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Chronic coastal erosion is a recurring issue that threatens the built environment
and the stability of public beaches. Dynamic cobble berm revetments, which
replicate natural composite beaches, are a possible option for nature-based
erosion mitigation on high-energy coastlines. Dynamic cobble berm revetments
are composed of a sandy foreshore and an engineered cobble berm, which
evolves over time while dissipating wave energy. While dynamic cobble berm
revetment projects have been constructed over the past two decades, there
remains a lack of engineering guidance for many aspects of their design. In this
study, we summarize the current state of the practice for the design of dynamic
cobble berm revetments. We first present a review of tools that have been used
for dynamic cobble berm revetment design, including their basic assumptions
and potential limitations. Following, we summarize the design and performance
of five dynamic cobble berm revetment projects on the outer coast of the Pacific
Northwest, USA, as case studies. Based on the findings of the first two sections,
an informal survey of local practitioners, and the knowledge of the author group,
we propose a design process for dynamic cobble berm revetments. The design
process is not prescriptive, rather, it is intended to give engineers a framework to
apply existing tools until the body of dynamic revetment research can support a
more prescriptive design guidance. Finally, we evaluate our confidence in the
suggestions and tools in the design process, so that engineers and other
practitioners can understand the limitations of the current state of the practice.

KEYWORDS

dynamic cobble berm revetment, composite beach, natural and nature-based feature,
nature-based solution, coastal erosion
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1 Introduction

Coastal erosion and associated ecosystem degradation
worldwide is expected to increase in severity with sea level rise
and increased storminess (e.g., Luijendijk et al.,, 2018; Mentaschi
etal., 2018; Vitousek et al., 2017). Given the need to enhance coastal
resilience while preserving ecosystem services, there is significant
interest in infrastructure that makes use of natural processes and
has ecosystem benefits in addition to providing coastal protection
(Bridges et al., 2021). Composite beaches occur around the world,
including (but not limited to) the United Kingdom (Blenkinsopp
etal., 2022), New Zealand (Jennings and Shulmeister, 2002), Europe
(Casamayor et al., 2022), Canada (LeRoux et al., 2024), and the
United States (Allan et al., 2005). Observations of natural composite
beaches have shown that they are relatively stable, with little erosion
observed in the backshore (Allan et al., 2005). Recently, there has
been a focus on mimicking these composite beaches as a nature-
based solution to mitigate coastal erosion, especially in the high-
energy Pacific Northwest (PNW) coast of the United States.

Composite beaches typically have a gently-sloping sandy
foreshore backed by a steep cobble berm (Jennings and
Shulmeister, 2002). On composite beaches, the sandy foreshore
and cobble berm are visually well separated, in contrast to mixed-
grain beaches. In the PNW, the sandy foreshores of a composite
beaches are dissipative, with slopes typically around 25H:1V or
flatter, while the backshore cobble berms have slopes typically
around 7H:1V - 4H:1V (Allan et al,, 2005). Although the cobble
portion of a composite beach evolves under wave collision, the
cobbles are naturally maintained along the backshore by swash
processes. Swash uprush is stronger than swash backwash, so
cobbles have a tendency for landward transport, deposition, and
accumulation on the backshore berm (Masselink and Li, 2001;
Austin and Masselink, 2006a).

The engineered analogue to a composite beach is known as a
dynamic cobble berm revetment. Other names for dynamic cobble
berm revetments include “cobble berms”, “engineered cobble
berms”, or “dynamic revetments,” depending on the audience and
location. We will use the term “dynamic revetment” in this
manuscript for simplicity, and will share our suggestions for
naming practices in Section 5. Both laboratory studies and field
studies have shown that dynamic revetments can be effective for
erosion mitigation (Allan et al., 2004, 2023; Allan and Gabel, 20165
Bayle et al., 2023, 2021; Komar and Allan, 2009; Weiner et al., 2019;
Bayle et al., 2020; Blenkinsopp et al,, 2022; Foss et al., 2023).
Dynamic revetments are typically placed along high-energy
coastlines where composite beaches naturally exist and beach
nourishment is not a viable solution to coastal erosion. Dynamic
revetments have been constructed around the world, including the
PNW (see Section 5), California (ESA, 2016; Winters et al., 2020),
Canada, New Zealand, the Netherlands, and the United Kingdom
(see Bayle et al., 2020 for a partial review). Observations have shown
that dynamic revetments typically lose negligible volumes of cobble
offshore (Allan et al., 2006; Bayle et al., 2020; Foss et al., 2023), may
build elevation at the crest (Ahrens, 1990; Foss et al., 2023), are
resilient to sea level rise when designed with accommodation space
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(Bayle et al., 2020) and sufficient volume. Additionally, studies of
constructed projects in the PNW have shown that the placement of
dynamic revetments can significantly reduce erosion rates (Allan
and Gabel, 2016; Weiner et al., 2019). While it is expected that the
profile of dynamic revetments will be reshaped by waves, the initial
design of dynamic revetments often looks like the schematic and
pictures in Figure 1. Typical design parameters may include the
front slope of the cobble, design toe and crest elevations, a crest
width, and a design cobble volume. The size and gradation of rock is
also typically specified.

Although dynamic revetment projects have been constructed,
reporting of systematic and long-term monitoring of existing projects
is generally lacking. Furthermore, while some preliminary guidelines
for dynamic revetment design have been proposed in recent studies
(Allan et al.,, 2005; Bayle et al., 2020, 2021; Foss et al., 2023), there
remains no holistic engineering guidance for design, construction, and
maintenance of dynamic revetments. The combination of these lacking
resources may reduce the implementation of dynamic revetments for
coastal protection by coastal property owners, local governments, and
permitting agencies.

Despite hesitation regarding the implementation of dynamic
revetments, there are reasons they may be a good choice for coastal
protection. Dynamic revetments can be used instead of riprap and
seawalls, both of which can lead to beach narrowing (Ruggiero and
McDougal, 2001; Griggs, 2005). They are typically considered “soft”
or “nature-based” structures, and their dynamic nature is
anticipated to mitigate some of the adverse effects of static
structures. In some locations, dynamic revetments replicate
nearby natural beach types, and may be a preferred option
because they fit in with their surroundings (Allan et al., 2005). In
contrast to hard structures, which are always a “hold-the-line”
solution, dynamic revetments can be used for a range of
purposes, from protecting fixed infrastructure (US Army Corps of
Engineers Portland District, 2013) as an interim solution while
planning for other coastal management options (Blue Coast
Engineering LLC, 2021), or to simply slow the erosion rate.
Dynamic revetments are also often less expensive than
alternatives such as riprap revetments and seawalls (Allan et al,
2005), and can be used to protect short stretches of coastline when
regional-scale coastal erosion mitigation is financially or logistically
impossible (Bond, 2021).

In this review, we summarize the best available science for
engineers, coastal geomorphologists, and other practitioners who
may participate in the design, construction, and implementation of
dynamic revetments. We also aim to accurately summarize the
potential benefits, drawbacks, and uncertainties of dynamic
revetment implementation. There are many open scientific and
engineering questions about the performance of these structures
and no previous engineering guidance; therefore, our intention is to
give engineers a framework to apply existing information rather
than a prescriptive design process. The sections of the manuscript
are connected, but self-contained, so readers can focus on the
sections most relevant for their needs. In Section 2, we cover the
state of the existing tools for dynamic revetment design, including
potentially applicable tools from fields such as gravel beach research
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FIGURE 1

(a) Schematic of a typical dynamic cobble berm revetment cross-section under wave collision, with important design parameters identified. (b, c)
Photos from the Mouth of the Columbia River: South Jetty project (See Section 3.2 for more details) of a dynamic revetment during the winter and

summer, respectively.
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and traditional coastal infrastructure design methods. In Section 3,
we review five projects in the PNW and present their design process,
maintenance plan, and performance since construction. In Section
4, based on the information summarized in this paper and on the
results of an informal practitioner survey, we propose a general and
non-prescriptive design process for dynamic revetments and
evaluate our confidence in the tools available for each proposed
step of the design. The design process includes suggestions for both
the initial design and the implementation of an adaptive
management framework (i.e., a maintenance program that adapts
to changes in the feature being managed). Finally, we conclude by
suggesting persistent gaps in knowledge for dynamic cobble berm
revetments as a nature-based coastal erosion mitigation measure. It
should be noted that while we focus on projects implemented in the
PNW in this manuscript because of contrasting design priorities
and outcomes despite similar forcing conditions, the information
and design process are applicable to other high-energy (defined here
as a Dean number > 20) (Wright and Short, 1984), open-coast
(defined here as non-estuarine and non-lacustrine), macro- and
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mesotidal beaches. The concepts discussed in this manuscript are
also applicable to lower-energy systems, and have already been
applied there (Johannessen, 2001; Boehlert et al., 2012; Coven et al.,
2015); however, appropriate alterations to the design process and
recommendations may be necessary.

2 Existing design tools

The design of dynamic revetments has important differences
from traditional coastal structures. Dynamic revetments are
expected to evolve over time; therefore, engineers must design the
initial shape of the revetment while also anticipating the changes
that will take place as the structure evolves. Some of the parameters
that engineers may need to design dynamic revetments are the
following: cobble size, cobble shape, cobble gradation, crest height,
slope, toe elevation, and cobble volume. However, few studies have
examined these parameters on dynamic revetments. In this section,
we discuss the available design tools and guidance for both the
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initial design parameters and for prediction of the dynamic
evolution of the revetment. Some of these tools come from
specific dynamic revetment studies, but many of them are from
other fields, including the study of traditional static revetments and
gravel beaches. All equations are defined in the Supplementary
Material (Supplementary Section 2).

To decide which tools to include in this review, we first included
all tools that have been used in the design of each of the five projects
presented in Section 3. These tools were not all specific to dynamic
revetments, but we confirmed that each of the tools were relevant.
Tools were only considered relevant if they involved dynamic
cobble or gravel movement and interaction with swash. In
addition, we used Google Scholar to search for papers using the
search terms “composite beach,” “dynamic revetment,”, and “cobble
berm.” From the peer-reviewed publications that resulted, we
removed any that did not fit the Jennings and Shulmeister (2002)
definition of a composite beach, and included all of the remaining
papers that provided any engineering recommendations relevant
for dynamic revetments as defined in this study. Non peer-reviewed
articles were included as needed if the information was crucial and
could not be found elsewhere.

2.1 Design parameters

2.1.1 Cobble specifications

There are several possible tools for specifying cobble size,
including laboratory and field studies. However, cobble sourcing
and cost may also play a role in the determination of the cobble size
and shape used for a particular project.

Several studies and manuals (e.g., CIRIA, 2007; van der Meer
and Pilarczyk, 1986) define different stability regimes for berms
made purely of rock or cobble (i.e., without sand) based on a ratio of
the mobilizing force (wave height) to stabilizing force (grain size). A
stability number of 1 indicates that the rock never moves, and a
stability number of 500 indicates that the rock moves regularly. By
choosing a range of stability numbers appropriate for the project, a
D5, of cobble could be chosen for the given wave climate. However,
it should be noted that these equations and stability numbers are
empirical, were developed for berm breakwaters, and may have
limitations when applied to dynamic revetments.

Another strategy for choosing cobble size is proposed in Lorang
(2000), which incorporates stone properties and runup
characteristics to determine the critical threshold mass and
minimum stable stone size. Their equations were tested on field
data from several boulder beaches in New South Wales, Australia
with a D5y of 388 mm (Oak, 1984, 1986) and provided adequate
agreement (within a factor of 2-3) for waves less than 2 m in height,
and had good agreement (within a factor of 2) for waves higher than
4.25 m. For dynamic revetments, where cobble is expected to be
mobile, the equations could be used to provide an upper limit for
cobble size based on the threshold of motion and minimum
stable mass.

In Oregon, Allan et al. (2005) analyzed natural composite
beaches to develop design recommendations for dynamic
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revetments. They found that mean grain sizes existing on
naturally occurring composite beaches ranged from 30 mm - 128
mm, and therefore recommended using particles with a mean grain
size of 64 mm for the construction of dynamic revetments in
the PNW.

Several studies have also provided suggestions on the
specifications of the cobble needed to create a successful dynamic
revetment. Bayle et al. (2020) used well sorted, rounded cobbles
with a D of 63 mm and a Dg5/D; 5 ratio of 1.32 in their laboratory
experiment and observed erosion of sand beneath the revetment.
Foss et al. (2023) suggested that the sand erosion observed by Bayle
etal. (2020) was a result of the well sorted cobble not forming a filter
layer of small gravel beneath the structure. Foss et al. (2023)
suggested, therefore, that using poorly sorted angular or
subangular material (such as a Dgs/D;s ratio of 3.79 in their
experiment) will preserve more sand beneath the structure
through the formation of a filter layer, which has been observed
in the field on a poorly-sorted subangular dynamic revetment by
Bayle et al. (2021). Foss et al. (2023) also found that poorly sorted
angular or subangular material led to a higher crest elevation than
the well sorted, rounded material used in Bayle et al. (2020).

Angular cobble placed on the beach should be expected to
round over time; however, the rate at which angular cobbles will
round is site-specific, rock-type specific, and uncertain. Based on
observations of the rounding of basaltic jetty haul road material
from angular to subangular after 2 years at the South Jetty of the
Columbia River, angular cobbles at the South Jetty dynamic
revetment were expected to become rounded in 2-5 years (US
Army Corps of Engineers Portland District, 2013; Allan and Gabel,
2016). However, that estimate was not evaluated for the cobble
making up the dynamic revetment.

Another consideration for cobble characteristics is source and
cost. Allan et al. (2005) evaluated options for cobble sourcing and
found that cobble-sized material was not typical for quarries; rock
was typically either crushed and screened to smaller sizes (less than
76 mm) or kept as riprap-sized rocks. There were some quarries
that produced unscreened (pit-run or quarry-run) material that
may be suitable; however, the presence of fines within the material
should be taken into account. In Oregon, Allan et al. (2005)
identified that most coastal project sites were within 30 miles of a
quarry capable of producing suitable cobble if angular cobble was
acceptable. However, sources for rounded rock were more difficult
to identify, and had additional logistical concerns. Difficulties in the
acquisition of rounded cobble can also lead to higher unit costs, so
angular cobble may be a more cost-effective material.

2.1.2 Runup and crest height

The expected wave runup may be used to set the crest height of
the revetment. Until recently, there have been no runup equations
specifically for composite beaches. However, some runup equations
have features that could make them applicable for composite
beaches. For instance, van Gent (1999, 2001) used a scale
laboratory experiment to study the runup on dikes with shallow
foreshores. van Gent (1999, 2001) used an effective surf similarity
parameter and the spectral wave period to account for the change in
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the wave spectra as it transformed over a shallow foreshore,
allowing them to predict runup on the steep slope. The results of
van Gent (1999, 2001) were incorporated into the runup equations
in van der Meer (2002) and the EurOtop manual (van der Meer
et al., 2018).

While the van Gent (1999, 2001) equations accounted for the
characteristic gently sloping foreshores and steeply sloped berms of
composite beaches, the equations were developed using numerical
and laboratory modeling, and were not designed for composite
beaches. To improve predictions of runup on composite beaches,
Blenkinsopp et al. (2022) used field and laboratory observations to
develop empirical runup equations specific to composite beaches
and dynamic cobble berm revetments. The developed equation
related the runup height to the length of the surf zone, the depth of
water at the toe of the berm, and the slope of the berm. The
Blenkinsopp et al. (2022) equation was tested in the berm
inundation regime, where the swash zone was entirely located on
the cobble berm.

Instead of trying to predict the runup height on a specific berm
geometry, Allan et al. (2005) studied 13 composite beaches in
Oregon to assess their properties. They found that crest heights
ranged between 5.7 — 7.1 m. They also completed a total water level
(TWL) analysis using a runup equation developed for sandy
beaches by Ruggiero et al. (2001) (a precursor to Stockdon et al.
(2006)). They determined that the TWL exceeded 6 m 5% of the
time and 7 m 1% of the time, and therefore recommended a crest
height of 7 m in Oregon. However, this crest height may be an
overestimation, as runup equations for sandy beaches may
overestimate runup on composite beaches (Ellenson et al., 2023).

Conlin et al. (2025) tested many runup equations on data from a
composite beach site on the Oregon coast and found that the best-
performing existing equations were the equations of Medellin et al.
(2016) and a modified version of Poate et al. (2016). Based on their
field data, Conlin et al. (2025) also created a new runup equation
based on wave height, beach slope, and wave period that showed
improvement over all existing runup equations. They suggest that
the discrepancy between their equation and the equation of
Blenkinsopp et al. (2022) may be related to the runup regime: the
observations of Conlin et al. (2025) were collected during both berm
collision (when the swash zone spans the sandy foreshore and the
cobble berm) and berm inundation.

In some cases, infilling of cobble voids with smaller particles
and sand is a factor that may need to be accounted for in predictions
of runup and profile evolution. In a scale laboratory experiment,
van Gent et al. (2009) found that sand within the pores of gravel
caused a less dynamic response than the same structure without
sand infilling. The structure with sand infilling developed a lower
crest, but experienced less erosion below the still water line.
Zaalberg (2019) also used OpenFOAM to investigate the effect of
sand infilling on runup, based on the sand infilling observed in the
Maasvlakte II port in the Netherlands. Zaalberg (2019) introduced a
dimensionless pore number to account for the amount of sand
infilling and used it to modify the friction reduction factor from
EurOtop (van der Meer et al., 2018). They found that sand infilling
decreased the amount of water that infiltrated into the structure and
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caused an increase in overtopping discharge, indicating a higher
R0, runup elevation. Everts et al. (2002) noticed a similar result in
their field data. They observed that more cobble accretion seemed to
occur during the winter because sand had washed out of the cobbles
and increased seepage flow into the berm, decreasing swash
backwash velocity and thus decreasing downslope cobble transport.

2.1.3 Slope

While the front slope of a dynamic revetment is expected to
change over time, choosing an initial slope may be relevant for
design. van der Meer (1988) tested a range of stability numbers on
gravel and cobble beaches in a scale laboratory experiment and
measured the profile after 3,000 waves. They found that for stability
numbers less than 15-20, the initial slope had an influence on the
final profile. For stability numbers greater than 15-20, the initial
slope had no influence on the profile. However, the tests consisted
of scale laboratory experiments without sand, so the results may not
be applicable to dynamic revetments.

van der Meer and Pilarczyk (1986) studied beaches with
stability numbers between 3 and 200, which they define as
“dynamically stable rock slopes” or “gravel beaches.” They used
scale laboratory testing to develop a model that predicted the
evolution of a pure gravel slope based on the wave height, wave
period, number of waves, and D5, of the rock.

Powell (1993) also developed an equation for the equilibrium
slope of shingle beaches based on a 1:40 scale laboratory
experiment. The equation is based on the wave steepness, grading
of the sediment, and the relationship between wave height and Dsj.

In Oregon, Allan et al. (2005) evaluated characteristics of 13
composite beaches to develop design recommendations for
dynamic revetments. They found that slopes ranged between
8H:1V and 4H:1V, and recommended a design slope of 5H:1V.

2.1.4 Toe elevation

Toe elevation is also likely a component of engineering design.
However, to our knowledge, there are no existing tools or literature
outside of existing project designs (see Section 3) that provide
suggestions on toe elevation. Suggested methods for the
determination of the toe elevation based on existing project
designs will be covered in Section 4.

2.1.5 Cobble volume

Cobble volume may be a result of the chosen crest height, crest
width, toe position and front slope; however, some authors have
also investigated the volume required for dynamic revetment
stability. Gravel berm behavior was investigated by Ahrens (1990)
and Ward and Ahrens (1992) using a scale laboratory study of a
gravel beach in front of a bulkhead. They determined that the
performance of the revetment was based on its volume. They
separated profile responses into three categories: safe (when the
berm had enough volume for the crest to build up in a way that
neither stone nor water would be carried over the bulkhead), failure
(when waves directly impacted the bulkhead), and intermediate
(when some overtopping of water and stone occurred). They also
introduced the concept of “critical mass,” or the quantity of stone
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required to protect a unit length of vertical bulkhead for a given
water depth at the toe and given wave conditions. A cobble volume
greater than the critical mass allowed the revetment profile to evolve
in a way that prevented overtopping and met the “safe” condition.
They found that the critical mass was based on the water depth,
zeroth moment wave height, and period of peak energy density.
Ahrens (1990) and Ward and Ahrens (1992) introduced equations
to calculate the geometric properties of a gravel berm that meets the
critical mass requirement for a safe revetment. Ahrens (1990) and
Ward and Ahrens (1992) also proposed a dimensionless parameter
that uses the cobble volume and the wave conditions to calculate a
revetment response parameter that predicts the performance of the
revetment based on water depth, wave height, and wave period.
However, the Ahrens equations do not include any impact of grain
size, and the tests were done without sand, so the results may have
limited applicability.

2.2 Dynamic evolution

A challenge of engineered dynamic revetments is that unlike
traditional structures, they are expected to evolve over time. The
prediction of the evolution of dynamic revetments is an active area
of study, with several laboratory and field experiments making
detailed measurements of the evolution of dynamic revetments
under different wave conditions. Here, literature on the observation
and prediction of alongshore transport and berm evolution
is presented.

2.2.1 Alongshore transport

The alongshore transport of the cobbles that make up a
dynamic revetment is an important factor in determining the
longevity of the structure and its maintenance needs. There have
been several studies observing the transport of gravel, cobbles, and
pebbles; however, predictions of alongshore transport of cobble on
composite beaches for engineering purposes are limited.

While observations of cobble transport remain subject to site-
specific factors, there are observations of the direction and
magnitude of cobble transport on beaches on the US West Coast.
In some studies, there was a strong trend in the direction of cobble
transport, leading to net transport rates over the duration of
experiments. For example, on the dynamic revetment in North
Cove, Washington (see Section 3.2), Bayle et al. (2021) observed
transport rates of up to 13 m/day (for the smallest tagged pebbles) in
the direction of the dominant alongshore current over their 2-week
experiment. At Cape Lookout, Oregon, Allan et al. (2006) observed
northward transport of cobbles, which they concluded was driven
by southeasterly waves. Dickson et al. (2011) also observed
unidirectional transport of cobbles, with net transport rates from
2-2.5 m/day. However, in California, Young et al. (2023) found the
transport direction of their cobbles seemed random. Everts et al.
(2002) (also in California) concluded that there was no net cobble
transport at their site based on evidence like a lack of buildup of
cobble at coastal barriers. Young et al. (2023) also noted that cobble
transport distance was dependent on location due to engineered
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structures like riprap or geomorphology conditions like cusps. On
composite beaches, the movement of gravel over relatively
impermeable sand has been shown to lead to rapid formation and
erosion of cusp features (Pitman et al., 2024).

The relation between cobble shape, size and distance traveled is
not clear based on observations. Several studies (Allan et al., 2006;
Grottoli et al,, 2015; Young et al, 2023) found that transport
distance was related to cobble size. Young et al. (2023) and
Grottoli et al. (2015) also found that transport distance was
slightly related to cobble shape. However, Bayle et al. (2021) saw
no relation between cobble transport distance, size, and shape.
These discrepancies could be related to site conditions, as for
example, Grottoli et al. (2015) found that larger cobbles moved
less than other cobble sizes at their low-energy site, while Allan et al.
(2006) found that larger cobbles moved more than other cobble
sizes at their high-energy site.

Kamphuis (1991) used a laboratory experiment to develop an
empirical equation for alongshore sediment transport on sandy
beaches based on wave steepness, beach slope, grain size, and wave
angle. They tested their equation on a collection of previous field
data from a number of sites (Kamphuis et al., 1986) and found that
the laboratory equation correctly predicted transport rates.
However, they also acknowledged that their equation
overpredicted gravel transport, likely because it assumed every
grain moved under every wave and did not incorporate
critical mobility.

Van Wellen et al. (2000) also created an equation for alongshore
transport on coarse-grained beaches. The equation accounted for
transport in the swash zone and incorporated critical mobility for
the coarse grains. However, the authors acknowledged that there
were few datasets of alongshore transport, and thus they
recommended that their equation be tested with other datasets.

van Rijn (2014) used a process-based model to predict
alongshore transport rates on sand and gravel beaches. Based on
the results of the model, a simple equation was created. The
equation was based on the sediment properties, wave height and
direction at breaking, and the beach slope. A swell correction factor
was included to account for swell waves, which, according to the
model, transport 50% more sediment.

Kamphuis’s equation (Kamphuis, 1991) used both lab and field
datasets. van Rijn (2014) and Van Wellen et al. (2000) both
suggested that their equations were improvements over the
Kamphuis (1991) equation. The equations of Van Wellen et al.
(2000) and van Rijn (2014) have also been calibrated and tested on
shingle beaches. However, none of these equations have been tested
on a composite beach. As Kamphuis (1991) suggests that significant
sediment transport of cobble occurs in the swash zone, these
equations derived for shingle beaches may need alteration to
account for the time in which swash is not impacting the cobble
part of the composite beach.

In summary, studies in different environments have indicated a
range of factors that might impact the alongshore distance traveled
by cobbles. In some studies, size and shape were shown to have an
impact, and in others, size and shape were uncorrelated to the
alongshore distance traveled. Equations for alongshore transport on
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gravel beaches have been developed; however, they have never been
tested on composite beaches, so their applicability is unknown.

2.2.2 Cross-shore transport and berm evolution

As dynamic revetments are intended to be dynamic structures,
the cobble in the structure can move on a wave-by-wave basis. In a
large-scale laboratory experiment of a dynamic revetment, Bayle
et al. (2020) found that the net volume changes were approximately
an order of magnitude less than the gross volume changes, i.e., there
was lots of cobble movement, but relatively little change in the
overall shape of the revetment. A similar ratio was measured in the
field by Bayle et al. (2023). Transport up the face of natural cobble
berms and dynamic revetments has been observed in both field and
laboratory studies (Allan et al., 2006; Almeida et al., 2015; Bayle
et al., 20205 Foss et al., 2023). For example, Bayle et al. (2020) found
that 70% of their instrumented cobbles ended the experiment
landward of their starting position.

While cobble movement can be significant, the cobble that
makes up a dynamic revetment generally remains as a coherent
berm. Minimal offshore transport has been observed in the
laboratory (Bayle et al., 2020; Foss et al, 2023) and the field
(Allan et al., 2006; Bayle et al,, 2021). In the laboratory, Bayle
et al. (2020) and Foss et al. (2023) measured the percentage of the
placed cobble that remained as part of the dynamic revetment. For
Bayle et al. (2020), who used well sorted, rounded cobble, 90% of the
original cobble volume was retained, with another 9% in a mixed
sand-cobble layer adjacent to the cobble toe. For Foss et al. (2023),
who used poorly sorted, angular cobble and the same wave and
water level conditions as Bayle et al. (2020), 97% of the original
cobble volume was retained.

While dynamic revetments tend to remain coherent, their
profile shape and slope can have significant variation. Bayle et al.
(2020) and Foss et al. (2023) both observed significant changes in
slope and the overall profile shape throughout their experiments,
although the profile evolved differently due to the different cobble
used. Prediction of the profile evolution remains difficult. van der
Meer (1988) developed a model based on laboratory testing to
predict the morphological development of a gravel beach. Foss et al.
(2023) tested van der Meer’s model of the evolution of berm slope.
They found that the horizontal wave excursion and the distance
between the shoreline and the crest of the revetment agreed with
van der Meer (1988), but the van der Meer (1988) model could not
accurately predict the crest height, possibly due to the differently
sorted gravel. In addition to lab testing, Bayle et al. (2021) made
observations of morphological change in the field. They found that
morphological change mainly occurred at high tide: the water level
at the toe of the revetment was identified as the key parameter
controlling the wave height at the toe of the revetment, while
offshore wave height had only a secondary effect. However, this
could be related to offshore shoals near the site. Additionally, Bayle
et al. (2021) proposed a conceptual model for berm evolution that
incorporated observations of the sand interface within the berm.
The conceptual model has not yet been validated and needs testing
at other sites.
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In the laboratory, while both the poorly sorted, angular cobble
and well sorted, rounded cobble experienced rollover transport onto
the cobble crest, only the poorly sorted, angular cobble experienced
a noticeable increase in crest height (Bayle et al., 2020; Foss et al.,
2023). Bayle et al. (2020) noted that well sorted material has been
predicted to have a lower crest elevation by van der Meer (1988) and
Powell (1990), and observed that the rounded cobbles were easily
transported and unable to form a stable crest. In contrast, the poorly
sorted, angular cobble developed a peaked crest higher than the
constructed crest height. Foss et al. (2023) attributed this result to
the interlocking nature of the poorly sorted angular cobbles. Bayle
et al, 2020) also attributed the lack of crest growth in their
experiment to erosion of sand beneath the revetment, which
caused the revetment to sink even as cobbles rolled onto the
revetment crest. Foss et al. (2023) did not observe significant
erosion of the sand beneath their revetment, which they
attributed to the formation of a filter layer below the revetment
by the smallest gravels in the cobble gradation.

While dynamic revetments have been shown to reduce erosion
when compared to a no-revetment case, dynamic revetments
themselves have also been seen to experience retreat. In Bayle
et al. (2020), the authors observed that with rising water levels,
the revetment retreated landward. This indicates that under some
conditions, dynamic revetments may not fix the shoreline in place;
rather, they should be expected to retreat in an erosive environment,
albeit at a slower rate than sand.

In summary, dynamic revetments should be expected to change
on a wave-by-wave basis. However, laboratory experiments and
field observations suggest that the offshore transport of cobbles is
limited, and that in the absence of significant alongshore transport,
the dynamic revetment will naturally remain as a coherent structure
even under extreme conditions. Laboratory experiments have
shown that well sorted, rounded cobble allows for the erosion of
sand beneath the revetment, preventing the growth of the crest. In
contrast, poorly sorted, angular cobble reduced the sinking of the
revetment and allowed the growth of a peaked crest. While more
research is needed, there are indications that the interaction
between the sand and cobble may be important to the
morphologic change of the revetment. Finally, dynamic
revetments have been shown to reduce erosion when compared
to cases without a revetment; however, they may still require
accommodation space for landward retreat.

3 Existing PNW projects

In this section, we present projects from the same region to
highlight the variation between the projects, despite their relatively
similar forcing conditions. These projects are all located in the
PNW, a region where offshore winter significant wave heights can
reach 10 m (Allan et al., 2018), and where the tide range is
approximately 2.6 m (diurnal range, NOAA Station #9439040).
However, different project priorities, design processes, and funding
availability led to five relatively different designs.
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We compare examples of design goals, processes, and project
performance for five case studies within the PNW. Case studies are
presented in the order they were constructed. The project site and
goals, the design process, and the monitoring, maintenance and
performance are described for each site. The project locations, the
site plan, and a photo of the completed structure are given in
Figure 2. The as-built survey and the most recent survey are
compared for each project in Figure 3, and all design parameters
for each site are compared in Table 1.

10.3389/fmars.2025.1603318

3.1 Cape Lookout

3.1.1 Project site and goals

Cape Lookout State Park is located at the south end of the 15-
km Netarts littoral cell, which is bounded on both the north and
south by basaltic headlands. Beginning during the El Nifo of 1982-
83, the park, including a low-lying campground, has experienced
chronic erosion and flooding. To protect the shoreline while
keeping it in a natural state, an experimental dynamic revetment

0 100mA

North Cove, WA

\Empire Spit, WA B

South Jeity of the
Columbia River, OR

S

FIGURE 2

A map of the southern Washington and northern Oregon coasts, with colored boxes indicating dynamic revetment projects (left). Corresponding-
colored boxes contain satellite imagery (middle) and a site photo (right). The approximate extent of the dynamic revetment is outlined in red on the

satellite photo.
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FIGURE 3

Topographic surveys of initial dynamic revetment profiles (dashed lines), intermediate profiles (dashed lines, Cape Lookout, South Jetty, and North
Cove) and most recently available topographic data (solid lines). The toe of the initial dynamic revetment is set at x = 0 m. The extent of cobble is
represented with thicker lines for the initial and final surveys (dashed, solid). Where data on the cobble extent were not available (Cape Lookout,
South Jetty, North Cove, and Empire Spit), it was approximated visually from the profile shape or from knowledge of the as-built state. For the South
Jetty 2013 survey, the cobble toe was buried. By 2022, the majority of the South Jetty revetment was buried by aeolian deposits. Where available,
data as close as possible to the projects’ winter profile was used to enable the visualization of long-term change. The mean higher high water

elevation (MHHW) is marked with a horizontal gray line.

backed by an artificial dune was constructed in 2000. A dynamic
revetment was the preferred structure because it was compatible
with the existing setting of the park, which already included a
natural cobble berm, and complied with Oregon’s restrictions on
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hard structures. The project was led and funded by the Oregon
Parks and Recreation Department (OPRD). The cost of the project
was $125,000 ($232,000 in 2025) The expected cost of a dynamic
revetment was much less than the estimated cost for a riprap
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TABLE 1 Comparison of design parameters between existing PNW dynamic revetment projects.

Project

Cape
Lookout, OR

South Jetty, OR

North Cove, WA

10.3389/fmars.2025.1603318

Westport, WA

Design Life

Design Storm

N/A

N/A

20-50 years

20-year total water level

N/A

N/A

5 years

20-year total
water level

50 years

50-year total
water level

Cobble Specification

Well sorted angular
cobble from elsewhere
on site: 78-108 mm

Filter Layer: gravel
smaller than 25 mm
Core: Angular cobble

Poorly sorted angular quarry pit
run: diameter from a few
centimeters to >70 cm. D5,

Core: angular pit run
with max size 305 mm
Cap: Rounded cobble

Poorly sorted
angular cobble:19
mm - 203 mm, D5,

from 25-203 mm estimated at 150 mm with max size 305 mm, = of 152 mm
Cap: Rounded cobble D5, between 89—
from 25-152 mm 178 mm
Front Slope 5H:1V 5H:1V (constructed) Placed at 1.5H:1V, Naturally 5H:1V 7.5H:1V
15H:1V evolved to 10H:1V - 6H:1V
(potential shallowest)
Crest Elevation 5.8-7.8 m MLLW 6.9 m MLLW 6.40 m MLLW 8.0 m MLLW 6.1 m MLLW
Crest Width 0m 19.8 m 0m 4.6 m 229 m
Toe Elevation ~4 m MLLW 2.8 m MLLW 2.90 m MLLW 4 m MLLW 2.4 m MLLW
Volume N/A 100 m*/m 16.23 m*/m over the first 3 years 27.6 - 30.1 m’/m 90.3 m3/m
of construction
Alongshore length 250 m 335 m 2,400 m 155 m 1,200 m

Maintenance expectations

Monitoring

As needed based on
monitoring results

Oregon Department of
Geology and Mineral
Industries,

yearly surveys

3,000 - 7,600 m® every
5-10 years

Oregon Department of
Geology and Mineral
Industries,

~quarterly surveys

As needed based on monitoring
results and
community observations

Washington Department of
Ecology, quarterly surveys

(215 m with tapers)

Annually, maximum
volume of 917.5 m*/yr

Washington
Department of
Ecology,
quarterly surveys

27,000 m* of cobble
every 10 years

Drone surveys when
possible by
Shoalwater Tribe

Cost (2025 dollars)

Funder

$232,000 (total)
$928 (per m)

Oregon Department of
Parks and Recreation

$3.6 million
$10,700 (per m)

US Army Corps
of Engineers

$1.85 million
$770 (per m)

Various sources of state and
local funding

$ 1.1 million
$7,100 (per m)

Westport by the Sea
Condo
Owners’ Association

$34 million
$28,300 (per m)

Disaster Relief
Supplemental
Appropriation Act
of 2022

revetment ($500,000). For construction of the project, cobble from
elsewhere on Netarts Spit was added to increase the volume of the
naturally existing cobble berm.

3.1.2 Project design

The project design was based on the morphology of the natural
cobble beaches found along the Oregon coast (Allan et al., 2005),
and on the cobble beach that already existed in the park (Allan et al.,
2004). Slopes of between 5H:1V and 4H:1V were observed nearby
and recommended for the design. The crest height was set following
a total water level analysis based on Ruggiero et al. (2001). The total
water level for an extreme event was expected to be approximately
9-10.5 m mean lower low water (MLLW), therefore the design crest
elevation for the dynamic revetment was 8-9 m MLLW. Rather
than construct the dynamic revetment to this height, the crest
height was lowered to 5.8-7.8 m MLLW and the combined with an
artificial dune with a crest elevation between 7-10 m MLLW. The
toe elevation was approximately 4 m MLLW. The dynamic
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revetment did not have a wide crest. The alongshore extent of the
project was approximately 250 m. The cobble source was the natural
cobble beach along Netarts Spit from areas where sufficient cobble
volumes already existed. The cobble was well sorted, with grain sizes
ranging from 78-108 mm. The volume of cobble placed was not
consistent alongshore, and was placed as a layer on the pre-existing
profile to approximately reach the desired slope and crest height.

3.1.3 Monitoring, maintenance, and performance
Monitoring at the site has been undertaken by the Oregon
Department of Geology and Mineral Industries (DOGAMI) as a
part of their coast-wide monitoring program. Monitoring has
observed that, while the structure has reduced shoreline retreat
and overtopping, the dynamic revetment has not been sufficient to
protect the artificial dunes from erosion (Komar and Allan, 2009).
Monitoring results in 2008 indicated that approximately 5,000
m”® of material had been lost from the structure due to alongshore
transport. Erosion had also occurred north of the existing dynamic
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revetment, exposing a septic drain field. In response, Oregon State
Parks added a new section of dynamic revetment north of the
existing structure that was 226 m long with a 2H:1V front slope and
a crest height of approximately 3 m above the dune toe, leading to a
volume of approximately 9 m*/m (total volume of 2,000 m?).
Oregon State Parks also moved approximately 3,500 m® of cobble
from where it had moved northward back to the original structure
(Komar and Allan, 2009). However, this volume was less than the
recommended maintenance volume of 5,000 m>.

At the time of publication, the Cape Lookout dynamic
revetment has been in place for nearly 25 years and is considered
an overall success, as it has mitigated erosion to the campground
behind the berm. However, while the dynamic revetment has
reduced erosion in comparison to nearby dunes, portions of the
structure are beginning to fail due to lack of adequate maintenance.
Options are currently being explored for significant maintenance of
the structure to allow for continued protection of the campground.

3.2 Mouth of the Columbia River - South
Jetty

3.2.1 Project site and goals

The dynamic revetment at the South Jetty of the Columbia
River, Oregon was intended to protect the jetty root (i.e., the
connection between the jetty and the shoreline) and the adjacent
spit from breaching by reducing runup, overtopping, and impacts
on the foredune and backshore area. The project lifecycle was
expected to be between 20-50 years (US Army Corps of
Engineers Portland District, 2013). The project was led by the US
Army Corps of Engineers, Portland District, with funding from the
US Army Corps of Engineers under Coastal Navigation Operations
and Maintenance funding. The total project cost was $2.6 million
($3.6 million in 2025).

The project was rigorously designed using both beach
nourishment and traditional revetment design methods. The
expected total water level for the design storms was used in
conjunction with the available literature to design the crest
height, width, toe elevation, and front slope. Three layers of
cobble were selected to balance aesthetics and stability.

3.2.2 Design

The dynamic revetment was designed to prevent runup from
reaching the existing dune during a 10-year storm, and for the
revetment to survive a 20-year storm without reducing its
operational capability. Based on observations of natural composite
beaches like Ecola State Park, Oregon, the expected equilibrium slope
of the dynamic revetment was 5H:1V. However, the revetment was
conservatively designed to accommodate a slope of 15H:1V without
compromising the function of the dynamic revetment (US Army
Corps of Engineers Portland District, 2013).

To determine the crest height and width, runup was calculated
using van Gent (1999, 2001) with a 5H:1V slope (the expected
equilibrium slope) and a 15H:1V slope (the shallowest potential
slope). TWLs were expected to be between 6.0 - 8.7 m MLLW for

Frontiers in Marine Science

11

10.3389/fmars.2025.1603318

the 5H:1V slope. Therefore, the crest height was set at 6.9 m MLLW
and a wide crest was implemented to ensure that any water that
overtopped the crest would not impact the backing dune. The crest
width was set at 19.8 m to enable the slope to equilibrate to 15H:1V
if necessary (US Army Corps of Engineers Portland District, 2013).

The revetment toe elevation was set at 2.8 m MLLW, which was
the intersection between the sloped dynamic revetment and the
expected winter profile of the sand (US Army Corps of Engineers
Portland District, 2013). Based on the design slope, crest elevation,
and crest width, the resulting design cobble volume was 100 m*/m.
The structure extended for 335 m alongshore, leading to a total
cobble volume of approximately 30,000 m>.

The Rock Manual (CIRIA, 2007) was used to choose grain sizes
for the cobble. Stability numbers between 10-100 (corresponding to
dynamic rock slopes and gravel beaches) were selected, which led to
cobble sizes between 10-203 mm with a D5, of 76-102 mm. The
revetment was made up of 3 layers. The first layer was a bedding
filter layer made of 25 mm and smaller gravel to separate the sand
and cobble. The core of the cobble was made of angular cobbles
between 25-203 mm. The cap of the revetment was made of sub-
rounded to rounded cobble between 25-152 mm. During the
revetment’s summer construction, sand was excavated down to
the typical winter sand levels to place the cobble in its expected
winter equilibrium profile (US Army Corps of Engineers Portland
District, 2013).

3.2.3 Maintenance

Monitoring has been carried out by DOGAMI using a
combination of backpack GPS and lidar. Their observations show
that the non-sacrificial areas of the berm (i.e., the areas not next to
the jetty root) have remained stable (Allan et al., 2023). However,
there has also been wind-blown sand accretion into the dynamic
revetment, leading to up to 1.5 m of deposition on top of the berm.
Observations have also shown that, while cobble have been
observed up to 180 m seaward and several kilometers south of
the original cobble placement, most cobble has remained high on
the beach. Alongshore transport of cobble has also led to the
formation of a small cobble berm at the toe of the foredune south
of the original cobble placement area. Monitoring data suggests that
more frequent top-ups of cobble may be necessary to maintain the
original structure due to the amount of alongshore transport (Allan
et al., 2023).

The cobble at the north end of the revetment (nearest to the root
of the jetty) was expected to be a sacrificial area and erode faster than
the rest of the revetment as the cobble moved south alongshore. The
expected alongshore transport of cobble was estimated based on
Kamphuis (1991) and the existing alongshore sediment transport rate
for fine sand at the site, leading to an expected alongshore transport
rate of 306-765 m3/yr. Therefore, maintenance was expected to be

approximately 3000-7600 m’

of cobble every 10 years, which
represents 10-25% of the original placement volume (US Army
Corps of Engineers Portland District, 2013).

After monitoring results in 2016 showed a loss of material
adjacent to the jetty root, the first maintenance of about 5,000 m> of

cobble (17% of original placement volume) took place in 2021 (8
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years after initial construction). The added cobble was placed in the
sacrificial area near the jetty root, with the cobble expected to be
transported alongshore to the rest of the revetment.

There were a few key takeaways from the project. First, the
alongshore transport at the site was significant, and as expected, led
to volume loss and the need for renourishment. Second, for this
project, the sand was excavated, and the toe was placed at the
expected winter profile. If excavation is not desired, it would likely
be necessary to either design the revetment with enough cobble
volume so that it will equilibrate to the desired profile during the
winter, or to simply construct the revetment during the winter.
Third, it was ensured that there were no fines, such as clay and silt,
in the cobble matrix. Additionally, driving heavy machinery over
the bedding layer was avoided to ensure that the bedding layer did
not immediately become embedded into the sand.

3.3 North Cove

3.3.1 Project site and goals

North Cove is located on the northern edge of the Willapa Bay
inlet in Washington. The town was established in 1884 along the
landward side of a large spit, Cape Shoalwater, that reached more
than 4 km southward from the present shoreline into the mouth of
Willapa Bay (Kaminsky et al., 2010; Talebi et al., 2017). In 1911, the
spit began retreating northward, a trend that continued through the
1970s at interdecadal-scale rates as high as 40-50 m/yr while
averaging approximately 30 m/yr, and at rates averaging
approximately 20 m/yr or less since then (Kaminsky et al., 2010).
In December 2016, the community began to experiment with the
placement of pit run quarry materials along erosion scarps, and
with successful abatement of erosion during storms, were able to
obtain state funding to initiate incremental construction of a
dynamic revetment along 2.4 km of the North Cove shoreline in
November 2018, adaptively implementing conceptual designs of the
Pacific Conservation District. The site is scientifically monitored by
the Washington State Department of Ecology and regularly altered
by community members who experiment with different strategies
for erosion control.

The ongoing project has been led by the Pacific Conservation
District, with funding from numerous sources, including several
sources of state funding, local organization funding (including the
Grayland Cranberry Association, the Pacific County Marine Resources
Council, and the Pacific Conservation District), private funding from
homeowners, and locally raised funds (including the David Cottrell
Memorial Fund and local bake sales and shirt sales). To date, the
project has cost $1.5 million dollars (approximately $1.85 in 2025).

3.3.2 Project design

The Pacific Conservation District developed conceptual design
plans for a dynamic revetment with the goal of placing the
minimum volume of material to enable wave dissipation and
prevent further bank erosion. They specified three variations of
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cobble treatments along the North Cove shoreline, each including a
1.5H:1V wedge of cobble placed against the backshore erosion
scarp. The elevation of the top of the cobble wedge was specified
to reach, at maximum, the scarp top, which varied from 0.9-6.1 m
above the toe and was approximately 6.4 m MLLW. Where
additional elevation was required to reduce overtopping, the plans
specified a 0.6 — 1.5 m debris berm composed of sand, large wood
and native vegetation to be placed above and landward of the
scarp top.

The dynamic revetment was progressively built over 3 years,
adding new material to vulnerable sections as needed and as
funding allowed. On average, a cross-sectional volume of
approximately 12.5 m>/m of material was typically placed along
the backshore, while a more robust section with relatively high wave
energy received approximately 16.2 m?>/m (Bayle et al,, 2021). In
total, approximately 35,550 m> of pit run cobble material was placed
between 2018 and 2022. Where the revetment was highly exposed
and active during winter, waves reshaped and naturally formed an
18 m wide revetment with a slope varying from 10H:1V to 6H:1V
under different wave forcing (Bayle et al., 2021).

The cobble used to build the structure was typically angular, poorly
sorted pit run cobble with a size of 254 mm or less; however, one of the
three conceptual designs from the Pacific Conservation District allowed
for boulder-sized material to be placed at the bottom half of the cobble
wedge where scarp retreat threatened existing infrastructure.

3.3.3 Monitoring, maintenance, and performance

Monitoring on the dynamic revetment is undertaken by the
Washington State Department of Ecology, which conducts
quarterly beach profiles and topographic surface mapping of the
site, annual cobble tracking using RFID technology, and
supplemental winter storm surveys (Weiner et al., 2019).

Maintenance on the dynamic revetment was expected to take
place when needed as materials and funds allowed. Maintenance
has typically focused on areas with erosion hotspots, or areas that
have lost significant cobble. The community at North Cove has
experimented with different maintenance strategies. For example,
the community has used a ‘feeder bluff’, in which they constructed a
cobble stockpile on the southern side of the artificial headland in the
middle of the site so that alongshore transport would move the
cobbles along the shoreline. The community has also tested cobble
‘wave trippers’, where cobble replenishment takes place just above
the high tide line (Drummond et al., 2021). This seaward cobble
mound was intended to dissipate typical winter waves across the
swash zone at high tide, enhance sediment deposition on both sides,
and replenish the revetment as cobbles are transported landward
from the ‘wave tripper’. Community members have also
experimented with the addition of local materials such as logs,
cranberry vines, and cranberry root mats to the revetment crest to
stabilize the shoreline. At the time of publication, the community
(led by the Pacific Conservation District) has plans to update and
implement an engineered design for the dynamic revetment in
North Cove as funding allows.
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3.4 Westport

3.4.1 Project site and goals

The dynamic revetment at the Westport by the Sea
condominiums in Westport, Washington was constructed in
2022. Chronic erosion has been observed at the site since 1997
(Ruggiero et al., 2013), leading to the loss of the foredune in the
winter of 2015-2016. Several years of emergency placement of sand,
coir matting, and large woody debris was undertaken, followed by
dune construction. The condo owners also decided to move forward
with the construction of a dynamic revetment for additional
protection. The goal of the dynamic revetment was to provide a
temporary measure to reduce chronic erosion at the site until a
more permanent solution could be found. Therefore, the dynamic
revetment at Westport was designed with a 5-year design life. The
engineers (Blue Coast Engineering LLC) used several existing
dynamic revetments, including projects in North Cove,
Washington, the South Jetty of the Columbia River, Oregon, and
Cape Lookout, Oregon as references (Blue Coast Engineering LLC,
2021). The project was initiated by the Westport by the Sea Condo
Owners’ Association. The cost was shared between all owners
according to their percentage ownership of the property, and was
funded by special assessments. The project cost was $1 million ($1.1
million in 2025).

3.4.2 Design

The design condition chosen for the project was the 20-year
total water level. A joint probability distribution was calculated for
the 20-year total water level, considering a 10-year return period
storm surge, a 2-year return period wave setup, the highest
astronomical tide, and the height exceeded by 2% of runup (Ryy,).
The Ry, was calculated using van Gent (1999, 2001) assuming
revetment slopes between 7H:1V and 5H:1V and a revetment toe
elevation of 4.0 m MLLW. The design crest height was chosen to be
approximately at the maximum total water level expected for the
20-year return period event, 8.0 m MLLW.

The front slope was determined by the expected equilibrium
slope under the design conditions. Engineers calculated the
expected equilibrium slope based on Powell’s equilibrium slope
method for gravel beach nourishment (Powell, 1993), which
resulted in values between 6.5H:1V - 5H:1V. As a 5H:1V slope
had also been recommended by Allan et al. (2005), it was chosen for
the design.

The crest width was 4.6 m, approximately twice the annual rate
of shoreline retreat at the site. Based on the crest height, width, and
front slope, the volume of the revetment was between 27.6 — 30.1
m®/m over an alongshore extent of 155 m, leading to a total cobble
volume of approximately 4500 m>. To avoid impacts on
neighboring properties, the dynamic revetment included a 30 m
taper into the existing berm on each end, with gradually decreasing
crest width and height, leading to a total alongshore extent of 215 m.
A dune cap with an elevation of 8.6-8.9 m MLLW was also added
behind the dynamic revetment to add elevation to the crest.

The cobble specifications were chosen to balance stability,
porosity, and aesthetic appeal. The core of the revetment was
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constructed with pit run cobble (maximum size of 305 mm), with
a cap of rounded river rock (maximum grain size of 305 mm, with a
D5, between 89-178 mm).

3.4.3 Monitoring, maintenance, and performance

The design engineers and condominium association used an
existing beach monitoring program led by the Washington
Department of Ecology to provide monitoring. Between the
construction of the dynamic revetment in January 2022 and June
2023, 565.8 m® (~13%) of material was lost from the dynamic
revetment (Washington State Department of Ecology, 2023). The
majority of material lost was between 4.0-6.4 m MLLW. There were
two areas where the rounded river rock had eroded to expose the pit
run material beneath: one on the northern half of the revetment,
and one on the southern half.

Maintenance was planned for the revetment on an as-needed
basis, with a potential for maintenance as often as annually.
Maintenance expectations were set based on the background sand
erosion of 5.0 — 15.1 m*/m (60.2 ms/m/year maximum), and the
assumption that erosion volumes would be reduced by an order of
magnitude for cobble as opposed to sand. Therefore, the revetment
was expected to lose 76.5 - 229.4 m’ of material per year, up to a
maximum of 917.5 m*/yr. The maximum estimated erosion volume of
917.5 m’/year represented 20% of the total cobble placement volume.

The first round of maintenance took place in November 2023,
just under two years after construction. 243.8 m> of rounded cobble
and 49.9 m® of pit run cobble was added on the northern half of the
revetment, and 138.5 m> of rounded cobble was added on the
southern half of the revetment, for a total of 432.1 m> of cobble
(10% of original placement volume) (George Prigmore, personal
communication). The intent of the maintenance was to return the
dynamic revetment to its original as-built state by filling in areas that
had experienced erosion (Linda Dunk, personal communication).

3.5 Empire Spit

3.5.1 Project site and goals

The Shoalwater Bay Tribal Reservation is located on the
northern shoreline of Willapa Bay. Willapa Bay is a natural inlet
(i.e., not stabilized by jetties), and experiences significant channel
migration. Extreme water levels coincident with winter storms have
historically inundated the series of barrier islands fronting the
Tokeland Peninsula, known as Graveyard Spit and Empire Spit,
resulting in coastal storm damage to Tribal lands and infrastructure.

When higher-than-anticipated erosion rates were observed on
the northern 1.2 km of the artificial sand berm previously
constructed at the Empire Spit, a dynamic revetment fronting the
artificial sand berm was recommended as part of the adaptive
management plan. The addition of a dynamic revetment was
expected to extend the longevity of the project between
nourishments, reduce the project life cycle costs, and help
maintain critical shorebird habitat in the area. The dynamic
revetment designed for Empire Spit is also intended to protect the
barrier spit, the backing marsh, and the Shoalwater Tribal
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Reservation from erosion and flooding. The design life of the
dynamic revetment is 50 years, with nourishment expected every
10 years. Alongshore movement of cobble is expected due to the
oblique wave angle and tidal currents into and out of Willapa Bay.
The project was led by the US Army Corps of Engineers (USACE),
Seattle District, with funding from the Disaster Relief Supplemental
Appropriation Act of 2022 (PL 117-43). The total cost for the
project, including dredging and nourishment of the backing sand
berm, was $32.4 million ($34 million in 2025).

3.5.2 Project design

The revetment volume was determined using equations from
Ward and Ahrens (1992). A 50-year return period (or 2% annual
exceedance probability) water level was used, with a toe elevation at
mean high water, or 2.4 m MLLW, which led to a calculated critical
cobble volume of 90.3 m*/m. Over 1.2 km of shoreline, this resulted
in a total volume of 109,000 m® of angular quarry spalls.

The geometry of the dynamic revetment was selected by
numerically modeling its response to a range of storms with
XBeach-G (McCall et al, 2019). The phase lag (¢) and friction
factor (f;) were calibrated using profiles from the nearby North
Cove site, with optimal values of ¢ = 25° and f; = 0.0125. Several
storms with return periods between 2 to 100 years were simulated
based on historical data. The crest height of the dynamic revetment
was set at 6.1 m MLLW and the crest width was set at 22.9 m. The
seaward slope was graded at 7.5H:1V. Using XBeach-G, it was
determined that this configuration would prevent overtopping of
the backing sand berm, which had a crest height of 7.6 m MLLW,
for all tested scenarios.

The specified material was poorly sorted angular cobble ranging
from 19 mm to 203 mm, with a Ds, of 152 mm. For cost-
effectiveness, the cobble size that was selected matched a standard
gradation used by the Washington and Oregon Departments of
Transportation, ensuring that quarries were familiar with the
desired cobble gradation. All material was placed on the existing
grade, with the expectation that finer gravel would naturally form a
filter layer between the sand and cobble through wave action as
observed in the field and laboratory (Bayle et al., 2021; Foss
et al., 2023).

3.5.3 Monitoring, maintenance, and performance
USACE has completed occasional monitoring. Additionally,
drone monitoring has also been undertaken by the Shoalwater Bay
Indian Tribe. Since construction, the 7.5H:1V slope has steepened
and formed a berm seaward of the original graded revetment crest
(Figure 3). Monitoring surveys following the first winter storm season
show the dynamic revetment has formed an equilibrium slope of
3H:1V. The dynamic revetment has also recruited a significant
volume of large woody debris on the crest of the structure and
been covered by a thin layer of sand from aeolian transport.
Maintenance is expected to be necessary due to the alongshore
transport of cobbles. An alongshore transport rate was empirically
calculated using van Rijn (2014). To account for the percentage of
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time the cobble is exposed to the swash zone, an empirical
parameter based on the tide level was added to the equation. This
parameter was set at 0.5, indicating that the tide was expected be
greater than the mean tide level approximately 50% of the time, a
conservative assumption. Based on the modeled nearshore wave
heights and shoreline orientation, an annual transport rate was
expected to be 1,022 m3/year. However, due to uncertainty, the
project has planned for additional cobbles to be used in the
maintenance process, with nourishments of approximately 27,000
m® of cobble expected every 10 years, representing 25% of the
original placement volume.

3.6 Comparison

Although constructed for relatively similar environments,
different project goals, constraints, design lives, and design
processes led to a variety of dynamic revetment designs. While
crest heights and front slopes are generally similar across designs,
revetment volumes, alongshore lengths, and maintenance
expectations varied widely. Figure 3 compares the as-built profiles
of each project with their most recent survey, and Table 1
summarizes all design parameters.

4 Discussion and proposed design
process

Dynamic revetments remain challenging to design because their
performance depends on natural processes that are not fully
understood. Here, we suggest a design process for dynamic
revetments based on the current state of knowledge. The design
process incorporates results from an informal survey (See
Supplementary Section 1), design tools suggested by literature, and
lessons learned from existing projects. The suggested design process
acknowledges the research gaps and the limitations of current tools
using an assessment of confidence for each suggested design step and
tool. The design process is shown below (Figure 4), and each step is
discussed in the following sections.

To ensure that the design process incorporated community
concerns, we informally surveyed practitioners about their opinions
on dynamic revetments. Respondents included coastal engineers,
coastal geomorphologists, policymakers, and community members.
Respondents were mainly from the PNW and California, but other
places including the UK, Canada and the East Coast of the United
States were also represented. The survey covered practitioners’ main
concerns about dynamic revetment implementation and
performance. Engineers were also asked specifically for their
opinions on the most useful and the most needed tools for
design. Results of the survey are included in the Discussion in
parentheses as the percentages of respondents that mentioned a
given topic for any question. For more information on the survey,
see Section 1 of the Supplement.
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Flowchart of proposed design process for dynamic revetments. Existing design tools and respective assigned confidence in the tool are outlined in

Table 2 for the elements in the Technical Design box (bolded).

4.1 ldentification of project goals and
expectations

Dynamic revetments are versatile structures that can be adapted
to serve many types of project goals. When beginning a potential
dynamic revetment project, we suggest clarifying the project
motivation, such as the need for coastal protection at the site.
Next, we suggest identifying goals for the project related to coastal
protection, the environment, and related to community and user
needs. Coastal protection goals are typically associated with
engineered coastal protection - for dynamic revetments, this may
include slowing shoreline erosion (identified as a measure of success
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for a dynamic revetment by 88% of survey respondents), the
reduction of overtopping (29%), or the retention of sand on the
foreshore (41%). Environmental goals for a dynamic revetment may
include limiting ecosystem disturbance (identified as a concern by
47% of respondents), avoiding the disruption of sediment transport
near the structure (33%), or being a more ecologically friendly
option than riprap. Community goals might include meeting
funding requirements (considered a barrier to implementation by
16%), preserving beach access and recreation opportunities
(considered a metric of success by 7% and 15%), and involving
the community in the design process (public perception was
considered a barrier to implementation by 26%). Community
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engagement is considered crucial for all natural and nature-based
coastal protection solutions, including dynamic revetments (see
Dillard et al., 2021).

Dynamic revetments generally lack standard design guidelines.
Therefore, it is important to clearly set expectations for the project
to ensure that the community has realistic expectations of success.
First, expectations for the design life (including design wave and
water level conditions) should be set. Design life can vary widely
based on project goals (e.g., a design life of 5 years in Westport,
Washington vs. a design life of 50 years at Empire Spit,
Washington). Second, monitoring and maintenance schedule
expectations should be set so the community recognizes that their
structure will require regular maintenance and possibly adaptive
modification. Third, expectations for the performance of a
successful dynamic revetment should be established. Most people
expect that a dynamic revetment will be made of cobble or gravel
and that it will evolve over time (71% and 62%, respectively);
however, it may still be important to prepare the community for the
fact that the structure’s appearance will likely change over time. It
should be clear exactly what is meant by the term “dynamic
revetment”. Some explanation of the terminology might be
needed: we suggest calling these structures “dynamic cobble berm
revetments” when specificity is needed, “dynamic revetments”
(agreed with by 60%), or “cobble berms” (suggested as an
alternative by 17%). The choice of name may be dependent on
the audience, for example, “dynamic cobble berm revetment” may
be the appropriate name to specify to scientists that the structure
replicates a composite beach; however, for a community group with
hesitation about traditional revetments, “cobble berm” may be a
more appropriate choice. And finally, the metrics of success for the
project should also be defined. For example, in some projects,
erosion reduction, rather than complete erosion prevention may
be the goal. In others, the dynamic revetment may be intended as a
temporary erosion prevention measure while other long-term
options are explored.

An assessment of both regulatory requirements and site
suitability may be necessary to determine if a dynamic revetment
is a suitable solution to the coastal protection need. Permits may be
needed from different agencies ranging from national agencies to
local government. The permits likely need to cover the placement of
cobble on the beach, even if it may evolve over time, and monitoring
and maintenance. In addition, an assessment of whether a site is
appropriate for a dynamic revetment may also be important. For
example, a dynamic revetment placed in front of a single-family
home may not be successful, as the alongshore length may be too
short to be effective. Dynamic revetments may also not be suitable
for beaches that do not have naturally existing rocky material, as they
might impact the character of the beach beyond what a community
is willing to accept. If existing uses of the beach (both recreational
and ecosystem services) will be significantly impacted by cobble
placement, a dynamic revetment may not be the appropriate
solution. Existing conditions at the site may also be incompatible
with a dynamic revetment, for example, a high alongshore transport
rate and limited maintenance ability may not be conducive to the
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success of a dynamic revetment project. Each community
considering a dynamic revetment should identify whether the
placement of a dynamic revetment is appropriate for their
spectrum of priorities and if the impacts of a dynamic revetment
can be acceptably addressed by other aspects of the project.

Finally, before beginning the technical design, it is important to
identify if dynamic revetments meet the identified project goals.
Survey respondents were concerned that dynamic revetments could
have negative impacts on the environment (47%), that adding
cobbles might change the character of the beach (42%), that
sediment transport might be disrupted (33%), or that a dynamic
revetment might simply not be appropriate for the situation (17%).
These concerns cannot yet be directly addressed through scientific
studies, so comparisons to existing projects, engineering judgement,
and attention to community concerns should be used.

4.2 Technical design process

Based on the project goals, the geometric parameters of the
dynamic revetment can be designed. We propose the following
design process, which incorporates the important parameters
identified by survey respondents: cobble size (76%), crest height
(29%), revetment slope (48%), toe elevation (29%), crest width
(14%), and revetment volume (67%). This design process
summarizes how these elements can be combined and adjusted to
design the geometric parameters of a dynamic revetment. However,
many of the suggested steps do not currently have tools developed
specifically for dynamic revetments. We provide an assessment of
existing tools in Table 2 with an estimate of their applicability to
dynamic revetment projects. For all these steps, local case studies
are a valuable resource; in fact, engineers identify local case studies
as the most useful existing tool for design (82% of respondents). The
final parameters may vary widely based on project goals and site
specifics. Additionally, if there are design constraints such as a
limited design footprint or limited accommodation space for the
structure, the order of these steps may change.

1. Determine cobble size and shape. Cobble size and shape
will likely be dictated by local supply and cost; however, we
suggest that the D5, should be in the range of a definition of
a cobble (64-256 mm) for high-energy, open coast beaches.
In addition, regardless of environment, the largest cobbles
should be expected to move under the hydrodynamic
conditions at the site. We suggest that the cobble should
be poorly sorted to enable the formation of a filter layer by
the smaller cobble sizes. Dgs/D;5s may be a useful metric in
establishing the sorting. Angular cobble may be preferred
for the structural and cost advantages; however, the use of
rounded cobble may be considered to achieve other project
goals (e.g., matching aesthetics with the existing site).

. Determine the design crest elevation. We suggest basing the
design elevation on the expected runup for a design storm
that meets the project goals. We suggest adding the
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TABLE 2 Assessment of confidence and applicability of different suggestions and tools discussed in the Design Process and Existing Tools section.

Low- - Medium- .
e Low : Medium . High
Cobble Specifications : medium : high .
confidence . confidence . confidence
confidence confidence
Statements
D5, should be between 64-256 mm °
The largest cobbles should move under expected o
hydrodynamic conditions
Cobble should be poorly sorted °
Angular cobble may have structural advantages °
Tools
The use of Lorang (2000) to determine maximum mobile and N
minimum stable stone size
Observations of cobble specifications at nearby N

composite beaches

Crest Height

Statements

Design crest elevation should be determined based on
runup predictions

Low
confidence

Low-
medium
confidence

Medium
confidence

Medium-
gfe]]
confidence

High
confidence

Tools

The use of Blenkinsopp et al. (2022) to determine

runup elevation °
The use of van Gent (1999, 2001) to determine runup elevation °
The use of Stockdon et al. (2006) to determine runup elevation °
The use of Conlin et al. (2025) to determine runup elevation °

Observation of crest height at nearby composite beaches

Low- ] Medium- .
Low : Medium . High
: medium . high .
confidence . confidence . confidence
confidence confidence
Statements
The slope of the project should be expected to evolve over time o
in response to wave conditions
The initial constructed slope is not an important o
design consideration
Tools
Observation of cobble slope at nearby composite beaches [}

The use of van der Meer and Pilarczyk (1986) to predict
slope evolution

The use of Powell (1993) to determine equilibrium slope

Toe Elevation

Statements

The expected toe should be designed no lower than MHW

Low
confidence

Low-
medium
confidence

Medium
confidence

Medium-
gfe]]
confidence

High
confidence
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TABLE 2 Continued

Low
confidence

Toe Elevation

Statements

The design toe may lower due to seasonal beach change and
slope equilibration

Low-
medium
confidence

Medium
confidence

10.3389/fmars.2025.1603318

Medium-
high
confidence

High
confidence

Tools

Observation of toe elevation at nearby composite beaches

Low- . Medium- .
. Low . Medium . High
Crest Width : medium : high :
confidence 3 confidence A confidence
confidence confidence

Statements
Crest width can be used as a tunable parameter to achieve the

. °
desired cobble volume
A wider crest may reduce the chance of overtopping and °

increase dissipation

Low- . Medium- .
Low : Medium . High
Volume : medium : high .
confidence ] confidence - confidence
confidence confidence
Statements
There is a critical volume threshold that determines a dynamic N
revetment’s success or failure under certain wave conditions
Tools
Observations of nearby composite beaches °
The use of Ahrens (1990) to determine critical volume °

Low
confidence

Alongshore transport

Statements

Low-
medium
confidence

Medium
confidence

Medium-
high
confidence

High
confidence

Alongshore transport rates should be considered when deciding
on maintenance volumes and intervals

Tools

The use of Kamphuis (1991) to calculate alongshore
transport rate

The use of van Wellen et al. (2000) to calculate alongshore
transport rate

The use of van Rijn (2014) to calculate alongshore transport rate °

Low
confidence

Berm evolution

Statements

Low-
medium
confidence

Medium
confidence

Medium-
high
confidence

High
confidence

The majority of cobble will remain on the berm

If poorly sorted, angular cobble is used, a filter layer of smaller
gravel will form at the base of the cobble

The berm will grow in elevation in response to rising
water levels

Rationale for the confidence level of each statement or tool in this table is given in the Supplementary Information (Supplementary Section 3).
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expected runup to an appropriate storm water level, for
example, the 25 year return period water level (Westport,
Section 3.4) or the 50 year return period water level
(Empire Spit, Section 3.5). The design water level could
be determined by evaluating the total water levels for a
range of storms and completing a probabilistic analysis of
those events.

. Define an expected minimum slope. The slope of the
structure should be expected to change over time in
response to wave conditions. There are currently no tools
that have been proven to accurately predict the slope of the
cobble portion of a composite beach. However, laboratory
experiments on gravel beaches (van der Meer and
Pilarczyk, 1986; Powell, 1993) or a review of naturally
occurring composite beaches in the area (Allan et al,
2005) could help make an estimation of the expected
minimum slope for the site. The expected slope does not
need to be the slope that is constructed; however, the cobble
volume (see Step 6) should be sufficient for the slope to
evolve to the expected minimum slope while maintaining
the necessary crest height and width. Additionally, building
a structure that is significantly different than the expected
slope may have unexpected impacts on the site as the
slope adjusts.

. Define the expected toe elevation. This decision may be
based on available space at the site, policy considerations, or
other factors. If horizontal space is not a concern, we suggest
reviewing typical toe elevations during the winter at nearby
composite beaches. In the absence of literature about toe
elevation, we suggest that the toe elevation should be no
lower than mean high water (MHW). This suggestion is
based on the authors’ observations of natural composite
beach and successful dynamic revetment projects.

. Define a crest width. The crest width could be set with the
intention of providing space for waves to infiltrate, thus
preventing overtopping. Alternatively, the crest width
could be set to meet the project’s cobble volume
requirements and design life (see Step 6).

. Check that the volume indicated by the selected crest
elevation, design slope, and crest width meets project
objectives. Desired cobble volumes could be estimated by
comparing with cobble volumes present at nearby composite
beaches, or by using Ahrens (1990). If the cobble volume is
lower or higher than desired, the crest elevation, crest width,
and toe elevation can be altered to achieve the desired volume.
The cobble volume could also be adjusted to account for
anticipated alongshore losses over time depending on the
project maintenance schedule. Existing projects in the PNW
(especially projects in North Cove, Washington and the South
Jetty of the Columbia River, Oregon) have shown that
alongshore losses can represent a significant portion of the
original cobble volume.

Frontiers in Marine Science

19

10.3389/fmars.2025.1603318

4.3 Adaptive management plan

For natural and nature-based features, the development of an
adaptive management plan is an essential part of design (de Looff
et al., 2021). Survey respondents suggested that the most important
elements of an adaptive management plan are monitoring (74%) and
maintenance (63%). Additional needs for adaptive management are
permitting adaptability (8%), funding (13%), and continued access to
materials (5%). Suggestions on adaptive management for natural and
nature-based projects are given in de Looff et al. (2021). Here, we
adapt several of those steps to dynamic revetment projects. We
suggest that the adaptive management plan and the dynamic
revetment design be developed in tandem and before construction
takes place. Additionally, the needed funds and permits for the
project will depend on both the engineering design and the
adaptive management plan. For example, a dynamic revetment that
is anticipated to receive annual maintenance may not require as large
of an initial cobble volume as a revetment designed to go up to 5 years
between maintenance cycles. The costs and needed permits for these
two different maintenance plans could also vary. The four steps of an
adaptive management plan for dynamic revetments are:

1. Identify performance metrics for objectives and uncertainties
to be monitored over time. Here, the goals and expectations for the
project should be adapted into measurable thresholds. For example,
if an engineering goal is to reduce erosion, the shoreline position
and erosion rates could be useful monitoring metrics. In addition to
monitoring whether the coastal protection goal is met, the
revetment properties (volume, cobble transport, shape) may be
monitored to determine if the dynamic revetment can continue to
meet the coastal protection goal. Beach monitoring may also be
necessary to identify whether the dynamic revetment is meeting its
other goals. Beach monitoring could include monitoring of the sand
volume in front of and to either side of the dynamic revetment,
species counts, or recreational use surveys.

2. Develop monitoring and data analysis plan based on performance
goals. Parts of the plan may include identifying existing monitoring in
the area, who will be responsible for the monitoring, and the spatial and
temporal requirements for the monitoring objectives. In this step,
funding and sourcing for cobbles throughout the maintenance phase
of the project should also be identified. This step could also include an
evaluation of the ability and desire of the client to pay for maintenance
and monitoring. Some monitoring options include:

* Annual or seasonal volume change assessment of combined
cobble/sand (suggested by 19% of respondents) with remote
sensing (suggested by 12%) or topographic surveys (23%).

* Event-based monitoring (suggested by 12%), which could
include surveys after king tides or storms.

* Monitoring of cobble transport (suggested by 4%) with
RFID or visually.

* Surf zone and swash monitoring to measure wave runup
and wave direction and energy conditions.
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Assessing the volume change of the dynamic revetment on time
scales relevant for the structure in question may be the most
important method listed here for adaptive management. Other
monitoring strategies will improve site understanding, but may
not actively influence adaptive management strategies. The
frequency and method of monitoring should be driven by the
monitoring goals. Suggestions for monitoring frequency from the
survey included seasonal, biannually, or annually. The details of the
monitoring plan may also be driven by permitting requirements. It
should also be noted that despite the essential need for monitoring
to adaptively manage NNBFs, permit-imposed, client-funded
monitoring of projects can be insufficient. A monitoring plan
should also establish protocols for data management and sharing,
including a plan for processing, analyzing, and publishing data
collected by the monitoring team.

3. Set decision thresholds (suggested by 23%). Decision
thresholds are predetermined numerical thresholds at which
certain maintenance actions will take place. Decision thresholds
could include a percentage of volume lost on either the beach or the
dynamic revetment, a specified distance of shoreline retreat, or an
increase in occurrence of overtopping events (Figure 5).

4. Identify possible adaptive actions and scenarios for
implementation over time. Adaptive actions for dynamic
revetments have generally included maintenance by the addition

Monitoring indicates project is likely meeting goals:
Maintenance or design alterations may not be needed yet

As-built survey

Monitoring indicates project may not be meeting goals:
maintenance or design alterations may be needed

As-built survey

FIGURE 5
Illustration of potential scenarios that could trigger adaptive action.
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of cobble to the revetment, but could also include design
modifications based on monitoring results. Maintenance could be
done by spreading cobble over the revetment, by targeting a certain
area on the revetment that needs more cobble, or by using a feeder
location if applicable to the site. This step should identify a range of
possible scenarios of project evolution and corresponding adaptive
actions so that maintenance expectations are set. We suggest that
the scenarios should include the expected alongshore cobble
transport at the site (while there are no alongshore transport
equations developed for composite beaches, possible alternatives
and confidence in them are given in Table 2). The expected
alongshore transport can be combined with the desired
maintenance intervals determined by the client to establish a
most likely maintenance scenario. This step should also identify a
material location and funding necessary for maintenance. Other
potential scenarios for adaptive actions should also be considered
here (e.g., overwash or loss of complementary features), to
determine what the course of action might be if the dynamic
revetment does not perform as anticipated or the design
environmental conditions change. It should be noted that there
are very few examples of adaptive management of dynamic
revetments, therefore, more research and examples are needed to
provide certainty for the creation and implementation of adaptive

management plans.

Increase in crest elevation

Limited overtopping

Limited alongshore losses

Increase in average
sand elevation

Shoreline retreat

Decrease in crest

elevation \

Increase in
over

Significant
alongshore losses
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4.4 Construction

Dynamic revetment construction is often considered to be
simpler than the construction of traditional revetments as less
care needs to be taken with cobble placement than with
placement of traditional revetment stones. However, there are
some specific construction challenges that can impact the
construction of dynamic revetments. Construction methods will
likely be site-specific and project dependent; however, we present a
few considerations here based on the results of the survey and the
review of existing projects.

1. The source of cobbles can be a main constraint on the
design of a dynamic revetment (mentioned by 45% of
survey respondents). Identifying a cobble source that is
cost-eftective for the project can be a determining factor for
the cobble size and shape used. In addition, there must be a
cobble source identified for maintenance of the project.

. If the dynamic revetment is constructed during the
summer, consideration must also be given to the
development of the winter profile in the sand. In one
project (South Jetty) the choice was made to excavate the
sand to place the cobble toe at the expected winter profile.
In others (Empire Spit, Westport), the cobble was placed
onto the sand with no excavation and expected to evolve as
the sand evolved to its winter profile.

. In one project (South Jetty), a filter layer was placed below
the cobble to prevent erosion of the sand underneath the
dynamic revetment. In other projects (Westport, Empire
Spit), a filter layer was expected to form naturally. Based on
field (Bayle et al., 2021) and lab (Foss et al., 2023) studies
that showed the formation of a natural filter layer, we
suggest that a constructed filter layer is not necessary,
provided that the poorly sorted materials used in
construction provides a sufficient particle size gradation
to include fine gravel.

Finally, after construction, the adaptive management plan can
be carried out. An as-built survey conducted immediately upon
completion of construction is an important baseline for
documenting how the project evolves over time. In addition, we
encourage the publication of findings from the monitoring plan in
the form of journal articles or monitoring reports so that they
increase the overall knowledge about dynamic revetments and
advance the state of the practice.

4.5 Limitations and future work

As identified in the practitioner survey, there is still a general
lack of knowledge about dynamic revetments and their
performance. To provide readers with a realistic assessment of the
applicability of all the suggestions put forward in the design process,
we have rated our confidence in every technical suggestion in this
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suggested design process. Statements (e.g., “Cobble D5, should be
between 64-256 mm”) and suggested design tools (e.g., the use of
Blenkinsopp et al. (2022) for determining runup or the use of
Lorang (2000) for determining cobble size) are rated on a scale of
low confidence to high confidence in their applicability to dynamic
revetment design (Table 2). The ratings are based on the
information in the practitioner survey, existing design tools, and
existing projects presented in this manuscript, as well as the authors’
experience. The confidence ratings are intended to provide a
realistic assessment of which aspects of dynamic revetment design
and performance are well understood, and which are not. The
rationale for each rating can be found in the Supplementary
Materials (Supplementary Section 3).

The levels of confidence for the hypotheses and tools presented
in Table 2 highlight the need for more research on dynamic
revetments and composite beaches. First, the natural processes of
the system need to be better understood. Studies on gravel beaches
have observed (e.g., Almeida et al., 2015; Austin and Masselink,
2006b) and modeled (McCall et al, 2019) swash processes on a
porous bed. However, these results have not been applied to
composite beaches, where sand is present. The location and
development of the sand-cobble interface may be an important
element in better understanding and modeling swash processes
(van Gent et al., 2009; McCall et al., 2019; Zaalberg, 2019); however,
measurements of the sand-cobble interface are challenging. Some
studies have made observations of the sand-cobble interface (Bayle
et al., 2020, 2021), but more observations are needed to understand
the development of the sand-cobble interface under hydrodynamic
and aeolian forcing. More testing on the impact of the geometric
properties of the dynamic revetment (e.g., cobble volume, front
slope, crest width, toe elevation, etc.) on cobble motion and berm
development is also needed before the response of the cobble berm
to different wave and water level conditions can be predicted.

The lack of performance predictions is hampering
implementation of dynamic revetments as a method of erosion
control, as noted by 28% of survey respondents. To improve
performance expectations, more reliable predictive tools are
needed. The predictive tools could be either empirical equations
tested for composite beaches (such as Blenkinsopp et al. (2022) for
wave runup) or could be morphological models (McCall et al.,
2019). We generally ranked empirical predictive equations as lower
confidence than observations of nearby composite beaches, because
the majority of these empirical tools were not developed specifically
for composite beaches. Studies examining the application of these
tools to composite beaches and the development of new tools will
increase confidence in empirical predictions of dynamic revetment
behavior and assist engineers in designing each element of the
technical design and adaptive management plan.

The survey also indicated that more research is needed to
understand the impacts of dynamic revetments. For example, the
ecological impacts of dynamic revetments on their surroundings,
including vegetation and animals, especially threatened species is
poorly understood. To address this gap, measurements of species
richness and diversity are needed on naturally occurring composite
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beaches and dynamic revetments. Additionally, the ecology of areas
where dynamic revetments have been installed should be studied in
comparison to areas with no intervention (see Cowen et al., 2015 for an
ecological comparison between a dynamic revetment and an nearby
unprotected shoreline, and Toft et al., 2023 and Des Roches et al., 2024
for similar studies on shoreline restoration). Additionally, it should be
noted that dynamic revetments and other nature-based shoreline
protection measures may cause positive ecological impacts by
increasing the intertidal habitat (Cowen et al, 2015; Bozzeda et al,
2025). Finally, another point raised by several survey respondents is the
potential for impacts to recreation and beach access due to dynamic
revetment construction. For example, at the Mouth of the Columbia
River: South Jetty project, anecdotal reports from razor clammers have
indicated that cobbles from the dynamic revetment are impacting the
clam guns used to harvest clams. However, impacts to recreation have
not been systematically quantified.

Furthermore, there are no studies yet on the impacts of dynamic
revetments in comparison to traditional structures such as riprap or
seawalls, or in comparison to other nature-based solutions such as
beach nourishment or dune construction. As such, practitioners must
use their own judgement in deciding if a dynamic revetment is the best
project alternative. However, lessons learned from previous projects
can provide some guidance. In two projects presented in Section 3
(Westport, Section 3.4 and Empire Spit, Section 3.5), dynamic
revetments have been successfully implemented after the failure of
dune construction at the sites. At the South Jetty of the Columbia River
(Section 3.2), a dynamic revetment was chosen over both riprap and
sand fill options by a Value Engineering panel. Finally, in Cape
Lookout, a riprap revetment was estimated to be four times the cost
of the dynamic revetment that was placed at the site (Section 3.1). In
addition to lessons learned from previous projects, there is also
evidence that, while generally effective at protecting the backshore,
riprap and seawalls can also cause erosion on the beach (Pilkey et al.,
1988; Kraus and McDougal, 1996). The known negative effects of
traditional structures may motivate practitioners to explore dynamic
revetments as a nature-based alternative.

Lastly, the scope of this design process is limited to dynamic
revetments (i.e., artificial composite beaches) on high-energy outer
coastlines. We hope that others will test, add to, and refine these
recommendations and help fill the outlined gaps in knowledge. We
also encourage the cautious application of the proposed design
process to other environments (e.g. estuaries) where other design
guidance is unavailable.

5 Summary

In this manuscript, we summarized the state of the practice for
dynamic cobble berm revetment design and construction. We
summarized existing tools for the design and implementation of
dynamic cobble berm revetments on high energy outer coastlines
and assessed their applicability. There are a variety of tools that
could justifiably be applied for dynamic revetment design, but many
of the tools come from other bodies of literature, such as gravel and
shingle beaches, riprap design, and dissipative sandy beaches. There
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were few tools developed specifically for natural composite beaches
or dynamic revetments.

We reviewed 5 existing dynamic cobble berm revetment
projects in the PNW, and summarized their design approach,
maintenance plan, and performance. We focused on the PNW
because there is a high interest in dynamic cobble berm revetments,
and a high concentration of existing dynamic cobble berm
revetment projects in the PNW. The existing PNW projects have
similarities and differences that are mainly related to their design
goals (e.g., prevention vs. reduction of erosion), site, and funding
availability. Each constructed project also used a different design
process and set of engineering tools, leading to slightly different
project designs.

Based on the existing tools, existing projects, and results from
an informal survey, we proposed a design process for dynamic
cobble berm revetments (Figure 4). The design process suggests
considerations for project planning and expectation setting based
on previous literature. It also suggests a technical design process for
determining the important design parameters of a dynamic
revetment based on synthesis of information from existing
dynamic revetment design reports. We evaluated our confidence
in each of the steps of the technical design process to give a realistic
overview of the limitations of the current state of the practice
(Table 2). Finally, we use existing literature and suggestions from
the survey to suggest an adaptive management plan, including
potential indicators of needed maintenance (Figure 5).

In the future, the state of the practice of dynamic cobble berm
revetments will continue to evolve by learning from an increasing
number of existing projects and longer term or more in-depth
evaluation of those projects over time. Herein, we identified the
need for the development of predictive tools and numerical models
that will assist in dynamic revetment design, and several research
gaps where current tools for prediction of dynamic revetment
performance are lacking. Overall, we hope that the reader
recognizes the importance of understanding the present
uncertainties and need for continued efforts toward adapting and
optimizing the design of dynamic cobble berm revetments as a
nature-based coastal protection measure.
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