the beach nourishment
the profile configuration changed obviously, and an upper concave composite cobble beach formed gradually, which was character-
ized by a steep upper part and a gentle lower part. In the second stage, the cobble beach approached dynamic equilibrium with minor
changes in the profile configuration. At the third stage the beach was in a high-energy state under the influence of Typhoon Meranti,
and the response of the artificial cobble beach differed significantly from that of the low-tide terrace sandy beach. Within a short time,
there was net onshore transport of cobbles in the cross-shore direction. The beach face was eroded, the beach berm was accumulated,
and the slope of the beach was steepened considerably. In the alongshore direction, there was notable transport of cobbles on the
beach from east to west along the shore, and the total volume of the beach decreased by 4.5x10°m®, which accounted for 50% of the
total amount of beach volume lost within three years. The fourth stage was the restoration stage after the typhoon, characterized by a
little gentler profile slope and the increase in width and the decrease in height of beach berm. Because of the action of waves and the
wave-driven longshore current caused by the specific terrain and landform conditions along the coast (e.g., coastal headlands,
near-shore artificial structures, and reefs), the coastline of the artificial cobble beach gradually evolved from being essentially parallel
to the artificial coast upon completion to a slightly curved parabolic shape, and three distinct erosion hotspots were formed on the
west side of the cape and the artificial drainpipe, and the reefs. Generally, the adoption of cobbles for beach nourishment on this
macro-tidal coast beach with severe erosion has yielded excellent stability and adaptability.
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means of ecological ‘soft engineering’, has become a
preferred option to relieve the erosion of sandy coasts and
to protect coastlines (Gorzelany and Nelson, 1987; Dixon
and Pilkey Jr., 1991; Davison et al., 1992; Hanson et al.,

1 Introduction

Because of the influence of a series of natural proc-

esses and anthropogenic activities (such as global climate
change, increases in sea level, and continuous increases in
exploitation and degree of utilization of coastal zones),
coastal erosion has become one of the main threats to the
ecological environment in coastal zones and restricts the
development of marine economies (Bruun, 1988; Cai et al.,
2009; Van Rijn, 2011; Pilkey Jr. and Cooper, 2014; Neu-
mann et al., 2015). Approximately 70% of sandy coastlines
around the world are in a state of erosion and retreat (Bird,
1985), and that proportion is still growing. Therefore,
various approaches to coastal protection have been adopted.
In particular, beach nourishment, as one widely applied
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2002; Dean, 2005; Cai et al., 2011; Aragonés ef al., 2015).
For coastal segments with strong erosion, the beach
nourishment method employing sandy sediments is often
used but has the shortcoming of poor stability, short en-
gineering lifetimes, and high costs (Pilkey, 1990), and
storm surges and typhoon waves can generate devastating
effects (Anthony, 2005; Haerens et al., 2012; Castelle ef al.,
2015; Masselink et al., 2016). Because gravel (cobble)
beaches are characterized by coarser sediment, high per-
meability, and high porosity, they have stronger energy
dissipation effects and better stability than sandy beaches
(Austin and Masselink, 2005; Osborne, 2005; Pedrozo-
Acufia et al., 2008). Therefore, the adoption of coarse-
grained sediments like gravel or cobbles for beach nour-
ishment on coasts with strong erosion and high energy is
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an effective approach to relieve erosion of sandy beaches
(Kirk, 1992; Aminti et al., 2003; Cammelli et al., 2006;
Bergillos et al., 2017).

A gravel beach is not prone to movement under the
conventional dynamic action but generally moves under
storm conditions, and is therefore conducive to resisting
erosion caused by storms on coasts (Alegria-Arzaburu
and Masselink, 2010; Chen et al., 2011; Stark and Hay,
2016). The main characteristics of profile variation in the
surf zone of a gravel beach are the strong trend of trans-
portation toward the shore and the formation of a gravel
beach berm. The weaker strength of backwash flows
compared with uprush currents, caused by infiltration loss,
is usually the reason that gravel beaches are steeper than
sandy beaches, and the impacts of plunging waves gener-
ated by steep slopes and wave force play important roles
in the morphological evolution of gravel beaches (Austin
and Masselink, 2006; Pedrozo-Acufia et al., 2007).

The first artificial gravel beach was built on the Geor-
gian coast of the Black Sea, where hard-defences had
failed to protect against coastal erosion (Zenkovich and
Schwartz, 1987). After that, the United States, New Zea-
land, Italy, and Spain also carried out gravel beach nour-
ishment on some coasts with strong erosion (Lorang,
1991; Aminti et al., 2003; Cammelli et al., 2006; Bergil-
los et al., 2015).

Although gravel beach nourishement have been applied
more than 30 years, few morphodynamic studies have
been performed on artificial coarse-grained beaches. By
surveying three artificial pebble beaches located at Ma-
rina di Pisa, Bertoni and Sarti (2011) found that both
longshore and cross-shore transports were capable of
moving coarse-grained sediments and the beach berm
showed a remarkable retreat during storms. Bergillos ef al.
(2016) suggested that mixed sand and gravel beaches
could recover faster from storm erosion than sandy
beaches, and the long-term benefit of the artificial nour-
ishment was influenced by the sediment grain size used
for the nourishment and its placement on the beach.
Grottoli et al. (2017) highlighted that storms tended to
accumulate materials towards the upper part of the beach
with no shoreline rotation and no chance to recover the
initial configuration.

Observations and studies on the long-term dynamic mor-
phologic evolution of artificial gravel beaches, especially
the response, adjustment, and recovery processes of pro-
files under extreme hydrodynamic conditions, are rela-
tively insufficient compared with those of sandy beaches.
In this paper, based on topographic monitoring and peri-
odic profile measuring over three consecutive years after
completion of the first artificial cobble beach in Tianquan
Bay, Xiamen, China, and based on observations of local
meteorological and hydrodynamic conditions, especially
the effects of Typhoon Meranti, we studied the evolution-
ary characteristics of profile configuration and plane mor-
phology during different time periods after nourishment
of the artificial cobble beach. The generation mechanism of
the erosion hotspot and the response characteristics of this
beach to the storm were attempted to be investigated.

2 Background

2.1 Study Area Setting

The Tianquan Bay (Fig.1) is located along the southern
coast of Xiamen Island on the western shore of the Tai-
wan Strait and the coast exhibits an east-west trend. It
begins in the west at the Zengcuoan cape and extends
eastward until the pedestrian bridge of Baishi cape. The
length of this segment of the coastline is approximately
1.0km. A staircase revetment was constructed along the
coast, and the natural sediments on the beach are fine- to
medium-grained sand. Because of the influence of pre-
vailing wave scouring from open seas and the insufficient
sediment supply caused by the turning of the coastal cur-
rent, this coastal segment has some of the severest erosion
in southeastern Xiamen Island. Shore protection struc-
tures and the wooden trestle road have been destroyed
several times during typhoon storm surges, and bedrock
gravel is exposed on the beach (Fig.1d). To protect the
coast and mitigate the severe erosion, the first artificial
cobble beach (Fig.lc) in China was built on the coast of
Tianquan Bay in June 2014. The length of the coastal line
on the artificial cobble beach is 632 m, and the designed
slope of the profile is 1:5. The 5—-10cm cobblestones were
paved. The designed elevation of the 479-m-long beach
berm on the west side is 4.0m (the datum line refers to the
National Vertical Datum 1985 hereinafter), and the de-
signed elevation of the 153-m-long beach berm on the
east side is 3.0m.

The research area falls within the regular semi-diurnal
tidal area; the multi-year mean spring high-tidal level is
3.81m, the multi-year average tidal range is 3.98 m, and
the maximum tidal range of historical years is 6.92 m
(Liao et al., 2010; Fu et al., 2013). It is a macro-tidal
coast. The annual average wind velocity on the coast of
Tianquan Bay is 3.3ms ™', and the prevailing wind direc-
tion is southeast, with the occurrence frequency of 11.16%.
The maximum wind velocity in separated directions is
26.7ms"" in the north direction. The annual average sig-
nificant wave height observed by the ‘AWAC’ wave-
measuring buoy (Fig.1b) at 10-m water depth, 1.5 km
away from the shore is 0.33 m. The mean wave period is
3.0s, and the annual average spectral peak period is 6.0s.
The prevailing wave direction is south-southeast, with a
frequency of occurrence of 43.91%. The annual average
and annual maximum wave heights (Hs) in this direction
are 0.32m and 0.91 m, respectively. Rose charts of winds
and waves are shown in Fig.2.

2.2 Typhoon Meranti

Typhoon Meranti (201614, Fig.1a) was generated at
14:00 (Beijing time hereinafter) on September 10 in the
western Pacific Ocean and then moved northwest. At
night on September 13, the maximum wind velocity in
the vicinity of the storm’s center reached 70.0ms ', and
the lowest pressure at the center was 900hPa. At 10:00 on
September 14, it swept the southern end of Taiwan Island
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Fig.1 The location of the research area and photos of beach. a, path of typhoon Meranti; b, location of the observation sta-
tion; ¢, topographic map of the artificial cobble beach; d, photo before nourishment; e, photo after nourishment.
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Fig.2 Rose charts of winds and waves in the research area. a, 10-min average wind velocity for 2015-2016; b, Hs wave

rose chart for 2009.

and entered the Taiwan Strait, and at 3:00 on September
15, it landed as a strong typhoon in Xiamen City, Fujian
Province, China. The central pressure upon landing was
945hPa, and the central maximum wind velocity was 52.0
ms '. The landing site was approximately 20 km northeast

@ Springer

of the artificial cobble beach of Tianquan Bay (Fig.1b).
The maximum ten-minute wind speed measured in Tian-
quan Bay was 33.1ms ', and the instantaneous maximum
wind velocity reached 49.0ms™". Upon the landing of the
typhoon, the wind direction in the research area was due



SHU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2019 18: 868-882

871

north, and the observed tide level was —0.20m, in the low-
tide period of an ebb tide.

After the typhoon landed, the wind direction was de-
flected from north to northwest and southwest, and the
maximum storm surge and typhoon wave height both

occurred at 5:00. The maximum storm surge value reached
0.95m, and the maximum wave height (Hs) was 2.69m
(Fig.3). Meranti weakened to a tropical depression at 17:00
on that day, and dissipated in the Yellow Sea area of
China on the morning of September 16.
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Fig.3 Changing curves of tide level, wind speed, and wave height in the research area during Typhoon Meranti. a, tidal

level; b, wind speed; ¢, wave height.

3 Methods

3.1 Profile Measurements and Analysis

We employed ten typical profiles, P1-P10, for the mea-
surements (Fig.1¢) and the interval between any two ad-
jacent profiles was approximately 50m. According to the
direction of each profile, we employed a Trimble RTK-
GPS to repetitively measure the profile configuration of
the beach. The horizontal error in measurement accuracy

Cobble beach width

was smaller than 1cm, and the vertical error was smaller
than 2 cm.

After the completion of the cobble beach, from June
2014 to May 2017, we conducted profile measurements
on the beach 10 times, in June 2014, March, August, and
October 2015, January, May, and September 2016 (twice,
before and after 201614 Typhoon Meranti), and January
and May 2017 respectively. We analyzed the profile mea-
surement data, and the specific elements are shown in
Fig4.
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Fig.4 Definition sketch of the cobble beach in Tianquan Bay.
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3.2 Beach Topographic Data

In June 2014, July 2016, and January 2017, we employed
the Trimble RTK-GPS to measure the topography of the
cobble beach, and the measurement accuracy was the
same as the accuracy of the profile measurements. The ho-
rizontal error was smaller than 1cm, and the vertical error
was smaller than 2 cm. The measurement results were cor-
rected by using control points.

3.3 Orthophoto Images

In October 2017, we employed a Switzerland SenseFLY-
eBee (RTK) unmanned aerial vehicle (UAV) aerial survey
system to conduct photographic measurements of the arti-
ficial cobble beach in Tianquan Bay. The system was used
with the RTK GNSS function and high-precision digital
orthophoto images of the research area were obtained.

3.4 Numerical Simulation of the Wave Field and the
Wave-Induced Current

For the numerical simulation of the wave field and the
wave-induced current on the artificial cobble beach, the
FUNWAVE-TVD model was adopted. The FUNWAVE
model is the fully nonlinear Boussinesq wave model ini-
tially developed by Kirby ef al. (1998) from the Univer-
sity of Delaware. FUNWAVE-TVD, developed by Shi
et al. (2012, 2013), is the latest version of the FUNWAVE
model. It solves Boussinesq equations with the shock-
capturing TVD scheme. It is versatile in modeling wave
refraction, diffraction, reflection, and deformation effects
and can be used to simulate three-wave interaction of
waves, water flows, and shallow-water long waves and
the interactions between waves and structures. It has been
successfully validated against a series of coastal engi-
neering applications (Ha ef al., 2014; Su et al., 2015). In
this paper, we use FUNWAVE-TVD to simulate the wave
field and the wave-driven flow field on the artificial cob-
ble beach. The numerical model is forced with annual
mean tidal level and maximum significant wave height in
the SSE direction along the offshore boundary. We de-
flected the terrain of the cobble beach anti-clockwise by
5° and adopted a relative coordinate system. The real
bathymetry is mapped to 200x500 grid, with a uniform
grid resolution of 2m. The bathymetric terrain was de-
termined by the measurement results of a Hi-Target HD-
27T echo digital sounder and RTK, the incident boundary
wave condition was determined by the statistical value of
the observation results for the ‘AWAC’ wave-measuring
buoy, and the statistical values of the regional wind field
condition were measured by using R. M. YOUNG sensors.

4 Results

4.1 Changes in the Profile Configuration of the
Artificial Cobble Beach
The profile configurations during different periods for
P1-P10 are shown in Fig.5. Upon completion, the profile
of the cobble beach exhibited a straight steep slope with

a) Springer

the slope of 1:5. From the initial completion to March
2015, there was an obvious change in the profile con-
figuration, and the coastline of the cobble beach and the
cobble/sand line retreated toward the land side. The beach
berm rose to form the berm crest, which results in an up-
per concave profile configuration. According to the five
monitoring results from March 2015 to September 2016
(before Typhoon Meranti), the changes of configurations
in most profiles were very small. During Typhoon Mer-
anti, the beach face was eroded, the cobbles were trans-
ported toward the shore, the height of the beach berm
increased, the slope of the profile steepened, and the up-
per concave amplitude increased. After the typhoon, the
height of the beach berm decreased, and the profile be-
came a little gentler.

4.1.1 Beach berm

We define the height of the beach berm as the height at
the highest point in the beach profile. The coastline of the
cobble beach is the inter one of the multi-year mean
spring high-tidal level and the profile of the cobble beach,
and the width of the beach berm is the distance from the
beginning point on the land side to the coastline of the
cobble beach.

Within three years after the completion of the cobble
beach, the height of the beach berm (Fig.6a) generally
exhibited increase, with an average of 0.50m. In particu-
lar, the designed elevation of beach berm in P10 was
lower than those in the other profiles, and the height in-
creased by 1.40m. Among the other profiles, the heights
in P5, P6, and P9 increased by 0.56, 0.53, and 0.45 m,
respectively. The increments in height for the beach berm
in P1, P2, P3, and P8 were smaller than 0.25m. Accord-
ing to the results of 10 repeated observations, the largest
variation in the height of the beach berm within three
years occurred in the initial stage, from the time of com-
pletion to March 2015, and the average increase in height
was 0.46m. this increase was followed by the period of
time during which Typhoon Meranti occurred, when the
height of the beach berm increased by 0.30m on average
within a short time.

Within three years after completion, the width of the
beach berm on the cobble beach generally reduced
(Fig.6b), and the average reduction was 4.65 m. There
was a relatively large difference for the variation ranges
of the beach berm widths in different profiles. In particu-
lar, in P10 beach berm narrowed from 20.00m to 8.98 m,
with retreat of 11.02m. In P6 it narrowed from 15.00m to
5.30m, with the erosion and retreat of 9.70m. In P9 the
beach berm narrowed from 19.00m to 18.30m, with ero-
sion and retreat of 0.70 m. And in P8 it widened from
18.00m to 19.30 m, with an increase of 1.30 m. Within
three years, the degree of erosion and retreat, in terms of
the width of the beach berm, was greatest from the initial
stage of completion to March 2015, when the average
erosion was 3.68 m. During Typhoon Meranti, the average
erosion evaluated by the width of the beach berm was
0.96m.
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Fig.5 Variations in the profile configuration of the artificial cobble beach in Tianquan Bay.

4.1.2 Intertidal beach slope

The cobble/sand line is defined as the boundary line
where the surface sediments transform from cobbles to
sand, and the slope of the cobble beach is the slope value
between the coastline of the cobble beach and the cob-
ble/sand line. The slopes of the profile P1-P10 at the dif-
ferent periods are shown in Fig.6¢c. Upon completion, the
slope of the profile was 1:5, and within three years of
completion, the profile of the cobble beach had generally
been steepening. The average slope increased by 0.04. In
particular, the increases for profile P4—P8 were largest.
The average slope increased by 0.11, 0.08, 0.06, 0.07, and
0.08 for these profiles, respectively. The slope for P9 in-
creased by 0.04, and the slopes for P3 and P10 both in-
creased by 0.01. The westernmost profiles, P1 and P2,
became slightly gentler, with the average slope decreasing
by 0.06 and 0.01, respectively. Based on the 10 sets of
observational results, all ten typical profiles steepened
after Typhoon Meranti, and the average slope increased

by 0.05.

4.1.3 Variation of sediment volume

When we statistically analyzed the volume per unit
width of the profiles, we set the farthest transverse dis-
tance from the shore was to the location of the cobble/
sand line upon completion. The total quantity of cobble-
stones used in the artificial cobble beach of Tianquan Bay
was approximately 40.9x10°m’. Within three years after
completion, the average volume per unit width along the
profile decreased by 14.4m’m™'. The variations in the
volume per unit width for each profile at different times
are shown in Fig.7, and the reduction in total volume was
approximately 9.1x10°m?®, which accounted for 22% of the
input quantity. From the initial completion to March 2015,
the variation of the profile was relatively violent, and the
average volume per unit width decreased by 17.8m’m™".
From March 2015 to September 2016 (prior to the ty-
phoon), the average volume per unit width increased by
52m’m™'. After Typhoon Meranti, the average volume
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per unit width decreased by 7.2m>m™; from then to May  beach increased by 5.5m’m'. We could find that the ini-
2017, the average volume per unit width of the cobble tial stage of nourishment was the most unstable.
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4.2 Variation in the Plane Morphology of the
Artificial Cobble Beach

The variations in the artificial cobble beach coastline
and the morphology of dispersed cobble belt during dif-
ferent periods are shown in Fig.8.

Coastline of the cobble beach: In March 2015, there
was a certain degree of coastline retreat in different re-

gions of the cobble beach relative to that upon completion.

In particular, the retreat on the west side near the cape
rock of Baishi and the artificial drainpipe rock was rela-
tively obvious, and the maximum retreat was close to 8.0
m. There was also a retreat of 4.0-5.0m for the western-
most coastline of the cobble beach. In July 2016, there
was a small degree of advance toward the sea for the
coastline on the east side, and the maximum advance was
close to 1.5m. The coastline to the west of the middle
drainpipe rock and that on the westernmost of the cobble
beach retreated slightly. In May 2017, the coastline to the
west of Baishi cape and the drainpipe rock continued to
retreat (approximately 3.0-5.0m), forming two arc coast-
lines with rocks as the cape head. The degree of retreat in
the other regions was smaller than in these two regions,
whereas the coastline on the west side of the cobble beach
exhibited the seaward advance of 1.0-3.0m.

Dispersed cobbles belt: In July 2016, a distinct wedge-
shaped diffusion zone had formed to the west of the cob-
ble beach. The region was approximately 250 m long, and
the average width was approximately 20 m. Some of the
cobbles were scattered on the upper level of the sandy
beach, and some were present on the lower level of the
sandy beach, forming the sand-gravel mixed layer. The
monitoring results in May 2017 revealed that the diffu-
sion zone continued to extend westward approximately 26
m compared with that in July 2016, and the width of the
belt on the side near the cobble beach became slightly
narrower. The maximum width of narrowing was ap-
proximately 10m. The on-site survey found that although
the surface layer at the narrowing place was composed of
sandy materials, it had cobbles buried underneath.

4.3 Erosion Hotspots

From the perspective of coastline variation for the cob-
ble beach from its completion to May 2017 (Fig.9b), there
was stronger erosion and retreat in the eastern, middle,

and western profiles than in adjacent regions, and the
greatest amounts of coastline retreat in the eastern, middle,
and western profiles reached 17.00, 9.50, and 5.80 m,
respectively. In July 2016, in comparison with the terrain
upon completion (Fig.9¢), there was obvious erosion on
the beach face to the west of the Baishi cape, to the west
of the drainpipe rock and in the west of the cobble beach,
among which the maximum erosion approached 2.50 m.
There was relatively obvious accumulation at the bottom
corner of the western beach face and the eastern beach
berm. In particular, the maximum accumulation at the
bottom corner of the western beach face exceeded 1.00m.
In January 2017, in comparison with the terrain upon
completion (Fig.9d), the erosion in the middle of the
beach face had further expanded, and the maximum ero-
sion in the middle of the beach face to the west of the
drainpipe rock reached 3.00 m. The beach berm and its
upper part were primarily under the state of accretion, and
the maximum accretion at the beach berm near the Baishi
cape on the east side was close to 1.50m. Based on the
orthophoto image (Fig.9a), there were three distinct re-
gions of erosion hotspots present in the cobble beach.
From east to west, they were on the west side of the Bai-
shi cape (A), the west side of the artificial drainpipe rock
(B), and the west side of the lower reach of the natural
reefs (C). The degrees of erosion at the sites A and B were
stronger than that at site C.

4.4 Response of the Artificial Cobble Beach to
Typhoon Meranti

Before and after Typhoon Meranti, the variation in the
profile configuration of the artificial cobble beach (Fig.10)
was relatively significant, and it generally exhibited the
net transportation of cobbles onshore in the cross-shore
direction. The beach face was eroded, and the cobbles
accumulated in the upper part of the beach berm, forming
the obvious bump on the beach berm. The height of the
beach berm increased by 0.30 m on average. In particular,
the height of the beach berm increased to 4.69m in P6,
which was the highest in the region. The slope of the pro-
file generally became steeper, and the average slope in-
creased by 0.05. In particular, the steepest slope reached
0.28 in P8, and the gentlest slope was 0.18 in P2, whose
slope also increased by 0.07 after the typhoon. The varia-
tion characteristics of the width of the beach berm differed
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Fig.8 Variation in the coastline of the artificial cobble beach and the morphology of dispersed cobble belt.
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according to the location of the profile. The widths of the  changed.

beach berms narrowed considerably in P6 and P10, with In the alongshore direction, the cobble beach experi-
erosion of 2.15m and 1.37m, respectively. The accretion  enced obvious transport from east to west. In particular, at
width on profiles P2 and P8 exceeded 1.00m, and the the beach face 10.00-20.00 m from the shore, P10 was
width of the beach berm in P4 remained essentially un-  severely eroded, whereas P8 was accreted. On the beach
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face about 5.00—10.00m from the shore, the erosion in P6
was severe, whereas P4 and P2 on the west side of beach
underwent accretion. Fig.10 shows the variation in the
elevations of different profiles, and the maximum heights
of accumulation for the representative profiles (P2, P4, P6,
P8, and P10) from east to west were 0.35, 0.54, 0.30, 0.51,
and 0.47 m, respectively, located 7.30, 15.90, 2.70, 10.90,
and 9.10m from the shore, respectively. Erosion on the
profile of the cobble beach was severest for P10 and P6.
In particular, the severest erosion locates 14.10 m from
the shore along P10, where downward erosion exceeded
1.00m. The maximum erosion on the beach face in P6
was 0.74m, which occurred 7.70m from the shore. The
maximum erosion along profiles P2, P4, and P8 did not
exceed 0.50m. Using a profile volume method, we calcu-
lated that after the typhoon, the average volume per unit
width of the profile decreased by 7.2m*m™", and the total
volume lost from the cobble beach was about 4.5x10°m’,
which accounted for 11% of the restoration amount added
on the cobble beach. The loss due to one typhoon event
accounted for 50% of the total amount lost on the beach.

5 Discussion

5.1 Evolution of Profile Configuration

The profile configuration of the beach is the product of
the interactions between the dynamic factors of waves,
tidal currents, and winds, as well as the terrain and to-
pography of the beach (Hine, 1979; Austin and Masselink,
2006). Under the actions of energetic tides and waves, the
cobbles are constantly corroded and transported (Chen
and Stephenson, 2015). Because the positive correlation
of the slope of the cobble beach with the size of the cob-
bles, the action of waves on the cobble beach differs sig-
nificantly from on the sandy beach. When a wave acts on
the cobble beach, the uprush causes the cobbles to roll
and move upward. The porosity of the cobble beach is
significantly larger than that of the sandy beach, so the
infiltration velocity is much greater than that of the sandy
beach when the backwash acts. Because of the factors of
infiltration and frictional resistance, the backwash inten-
sity on the cobble beach declines substantially, and the
backwash is weaker than the uprush. Therefore, it is dif-
ficult to bring all the cobbles from the beach berm back to
the beach face. The difference between uprush and back-
wash results in the net transportation toward the shore in
the swash zone, and accumulated cobbles form the beach
ridge on the beach berm, and results in the steepening of
profiles (Austin and Masselink, 2005; Austin and Bus-
combe, 2008). Data from previous researches after the
completion of an artificial cobble beach were mostly ob-
tained within three months to one year (Pye and Blott,
2009), and there is lack of long-term continuous observa-
tion data. In this study, based on 10 times profile-con-
figuration monitoring over three years, we were able to
divide the evolution of the profile configuration of the
artificial cobble beach into four stages (Fig.11).

The first stage was the initial unstable stage after the
beach nourishment, during which there was an obvious

change in the profile configuration. The coastline of the
cobble beach and the cobble/sand line receded toward the
land side, and the beach berm rose to form the berm crest,
forming an obvious upper concave composite cobble
beach that was steeper in the upper part and gentler in the
lower part. The slopes in the upper part of a cobble beach
and the lower part of a sandy beach are notably different,
and the slope break point is apparent (Lopez et al., 2015).
Generally, the erosion rate at the initial stage after nour-
ishment was considerably higher than that at later the
high-energy events (Bertoni and Sarti, 2011).

- = Natural profile = = Nourished profile — Adjustment stage
— Tend to dynamic equilibrium — Typhoon
— Recovery after typhoon

Elevation (m)
{35 ]

0 10 20 30 40 50
Cross-shore distance (m)

Fig.11 Evolution model of the typical profile configura-
tion for the artificial cobble beach.

At the second stage the beach approached dynamic
equilibrium. Under the action of local conventional dy-
namic conditions, the artificial cobble beach gradually
approached an equilibrium state, and the change in profile
configuration was very small. The width and height of the
beach berm and the slope of the profile changed slightly
in an observation season. The slope of the cobble beach
typically steepened, and the beach berm typically became
higher because of the accretion in autumn and winter,
whereas the slope became gentler, and the height of beach
berm declined in spring and summer. The variation char-
acteristics are relatively consistent with the seasonal
variation of typical tidal levels and waves in the sea area
of Xiamen. The tidal level in the sea area of Xiamen is
lower in spring and summer and higher in autumn and
winter. It is generally lowest in April-July and highest in
September—November (Liao ef al., 2010; Fu ef al., 2013).
Without the influence of typhoons, wave energy strength
is lower in spring and summer and higher in autumn and
winter. It is prone to the influence of typhoons in autumn
and affected by waves and storm surges with higher ener-
gies than the normal state. The third stage was in the
high-energy state (typhoon or cold winds). When the
cobble beach was impacted by high-energy uprush toward
the shore and run-up during the typhoon, most cobbles
accumulated onshore in the cross-shore direction, and a
smaller portion of the cobbles and fine-grained sediments
were transported by backwash into the sea. The variation
in the profile of the cobble beach was relatively intense,
and the cobble beach steepened considerably within a
short time. Cobbles accumulated at the location of the
beach berm. The height of the beach berm increased,
whereas relatively intensive erosion occurred on the
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beach face (Alegria-Arzaburu and Masselink, 2010). The
height of the beach berm on the cobble beach was closely
related to the total run-up elevation during the typhoon
process, which was the sum of wave run-up, tidal level,
and storm surge (Bergillos ef al., 2016). The fourth stage
was in the restoration state after the typhoon. After the
typhoon, the slope of the cobble beach profile became
slightly gentler. The width of the beach berm grew, and
the height of beach berm declined. During the period of
the typhoon, the loss caused by transportation along the
coast prevented the profile configuration from returning
to the second stage.

5.2 Generation Mechanism of the Erosion Hotspots

Coastal erosion hotspots are defined as the sites where
profiles of coasts exhibit significantly higher rates of ero-
sion than adjacent areas (List et al., 2006). Erosion hot-
spots occur on nourished beaches similar to natural beaches
(Dean and Dalrymple, 2004). Within three years after the
completion of the artificial cobble beach in Tianquan Bay,
the retrogression of the coastline was apparent on the
west side of the Baishi cape and the west side of the arti-
ficial drainpipe rock, and there was also some degree of
retrogression of the coastline on the west side of beach
near the lower reach of the natural reefs. The cobble
beach coastline evolved from being essentially parallel to
the artificial revetment upon completion to a slightly
curved parabolic shape. Schiaffino et al. (2012) adopted
the parabola model (Hsu, 1989) to predict the evolution
of coastline at 52 beaches along the coast of the Mediter-
ranean, and the results indicated that the modification
index of the parabola model can be applied well to gravel
beaches (including artificially restored gravel beaches). By
comparing the topographic changes of the cobble beach
during different stages, three relatively obvious erosion
hotspots can be found distributing on the artificial cobble
beach from east to west. The main controlling factors for
the erosion hotspots of nourishment beaches are coastal
underwater topography, sewage pipes, capes, location and
direction of the off-shore submerged breakwater, and ab-
rupt change in the trend of the coastline (McNinch, 2004).

When waves propagate from the deep water to near-
shore and are blocked by a cape or reef, the waves break
because the water depth suddenly becomes shallow. The
waves are severely deformed, and energy is concentrated
at the front edge of the reef, generating complex non-
linear effects, wave-driven flows, and shallow-water long
waves (Chen et al., 2000; Kennedy et al., 2000; Cavaleri
et al., 2007). The sea off Tianquan Bay is mainly affected
by SE-SSE-trending incident waves and therefore gener-
ates a wave-driven coastal current from east to west.
Fig.12 shows the distribution of the SSE-trending annual
maximum significant wave heights and the wave-driven
coastal current in the research area, and the region in the
black square is the artificial cobble beach. The Hs in the
research area was generally larger than 0.5 m. On the
southeast side of the Baishi cape and around the drainpipe
and natural reefs, Hs exceeded 1.0m, and the maximum

a) Springer

wave height at the Baishi cape was close to 1.5m. The
figure shows that, relative to the artificial sandy beach on
the west side, there is a very obvious large wave height
zone near the cobble/sand line of the cobble beach, and
Hs is close to 1.0m. The wave energy strength near the
cape, reefs, and drainpipe is stronger than that in other
regions. The cobbles constantly accumulate onshore un-
der the action of waves. The slope becomes steeper, and
the coastline recedes. Meanwhile, there is a wave-driven
coastal current in the direction of WSW to west in the
range of the cobble beach, and its maximum flow velocity
approaches 1.0ms ', particularly on the two sides of the
middle artificial drainpipe. There are small circulations
near the Baishi cape, although the coastal current gener-
ally flows from east to west with the flow velocity of 0.6
to 1.0ms '. The cobbles are transported from east to west
under the action of the wave-driven coastal current. When
the transport of cobbles on the profile to the east side is
blocked by the drainpipe, they are continuously accumu-
lated on the east side of the drainpipe, whereas cobbles to
the west are continuously transported westward without
being supplemented. Therefore, the erosion on the profile
on the west side of the drainpipe is severe, and the width
of the beach berm has declined by more than two-thirds,
forming two obvious erosion hotspots on the lower reach
side of the coastal current near the coastal headland and
the artificial drainpipe. The natural reefs on the west side
are relatively far from the shore. Although they cannot
directly block the transportation of cobbles, they enhance
the coastal current on the lower reach side and cause a
small region of erosion hotspots on the shore sitting in the
lower reach of the reefs. Fig.13 shows a schematic dia-
gram of the generation mechanism of erosion hotspots in
the artificial cobble beach of Tianquan Bay. According to
the time scale, the erosion hotspots can be divided into
short-term reversible hotspots, medium-term hotspots,
and long-term hotspots. Short-term erosion hotspots are
reversible and are mainly related to storms, and the dura-
tions of medium-term erosion hotspots are a month to a
year, which are obviously visible and can be revealed
through on-site measurements (Ashton et al., 2003; List
et al., 2006). The erosion hotspot on the artificial cobble
beach in Tianquan Bay has been visible for three years
and is a medium-term erosion hotspot, which is therefore
irreversible. The appearance of an erosion hotspot will
affect the stability and re-nourishing cycle of the nour-
ished beach, and we should focus on erosion hotspot re-
gions during beach nourishment.

5.3 Characteristics of Storm Response

The high waves and surges caused by storms are im-
portant dynamic factors for the development and evolu-
tion of beaches (Elko and Wang, 2007; Grottoli et al.,
2017). When a storm surge overlaps with high-energy
waves, it can cause catastrophic destruction of beach to-
pography and geomorphology within a short time (Rug-
giero et al., 2001; Pye and Blott, 2008; Masselink et al.,
2010). This phenomenon is especially apparent on mi-
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cro-tidal and mid-tidal beaches and is not completely ap-
plicable on macro-tidal beaches. The reason is that the
large tidal ranges of macro-tidal beaches limit the time
when the heights of the tide plus surge exceed threshold
levels and therefore restrict the duration of beach erosion.
The duration of the high water level directly affects the
intensity of beach erosion (Austin and Buscombe, 2008;
Esteves et al., 2012). The upper limit height for the action
of a storm on a beach is the sum of the astronomical tide
level, maximum storm surge and wave run-up, and is af-
fected by many factors such as storm strength, typhoon
path, and landing time. Sallenger Jr. (2000) proposed that
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the storm response model of beaches can be divided into
four types: swash, collision, overwash, and inundation.
The artificial cobble beach of Tianquan Bay is located on
a macro-tidal coast, and Typhoon Meranti landed near the
low-tide period of the ebb tide. During the landing of the
typhoon and the subsequent impact process, the total level
that the astronomical tide and the storm surge added to
the wave run-up of the typhoon, which reached a maxi-
mum of approximately 4.10m, is lower than the historical
highest water level and the top elevation of the cobble
beach berm, without the occurrence of an overwash phe-
nomenon.
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Fig.12 Numerical simulation of the hydrodynamic field on the artificial cobble beach. a, annual maximum Hs; b, wave-
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Fig.13 Schematic diagram of the generation mechanism of erosion hotspots on the artificial cobble beach.

Low-tide terrace beaches are generally developed in
coastal areas with large tidal ranges (Masselink and Short,
1993), and Xiamen Island has developed the low-tide
terrace sandy beaches along the coast. Qi et al. (2010)
suggested that the response of a low-tide terrace beach to
a storm generally exhibits strong erosion on the upper
profile and accumulation on the lower profile. The beach
berm could be completely eroded in one storm. The ac-
tion of storms causes strong cross-shore sediment trans-
portation, and the slope of the beach becomes considera-
bly gentler. Before and after Typhoon Meranti, we also
monitored the typical profile of the sandy beach near the
artificial cobble beach (Fig.1b), and Fig.14 shows a sche-
matic diagram of the storm response for different types of

beaches in the research area to Typhoon ‘Meranti’ (2016
14). What is notably different from the sandy beach is
that during the storm, the beach face of the artificial cob-
ble beach was eroded. The majority of cobbles on the
beach face are subjected to the effects of uprush caused
by high-energy plunging waves, and they are constantly
transported onshore, accumulating in the upper part of the
beach berm and forming an even higher berm crest. Only
a very small portion of cobbles and fine-grained sediments
are transported offshore by the backwash, and the slope of
the cobble beach becomes considerably steeper. Conversely,
the higher beach berm and steeper profile of the cobble
beach can dissipate incident high-energy waves more ef-
fectively and therefore can protect the coast better. Figs.9¢
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and 9d also indirectly indicate that after the influence of
Typhoon Meranti, the surface of the cobble beach had
been eroded, whereas the beach berm had been uplifted
because of the accumulation of cobbles, which were the
unique response characteristics of the cobble beach to the
storm.
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Fig.14 Storm response characteristics of beaches. a, artifi-
cial cobble beach, profile P4 in Tianquan bay; b, sandy
beach, profile P23 in Taiyang bay.

In the longshore direction, there was apparent transport
of cobbles from east to west on the cobble beach after the
typhoon, and the cobble diffusion zone also continued to
extend to the west. In the process of the typhoon, the total
volume of the beach decreased by 4.5x10°m’ (including
longshore and offshore losses), and the amount of loss
accounted for 11% of the restoration amount on the cob-
ble beach, reaching 50% of the total loss amount on this
beach within three years. Alegria-Arzaburu and Mas-
selink (2010) also found that storms (swell waves) can
result in the accretion of the supratidal zone and the ero-
sion of the intertidal zone, and a significant loss in overall
beach volume. Presuming that sediments for beach nour-
ishment are sands with particle sizes of 0.5 mm, the CERC
formula (US Army Corps of Engineers, 2002) and the
Kamphuis formula (Kamphuis, 1991) were used to esti-
mate the amount of longshore sediment transport. During
typhoons it exceeds 15.0x10° m®, which is much larger
than the actual amount lost from the artificial cobble
beach. This result also demonstrates that under strong
dynamic conditions, cobbles are more stable than sands
and can protect the coast better from severe erosion.

6 Conclusions

In this paper, by analyzing the profile configurations
and topographic characteristics of a cobble beach during
different periods, we obtained the following conclusions.

a) Springer

1) The artificial cobble beach in Tianquan Bay is lo-
cated on a macro-tidal coast, and it is subject to the action
of SE-SSE-trending waves in open seas. After the com-
pletion of the artificial cobble beach, the evolution of its
profile configuration can be divided into four stages. The
beach was unstable during the initial stage after nourish-
ment. There was an obvious change in the profile con-
figuration at this stage and an obvious upper concave
composite cobble beach that was steep in the upper part
and gentle in the lower part was formed. During the sec-
ond stage, the cobble beach approached dynamic equilib-
rium, and the change in the profile configuration was very
small. The third stage the beach was in a high-energy
state under the influence of a typhoon, and the profile of
the cobble beach steepened considerably in a short time.
The beach face underwent severe erosion, and the sig-
nificant accretion occurred at the location of the beach
berm. The height of beach berm increased, and the total
volume of the beach decreased. The fourth stage was the
restoration stage after the typhoon. The slope of the cob-
ble beach became gentler, the width of the beach berm
increased, and the height of the beach berm declined.

2) Because of the actions of waves and the wave-driven
coastal current under the specific topographic and geo-
morphological conditions (coastal headland, drainpipe
rock, and natural reefs), the coastline of the artificial cob-
ble beach gradually evolved from being essentially paral-
lel to the artificial coast upon completion to a slightly
curved parabolic shape, and three obvious erosion hot-
spots were formed. These erosion hotspots tend to be dis-
tributed on the lower reach side of the coastal current in
the vicinities of the cape, drainpipe, and reefs.

3) When Typhoon Meranti landed in Xiamen, it was
near the low-tide period of the ebb tide, and the cobble
beach did not exhibit an overwash phenomenon. The re-
sponse of the artificial cobble beach to the storm was
completely different from the response characteristics of
the low-tide terrace sandy beach. There was net transport
of cobbles onshore in the cross-shore direction, the beach
face was eroded, and the beach berm was uplifted be-
cause of accumulation of cobbles. The height of the beach
berm increased, and the slope of the profile became
steeper. In the longshore direction, the cobble beach ex-
perienced considerable transport of cobbles from east to
west, and the total volume of the beach during the ty-
phoon process decreased by 4.5x10°m’ (including long-
shore and offshore losses). The amount accounted for 11%
of the restored amount on the cobble beach and reached
50% of the total amount lost from the beach over three
years.
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