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Abstract:  To increase the use of natural and nature-based features (NNBF) as 

engineering solutions for flood risk mitigation, design methodologies consistent 
with conventional coastal infrastructure design are needed. This paper describes a 

performance-based design methodology for emergent vegetation, which is able to 

incorporate the inherent uncertainties in an emergent vegetation system into the 
engineered design. Using performance-based design of conventional (gray) 

infrastructure, this methodology for NNBF incorporates how emergent vegetation 

changes over its design lifetime, whether in response to natural growth or decay both 
during and post-storm. Future needs to reduce the uncertainty in estimates and 

comparison with conventional infrastructure are discussed.  

 

Introduction 

Natural and nature-based features (NNBF) are flood risk mitigation measures that 

incorporate or are inspired by “landscape features” (Bridges et al. 2021). These 

systems include emergent vegetation, beach nourishment, coastal reefs, and dunes 

(Bridges et al. 2021). In addition to flood risk management, NNBF systems also 

have the benefits of increased economic activity, ecological restoration, and 

recreational uses (van Zanten et al. 2021). While interest in these systems has 

risen, there remains a need to develop design tools and methodologies consistent 

with engineering practice for conventional structures to increase implementation 

of NNBF systems (Close et al. 2017; Cherry et al. 2018; Ostrow et al. 2022).  

Consider the case of evaluating the design of a conventional rock revetment 

versus a designed mangrove shoreline (Figure 1) to minimize overtopping and 

protect an upland area. The design of a rock revetment typically involves the 

specification of stone size, slope, and crest elevation. There are design tradeoffs 
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between initial and maintenance repair costs when selecting stone size, which can 

lead to some uncertainties in performance over the design life of the structure. 

However, the expected damage and deterioration of the structure due to storms 

can be predicted, and therefore the performance and maintenance costs can be 

evaluated. Moreover, immediately after construction, the condition of the 

revetment provides the desired performance level. In contrast, specifications for 

vegetation are highly constrained by the ecology in the project area. Similar to the 

stone revetment, the forest is susceptible to storm damage over the lifetime of the 

project, as well as other types of damage specific to vegetation (e.g., disease, 

invasive species). Yet, engineering practice cannot readily quantify the 

uncertainties associated with these processes that are unique to NNBF. 

Furthermore, a newly planted mangrove forest will take time to establish, grow, 

and provide the design performance level. Tools to quantify the added risk due to 

the initial growth phase are not readily available (see Ostrow et al. 2022 for a 

more complete discussion).     

 
Fig, 1.  Example mangrove system used for flood protection in Stuart, FL. Photo credit: E. Biondi. 

While NNBF systems have a higher level of uncertainty than conventional 

infrastructure, nearly all engineered designs contend with uncertainty, and 

techniques have been developed to account for these. Performance-based design, 

for example, can be used to estimate the probability of failure of an engineered 
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system over its design life. In this methodology, engineers define a failure 

criterion and use Monte Carlo simulations of the system’s design life to determine 

the probability that this failure criterion will be exceeded. Performance-based 

design guidelines exist for wind (American Society of Civil Engineers 2019) and 

seismic (Vamvatsikos et al. 2016) design.  

Performance-based design has also been used for conventional coastal 

infrastructure. Shimosako and Takahashi (1998) developed a performance-based 

design methodology, modified and translated into English by Goda (2010), to 

calculate the expected sliding distance for breakwaters. Significant wave heights, 

periods, friction factors, and other important design parameters were treated as 

probabilistic and sampled from underlying distributions. The calculations were 

repeated over the design life, and the design life was itself repeated for many 

Monte Carlo simulations (Goda 2010). Suh et al. (2012) expanded this 

framework, including nonstationary wave and mean sea level parameters to 

account for climate change and calculating the probability of failure over the 

design lifetime, rather than just at the end. The nonstationary framework has also 

been expanded to using overtopping rate as the failure mode rather than expected 

sliding distance (Pillai et al. 2019). 

In this paper, we show a conceptual framework for performance-based design for 

NNBF, following these earlier examples for conventional structures. We use the 

example of emergent vegetation to minimize overtopping to protect an upland 

area, but the methodology could be extended to other uses of NNBF. In this 

framework, we emphasize key processes that are unique to NNBF design. 

Performance-Based Design and Natural Infrastructure  

An example engineering project might look like the one in Figure 2. This idealized 

example consists of a project site on the landward side of a coastal embayment, 

inspired by Southern Florida, USA. Fetch-limited wind waves may be a threat to 

infrastructure behind the project site. A hybrid system consisting of a mangrove 

forest and bulkhead revetment is employed to attenuate the wave energy. The 

incident wind waves with associated significant wave height Hs,i travel through 

the mangrove forest, resulting in a lower transmitted significant wave height, Hs,t. 

The hybrid system would fail with too much overtopping of the revetment, q. 

Therefore, the output or performance variable of interest for this project may be 

the overtopping rate or volume. 

With the output variable of interest established, a failure criterion for this 

infrastructure can be determined. The Coastal Engineering Manual (USACE 

2002) and EuroTop (Pullen et al. 2007) are two common sources for determining 

thresholds of overtopping rate or volume that may not be exceeded if the primary 
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interest are threats to human safety or use of coastal highways, for example.  Other 

exceedance criteria may be based on ecological functions of the upland area. With 

these failure criteria, performance-based design calculations can be completed to 

determine the expected value of the performance variables and the probability of 

failure over the design life. 

 
Fig. 2.  Conceptual diagram of a NNBF project to attenuate waves, inspired by a coastal embayment 

in Florida, USA. a) location of project site. b) elevation view of project site. 

Figure 3 shows an example of what the accumulated design variable, such as the 

cumulative overtopping volume, would look like.  The x-axis is the time over the 

design life of the infrastructure (typically measured in decades), and the y-axis is 

the overtopping (output) variable. When the overtopping volume exceeds the 

threshold in a given year, this volume is added to the sum of the volumes from the 

previous years. In Figure 3a, each blue line represents the output from one design 

a) 

b) 
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lifetime. Calculations from one design lifetime are repeated for many Monte Carlo 

simulations, resulting in many blue lines. The simulations are averaged to create 

an expected value of the output variable, shown as the black line in Figure 3a. A 

certain number of the Monte Carlo simulations will exceed the failure criterion, 

and the percentage of failed simulations is the probability of failure (Figure 3b). 

Figure 3 contains 10 Monte Carlo simulations for illustration purposes, but the 

actual number should be much larger, resulting in smooth curves for the expected 

value and probability of failure. 

 
Fig. 3.  Example performance-based design outputs for a 50 year design life and 10 Monte Carlo 

simulations. a) failure criterion over time. b) exceedance probability of failure over time. 

 
Fig. 4.  Example inputs into the performance-based design of NNBF system. a) stationary and 

nonstationary significant wave heights. b) undisturbed and disturbed above ground biomass.  

To estimate the probability of failure of an uncertain system that can change in 

time, it is important to test a wide range of conditions that may occur. This 

probabilistic approach results in the various blue lines in Figure 3, and comes from 

inputs as in Figure 4. The hydrodynamic conditions are sampled probabilistically, 

resulting in, for example, wave heights that change from year to year. These 

stochastic processes can be stationary or nonstationary if climate change is 

considered (Figure 4a). For emergent vegetation, the amount of wave attenuation 

is in part determined by the above ground biomass. The above ground biomass 

will change over the course of the design lifetime, as the vegetation can grow 

undisturbed or be reduced by a storm or other impact before recovering, for 

a) b) 

b) a) 
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example (Figure 4b). As the storm conditions are random, damage and growth 

cycles for mangroves will occur at different times during the design life for 

different Monte Carlo simulations.  

Framework for the Performance-Based Design of Engineering with Nature 

Figure 5 shows a framework that uses the inputs in Figure 4 to calculate the 

outputs in Figure 3. The framework is adapted from methodologies by Goda 

(2010), Suh et al. (2012), and Pillai et al. (2019). While many of the same 

calculations are taken, there are multiple steps that are added to the framework for 

emergent vegetation systems.  

 
Fig. 5.  Conceptual framework for performance-based design of NNBF systems. Blue solid lines 
indicate steps used for conventional infrastructure, and green dotted lines indicate added steps for 

vegetation. 

Steps 2-7 are repeated in an inner loop over the design lifetime, and one iteration 

results in one blue line seen in Figure 3a. Steps 1-8 are repeated for many Monte 
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Carlo simulations, corresponding to the multiple blue lines in Figure 3a. Step 9 is 

calculated from the results of all of the Monte Carlo simulations, shown as the 

black line in Figure 3a.  

Step 1: Initial Conditions 

The initial conditions at the time of construction are required and consist of (a) 

the overall conditions of the site (e.g., depth, astronomical tides, fetch length), (b) 

antecedent shoreline configuration such as an existing bulkhead revetment, and 

(c) the initial treatment of the NNBF. For the case of the mangrove forest, this 

would include planting specifications for vegetation, including the initial area of 

planting, vegetation density, species composition, and age of propagules. A 

failure criterion, such as a critical overtopping rate from the Coastal Engineering 

Manual, must be set.  

Step 2: Annual Vegetation Conditions 

The vegetation will change over time (Figure 4b), so each year will have 

vegetation conditions that depend on what occurred in the prior year. Examples 

of changes between years include mangrove growth or damage from previous 

storms. Allometric relations between age, diameter at breast height (DBH), and 

other morphologic parameters can be used to update the required vegetation 

parameters (Alongi 2008; Mori et al. 2022). The exception is the first year of the 

design life, which runs with the initial conditions set in Step 1. 

Step 3: Annual Storm Event 

In Goda (2010), an annual storm was randomly selected from an extreme 

probability distribution, resulting in three components: wind, wave, and surge. 

The relevant wave parameters were offshore significant wave height, significant 

period, and wave direction, and Goda (2010) suggested setting the storm duration 

to two hours for simplicity. Climate change may be incorporated by changing the 

hydrodynamic inputs over time (Suh et al. 2012). The total water depth as a 

function of distance is calculated by considering the bathymetry, astronomical 

tide, storm surge, and sea level rise if included. For the example case shown in 

Figure 2, we simplify the storm event by drawing the wind speed from an extreme 

distribution and estimating the fetch-limited wave height following design 

equations in the Coastal Engineering Manual (USACE 2002).  

Step 4: During-Storm Structural Failure of Vegetation 
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Extreme storm conditions may cause mangroves to be damaged. Therefore, not 

all of the mangroves will be able to attenuate waves in their full capacity, and 

should be removed from the model for a conservative estimate of the performance 

variable. Damaged mangroves can be predicted with a fragility function, which 

describes the probability that a mangrove is damaged as a function of hazard 

intensity.  

Step 5: Wave Characteristics at Design Site 

For an open coast project, the waves can be transformed from offshore to the 

project site using conventional wave transformation equations (e.g., USACE 

2002). At the site in the example in Figure 2, the waves should be further 

transformed to the revetment location to obtain the transmitted wave height, Hs,t. 

The wave attenuation can be calculated with an empirical equation, such as 

Mendez and Losada (2004). Alternatively, the entire process (offshore to onshore, 

wave attenuation through vegetation) could be calculated by a numerical model, 

such as XBeach (Roelvink et al. 2009; van Rooijen et al. 2016).  

Step 6: Performance Variable for Storm 

With the conditions at the area of interest known, the output variable, such as the 

overtopping rate or volume, can be calculated for that year’s storm. As in Step 5, 

the value of interest can be calculated from empirical formulas or a numerical 

model like XBeach. If the output variable exceeds the threshold set in Step 1, the 

system has failed in that year. Step 6 concludes the calculations for one year in 

the design life. 

Step 7: Delayed Structural Failure of Vegetation 

Storm conditions do not harm mangroves only during the storm event. Delayed 

mortality of mangroves may occur after the storm has ended, due loss of leaves 

or saltwater (e.g., Craighead and Gilbert 1962). Therefore, mangroves that 

experience delayed mortality will not be able to attenuate waves effectively in 

future storms, and should be removed from the model. After Step 7, the model 

returns to Step 2 for the next year of the design life, and the next iteration of Step 

2 considers the mortality of mangroves from Steps 4 and 7, as well as mangrove 

growth. 

Step 8: Cumulative Performance Variable for Design Life 

After the completion of the inner loop, the output variables for each year of the 

design life have been calculated. If necessitated by the variable of interest, the 
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cumulative performance variable can also be calculated. For the example in 

Figure 2, Step 8 could involve calculating the cumulative overtopping volume. 

Step 8 completes the calculation over one design life of the structure, 

corresponding to one realization of the model (i.e., one blue line in Figure 3a).  

Step 9: Expected Performance Variable / Exceedance Probability of Failure  

Steps 1-8 should be completed for many Monte Carlo simulations, so that model 

uncertainties can be evaluated over the design life. Stochastic variables include, 

for example, wind, wave, and surge conditions, as well as the ecological 

parameters of the NNBF system, and parameters used to model the wave 

attenuation (e.g., Kelty et al. 2022).  

Summary statistics can then be obtained in Step 9; for example, taking the average 

of the cumulative overtopping volume for each year of the design life would result 

in the expected cumulative overtopping volume. This is the black line in Figure 

3a. Also of interest is the probability of failure as a function of the design life. 

This can be calculated by determining the number of failed simulations for each 

year of the design life and dividing by the total number of simulations (Figure 3b).  

Discussion 

This performance-based design methodology is used for NNBF due to the 

inherent uncertainty in NNBF systems. Therefore, the choice of empirical 

relations for morphologic parameters and the quantification of the uncertainty of 

those relations is important for the success of the model. 

While the methodology incorporates mangrove mortality driven by storms, there 

are many other ways that a mangrove system’s flood protection capacity can be 

affected. For example, people can harvest mangroves and diseases can spread, 

which would take out trees from the system. Conservation efforts and engineered 

solutions may increase the number or health of vegetation in a system. These 

factors, and others, can be added into the methodology by changing the vegetation 

parameters assigned in Step 2, that is, adding additional parts to Step 7. 

This methodology can also be extended to look at other failure modes for hybrid 

infrastructure, such as the sliding distance of a caisson breakwater as in Goda 

(2010). While damage to the revetment is not currently included in order to isolate 

the effect of the mangrove forest, the probability of structural failure of the 

revetment should be included for a full performance-based design of a hybrid 

system.   
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A model sensitivity study will be carried out to complete verification of the model. 

This verification step will also help determine areas of future research, as the 

parameters that have the largest effect on the model outcomes should be studied 

with the goal of reducing the uncertainties of the inputs. More research is needed 

to validate the model. This would involve refining the allometric relations that 

generate vegetation parameters and fragility functions for vegetation, as well as 

analyzing case studies over a long enough design lifetime. 

Summary 

This paper shows how performance-based design methodologies can be extended 

from conventional infrastructure to NNBF systems. Unlike conventional 

infrastructure, changes in emergent vegetation parameters are not fully in the 

engineer’s control. Therefore, steps to calculate the morphologic parameters and 

survivability of emergent vegetation are required. With this methodology, 

engineers can quantify the probability of failure when using NNBF. 
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