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ABSTRACT 

 

In the face of an oncoming storm surge threat, accurate predictions of the storm surge extent and 

severity as well as the responses of flood barriers such as levees and dykes to the loads induced by 

the surge are imperative to disaster management. These predictions are needed to evaluate the 

reliability of these flood barrier structures and the flooding risks posed when they are potentially 

breached by erosion. Storm surge models currently used by various agencies to forecast hurricane 

storm surge are routinely equipped to forecast barrier overtopping events. However, storm surge 

models are ill-suited towards evaluating the extent of erosion to structures by surge and their 

potential to fail by means other than overtopping. Geotechnical models provide an appealing 

solution to address this gap in skill in a dynamic way that can assess system reliability for multiple 

potential modes of failure due to internal and external erosion. We present development on 

integrating a framework to interface the two modeling approaches. Here, results from storm surge 

modeling may inform geotechnical models of structure loads exerted on flood barriers due to storm 

surge. Hereby, we assess the potential for any breaching of the barrier structure. Subsequently, we 

may apply the storm surge model to assess the changes in flooding risks due to a potential breach. 

We demonstrate an effective application of this approach towards studying the susceptibility of a 

historically vulnerable levee system, the pre-Hurricane Katrina London Avenue Canal levee in 

New Orleans Louisiana, under the conditions of two separate storm events, 2005’s Hurricane 
Katrina and 2008’s Hurricane Gustav. 
 

1. INTRODUCTION  

 

Threats posed to flood barriers, such as levees and dikes, by storm surge cause significant flooding 

risks during high-intensity storm events in developed coastal regions. Historical cases of levee 

breach due to storm surge have long been recorded and are attributed to significant social, 

economic, and cultural losses. Such cases date back to the September 1928 breach of levees around 

Lake Okeechobee, Florida due to surge from the Okeechobee Hurricane. More recently, the issue 
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reached national prominence in the United States during August 2005, when levees in New 

Orleans, Louisiana were breached due to surge induced by Hurricane Katrina (IPET 2007). The 

losses inflicted by these breach events were comparable in scale, and the temporal spacing of the 

two events (nearly a century between) emphasizes the persistence of the challenges posed to 

coastal engineers by hurricane storm surge.  

Although many studies have thoroughly investigated impacts of hurricane events on 

different structural and infrastructure systems, such as roadway networks (Gori 2020), power 

distribution systems (Dehghani 2020), and bridges (Saeidpour 2019) among others, the 

vulnerability of levee infrastructure systems against these extreme events has not been explored 

sufficiently. Since levees are commonly constructed from non-reinforced geo-materials, they can 

be susceptible to breach by slope failures and internal erosion (among other mechanisms) even 

when they are not overtopped by flood waters (Rahimi 2019, 2020; Wood 2020). Hurricane storm 

surge events create optimal conditions for such breaches to occur due to the extreme loads they 

exert on flood control systems.   

Despite these risks, levee breaches due to erosion or structural instability (i.e., not 

overtopping) are not included in numerical storm surge models currently applied for risk 

assessment of flooding by storm surge. Examples include the ADCIRC (ADvanced CIRCulation) 

model applied in the FEMA flood mapping program for their storm surge modeling (Dietrich 

2012) and the SLOSH (Sea, Lake and Overland Surges from Hurricanes) model applied by the 

National Hurricane Center in their storm surge hazard maps (Zachry 2015), each of which provide 

capabilities for evaluating overtopping risks, but not for any other type of levee breach (Luettich 

2004; Jelesnianski 1992). Accurately assessing the risks from erosion typically demands more 

detailed geotechnical analysis alongside storm surge modeling.  

Software platforms for geotechnical analysis, such as FLAC3D (Itasca Consulting Group, 

Inc. 2017), can provide capabilities for modeling the responses of materials to various loads by 

finite volume methods and constitutive modeling. The detailed analysis afforded by these 

techniques can resolve the extent of failure or degree of risk for a levee section due to erosion, and 

these techniques can easily use information from storm surge models or measurements as input 

boundary conditions. However, these geotechnical analyses exert considerable computational 

demand, which may not always be available for flood mapping studies or in forecasting impacts 

of extreme weather events. To this end, meta-modeling-based methods for reliability analysis are 

developed to significantly reduce computational demand (Rahimi 2020). Results from meta-

modeling methods are not as accurate or detailed as those from performing the full geotechnical 

analysis and require sophisticated active-learning techniques to be used accurately, but can provide 

acceptable estimates for failure probability. Applying either of these methods in conjunction with 

storm surge modeling can not only greatly supplement ongoing efforts for gauging the breach 

likelihoods of flood barrier structures in risk assessments of storm impacts to coastal areas, but can 

also “close the loop”, so to speak, in studying the interaction between flood barriers and surge. 

The goal of the current study is to propose a hazard analysis framework that considers the 

impact of flood barriers on storm surge and vice versa as well as the coupling between the various 

potential modes of failure in a barrier system. We aim to demonstrate the implementation of a joint 

modeling approach for assessing the full extent of risks posed to flood barriers by storm surge. We 

implement a joint geotechnical and storm surge modeling approach for a realistic setting (e.g., 

London Avenue Canal, New Orleans) to assess the reliability of a flood barrier subjected to 

conditions of storm surge. Included are detailed results assessing loads and responses for a segment 

of a levee reach under different storm surges. 



The contents of this manuscript are organized as follows. Section 2 provides details on the 

modeling methods applied in this study: the numerical storm surge model ADCIRC, the software 

FLAC3D and the geotechnical modeling techniques applied within. This section also discusses the 

framework for interfacing the storm surge models with those for geotechnical structures and vice 

versa. Section 3 presents the results from implementation of this framework for the pre-Katrina 

London Avenue Canal levee to evaluate the potential for breach due to deflection of a flood wall 

on top of the levee. Section 4 concludes the manuscript with a discussion on the practical 

implications of this study and includes remarks on subjects for future work. 

 

2. METHODS 

 

Storm surge models are frequently formulated upon solutions to the two-dimensional shallow 

water equations (2D SWE). 

 𝝏𝜻𝝏𝒕  +  𝝏𝝏𝒙 (𝑯𝒖) +  𝝏𝝏𝒚 (𝑯𝒗) =  𝟎        ( 1 ) 𝝏𝝏𝒕 (𝑯𝒖) + 𝝏𝝏𝒙 (𝑯𝒖𝟐 + 𝟏𝟐 𝒈(𝑯𝟐 − 𝒉𝟐)) + 𝝏𝝏𝒚 (𝑯𝒖𝒗) = 𝒈𝜻 𝛛𝒉𝛛𝒙 − 𝑯𝒖𝝉𝒇 + 𝑭𝒙  ( 2 ) 𝝏𝝏𝒕 (𝑯𝒗) + 𝝏𝝏𝒙 (𝑯𝒖𝒗) + 𝝏𝝏𝒚 (𝑯𝒗𝟐 + 𝟏𝟐 𝒈(𝑯𝟐 − 𝒉𝟐)) = 𝒈𝜻 𝛛𝒉𝛛𝒚 − 𝑯𝒗𝝉𝒇 + 𝑭𝒚  ( 3 ) 

 

The 2D SWE consist of the depth-averaged continuity equation ( 1 ) and a pair of momentum 

equations ( 2 ), ( 3 ) for either horizontal direction 𝑥 and 𝑦; where here, 𝜁 is the free surface 

elevation of water measured above the geoid, ℎ is the bathymetric depth measured below the geoid, 𝐻 = 𝜁 + ℎ  is the total depth of the water column, 𝑢  and 𝑣  are the horizontal depth-averaged 

velocities (in 𝑥 and 𝑦 directions respectively), 𝜏𝑓  quantifies bottom surface roughness, and 𝑭 =(𝐹𝑥, 𝐹𝑦) corresponds to additional source terms due to external forces, such as tides, the Coriolis 

force, and wind stress. The 2D SWE are well known to adequately model the time evolution of the 

mean sea-state in a body of water with much larger horizontal length scales than vertical, due to 

external and internal forces, given the adequate initial and boundary conditions as well as spatial 

discretization of the study domain. Since storm surge models are commonly applied to large-scale 

ocean basins, the above SWE are often suitably transformed into spherical coordinates; however, 

we restrict focus here to Cartesian space for ease of discussion. 

 In this study, we apply the finite element based ADCIRC (ADvanced CIRCulation) model 

to modeling of storm surges. The Galerkin method used by ADCIRC introduces spurious 

numerical oscillations in solutions of the depth-averaged continuity equation, and so ADCIRC 

solves the continuity equation in its so-called Generalized Wave-Continuity Equation (GWCE) 

form, by adding the derivative of equation ( 1 ) in time to equation ( 1 ) times a constant 𝜏𝑜 and 

substituting in equations ( 2 ) and ( 3 ). Discretization in time is by the finite difference method 

and the GWCE is solved using either a consistent or lumped mass matrix with implicit or explicit 

time stepping (Luettich 2004). For the lumped, explicit case, a matrix solver is not required and 

results are obtained with considerable efficiency. ADCIRC can also be run as a three-dimensional 

model; however, we only consider applications of the two-dimensional depth integrated (2DDI) 

model in this study. 

 ADCIRC includes interaction with flood barriers to a limited extent. Flood barrier 

structures can be included in the model as internal boundary segments with fixed lengths and 

widths. Parameters such as barrier heights and surface roughnesses are also prescribed as fixed 



values. ADCIRC allows for flow across these internal barriers when water levels on either side of 

some barrier exceeds either its height or the height of a cross-barrier pipe embedded in the structure 

(e.g., a culvert). In this event, flow rates are prescribed based on applying either standard weir 

formula (Chow 1959) for barrier overtopping (Luettich 2004) or Bernoulli’s equation for pipe 
flows (Westerink 2001). 

 

2.1 Geotechnical Analysis. 

 

In this study, FLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions) is used for 

geotechnical numerical analysis (Itasca Consulting Group, Inc. 2017). This software is based on 

an explicit finite volume formulation and supports the application of various types of constitutive 

models for behaviors of different types of materials. FLAC3D also provides support for 

interactions between different materials. Given enough information about a flood barrier or levee 

structure, a FLAC3D user can straightforwardly generate a finite volume mesh of the structure and 

assign zones for different material types as well as the properties of these materials (e.g., shear 

strength properties) and the constitutive models for their behaviors. For modeling the resilience of 

flood barrier structures, for example, water levels can be applied as hydraulic boundary conditions, 

by which the user may then compute hydraulic loads on the structure and model the associated 

responses of materials to the loads. 

 

2.2 Model Interfacing. 

 

The proposed process for interfacing the storm surge and geotechnical models for assessing 

flooding risks due to breaching of flood barriers consists of several steps:  

 

Step 1: Construct FLAC3D model(s) for barrier structure(s) of interest. Once some coastal 

flood barrier has been identified as an interesting topic for reliability study, as much relevant 

information on the design of this structure should be gathered as possible. Relevant information 

includes, but is not limited to, the structure’s spatial dimensions, e.g., height, crest width, base 

width, slope angle(s); types of geo-materials used in its construction and their attributed variability 

(e.g., grain sizes, shear strengths); and widths and placements of soil layers or other structural 

features (e.g., flood walls). By coalescing this information, the barrier structure can be represented 

in the FLAC3D model, like in the example shown by Figure 1 in the next section of this 

manuscript. This step can be done for just one barrier segment of interest in the study domain or 

for several.  

Step 2: Run storm surge model for the event. We now perform an initial run of the storm surge 

model for the hurricane event. During this run, the storm surge model records the flow conditions 

at the barrier structure(s) previously identified in step 1 by writing out the water surface elevations 

and depth-averaged horizontal velocities at some specified time-increment. The resulting time-

series of flow conditions near each barrier structure can be used to inform the FLAC3D model.  

Step 3: Determine structural response(s) from FLAC3D. Using the information obtained from 

the previous storm surge model run, the FLAC3D model of the flood barrier can then be used to 

determine the structural response of the system due to the hydraulic loads induced by the storm 

event. By conducting this analysis, one may determine whether the loads are enough to cause a 

breach in the flood barrier. If a breach occurs, then we must proceed to step 4; otherwise, the study 

for flood risk assessment for this storm is concluded.  



Step 4: Run revised storm surge model for the event. If a breach is determined to occur, then 

the storm surge model is run once more; however, it is now provided information on the 

determined locations and extents of breaches in both time and space. Using this information, the 

storm surge model can adjust the properties of the flood barriers to reflect the breaches found by 

geotechnical analysis, either by gradually varying the height of the barrier over the storm surge 

model’s runtime, by inserting cross-barrier pipes, or by removing a section of the barrier 

altogether, whereupon the decision is based on the mechanism of the failure and its severity. The 

storm surge model can then proceed as in step 2, and by comparing the model results from this 

step to those from step 2, we can study changes in flooding risks due to the barrier breach. 

 

3. RESULTS 

 

In this study, we focus on modeling a historically vulnerable levee system: the London Avenue 

outfall canal levee in New Orleans, Louisiana as it was prior to the impact of Hurricane Katrina in 

August 2005. It is well known, that this levee system failed catastrophically due to surge from 

Hurricane Katrina, despite that the surge levels were well below the height of the levee’s flood 
wall and the supposed design standards for the system. Investigations after Hurricane Katrina 

determined that the levee’s failure could be attributed to several design flaws in the system, most 

notably insufficient sheet pile depths under the levee’s floodwall (IPET 2007). Due to this flaw, 

as the flood wall became deflected due to hydraulic loadings from storm surge, a tension crack 

formed between the sheet pile and soil layers on the levee’s canal-side. This tension crack provided 

a conduit by which a hydrostatic load could be exerted along the entire length of the sheet pile. 

Since at this point, the sheet pile was interacting only with the soil layers on the levee’s landward-

side, the resistance to this loading was insufficient, resulting in the catastrophic failure of the levee 

and a breach that inflicted heavy social losses on the city of New Orleans. 

 We follow the steps outlined in the previous section of the manuscript to reproduce this 

levee breach in our own modeling approach. We study the response of this levee under the storm 

surge from Hurricane Katrina as well as for Hurricane Gustav, which approached New Orleans as 

a category 2 storm in August 2008. Specifically, we monitor the flood wall deflections in the levee 

under conditions of each storm surge. When the flood wall deflection becomes large enough to 

allow formation of the tension crack, then this event is regarded as a structural failure ultimately 

leading to a breach in the levee. We reproduce this failure mechanism for the Hurricane Katrina 

storm surge, and show that the system would also have experienced a similar failure due to the 

storm surge of Hurricane Gustav, despite the storm’s lower intensity and surge. 
 

Step 1: Construct FLAC3D model for barrier structure of interest. 

 

A critical section of the levee that is located on the London Avenue Canal near Robert E. Lee Blvd. 

is considered. The levee is 7.5 m in height, with a 3.3 m concrete floodwall and an embedded sheet 

pile extending 7.2 m below the crest. The crest is 6.1 m wide. There is a marsh layer beneath the 

levee fill, with thickness ranging from 1.5 to 2.4 m; the middle section of marsh layer beneath the 

levee fill and on the seaward side (Marsh 1) has different shear strength properties compared to 

the marsh layer beneath the toe on the landward side (Marsh 2). Below the marsh layer is a layer 

of silty sand clay overlying a Beach layer. The last soil layer is a Bay sound clay with the thickness 

of 4.87 m. The soil zones are represented by brick-shaped mesh elements and the Mohr-Coulomb 

constitutive model is adopted for representing the plastic behavior of soil materials. The sheet pile 



is modeled through embedded liner elements that are shell-type structural elements, in which due 

to coupling springs on both side of the liner, a zone-liner interface is active on both sides. 

Furthermore, the concrete flood wall is represented by brick-shaped mesh elements and the 

isotropic linear elastic model. The interface between the concrete wall and soil zones is modeled 

through triangular interface elements. The details of FLAC3D model and soil properties are shown 

in Figure 1 and Table 1, respectively. 
 

 
Figure 1. FLAC3D model of London Avenue Canal levee segment. 

 

Table 1: Initial soil parameters of London Avenue Canal levee segment (IPET, 2007).  

Soil Layers 

Soil parameters 

Cohesion  

(kPa) 

Friction angle  

(o) 

Bulk modulus 

(MPa) 

Shear modulus 

(MPa) 

Saturated density 

(kg/m3) 

Levee fill 43.10 0 33.00 1.34 1747 

Marsh 1 19.15 0 14.67 0.59 1283 

Marsh 2 14.36 0 11.00 0.44 1283 

Silty sand 0 31 15.74 2.31 1886 

Beach sand 0 36 12.24 2.34 1953 

Bay sound clay 239.40 0 183.50 7.44 2005 

 

Step 2: Run storm surge model for the events. 

 

We apply the ADCIRC storm surge model to measure storm surge levels in the London Avenue 

Canal during Hurricane Katrina and Hurricane Gustav. The model is applied to the SL18 

computational mesh: an unstructured finite element mesh for the western North Atlantic Ocean, 

Caribbean Sea, Gulf of Mexico, and coastal floodplains of Alabama, Mississippi, and Louisiana, 

developed as part of a series of increasingly refined meshes for studying storm surge and tides in 

Southern Louisiana. The mesh consists of roughly 6.8 million vertices, which comprise roughly 

13.5 million elements. The unstructured mesh varies significantly in its spatial resolution, from 

about 1 to 20 km in the open ocean, to 100 to 200 m in coastal wetlands, down to 15 to 50 m in 

channels and along levees (Hope 2013; Cobell 2012). The SL18 mesh is a refinement of the SL16 

mesh, which has been previously validated for the storm surge of Hurricane Gustav (Dietrich 

2011). SL18 represents the most up-to-date knowledge of the floodplain topography and state of 

the flood defense systems in Southern Louisiana at the time of its development in and around 2012. 

Concrete 
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Bay sound clay
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Water level
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 External storm event forces are applied in terms of harmonic constituents for tidal signals 

on the model boundaries in the open ocean and data assimilated snapshots of atmospheric pressures 

and horizontal wind velocities (10 minute averaged at 10 m above the water/land surface) for the 

duration of the storm event, provided from analysis by Oceanweather Inc. (OWI) (Cox 1995). 

Prior to modeling each storm event, the ADCIRC model is executed in a tidal “spin-up” phase, 
wherein the only external forces are from tidal signals. These simulations are run for 18 days of 

computational time, using forces from harmonic constituents corresponding to 18 days before the 

storm event, to establish dynamic equilibrium within the hydrologic system. The outputs of these 

“spin-up” runs are used as the initial conditions for the simulations of the storm events. We 
simulate Hurricane Katrina for its duration from August 25, 2005 until September 1, 2005 and 

Hurricane Gustav for its duration from August 26, 2008 until September 4, 2008. We note that 

when Hurricane Gustav impacted New Orleans in 2008, the Hurricane Protection System (HPS) 

for the city had been enhanced by that point, with improvements to levees on the London Avenue 

Canal and installation of a floodgate at the canal’s mouth to Lake Pontchartrain. We still exclude 

these new developments from both our coastal modeling and geotechnical analysis to study how 

the pre-Katrina HPS would have responded to the storm surge from Hurricane Gustav. We 

effectively remove the floodgate constructed at the canal’s mouth to Lake Pontchartrain by 

lowering its elevation in the SL18 mesh to match the bed elevation of the canal. In the SL18 mesh, 

the elevations of the levees remain unchanged from their state in 2005, and improvements such as 

T-walls and longer sheet piles are not represented in the ADCIRC model (ADCIRC only considers 

a levee’s elevation and approximate “roughness”). During the storm phase of the ADCIRC 

simulation, we record the water surface elevations in the London Avenue Canal every 5 minutes 

at points of interest. Figure 2 shows the water depths in the canal during the simulations for 

Hurricane Katrina and Hurricane Gustav. We show depths measured at the mouth of the canal, 

where it connects to Lake Pontchartrain, and further along the length of the canal at the location 

of the levee segment specified in step 1. Here we note only minor differences, so the modeler may 

be encouraged to use surface elevations on the connecting water body to estimate depths in narrow 

canal systems.  

 

 
Figure 2. ADCIRC storm surge responses for London Avenue Canal during Hurricanes. 

 

Step 3: Determine structural response(s) from FLAC3. 

 

After the mesh generation stage in FLAC3D, we apply mechanical boundary conditions such that 

the motion is impeded in the horizontal and out-of-plane directions. Then, the initial equilibrium 

condition is reached and then the hydraulic boundary condition is applied to the levee’s seaward-



side. It should be noted that pore pressures along the landward-side and toe are set to zero and 

slightly above zero respectively to ensure the toe surface remains fully saturated. Since prior to 

any storm surge event, the final flow pattern is of interest, a steady-state analysis is performed to 

obtain pore pressure distribution. After the initial steady-state condition is reached, a time series 

of the storm surge is applied and a fully-coupled fluid mechanical analysis is performed using 

FLAC3D. During various time instances, the responses of interest such as wall deflection and pore 

pressures at critical points are monitored. In this numerical model, the formation of a tension crack 

during the storm surge event is also modeled. This is achieved through tracking the relative 

movement between the structural element and soil zones and removing the interface and/or links 

in the liner element; if the tension crack is formed, a hydrostatic water load is applied to both sides 

of the crack. A similar process for modeling the crack formation was performed by Adhikari et al. 

(2014). 

 Figures 3 and 4 show results from the FLAC3D modeling, specifically regarding the 

horizontal deflection of the flood wall embedded in the levee. The red-colored star symbols in 

either figure signify the formation of the tension crack, which for this levee structure occurs when 

horizontal flood wall deflection becomes greater than around 80 mm. This can essentially be 

regarded as the point of no return, as once this degree of deflection is reached, the tension crack 

formation will inevitably cause the levee structure to breach. From Figure 3, we can note that the 

flood wall experienced a similar degree of deflection under both storm surge conditions modeled, 

despite that the surge from Hurricane Gustav is considerably lower than that from Hurricane 

Katrina. From Figure 4, we can observe that the deflection of the flood wall developed more 

gradually during the Gustav surge than during the Katrina surge, but since the surge from Gustav 

lasted slightly longer (by roughly a day), this was more than sufficient to deflect the wall enough 

to cause the same tension crack failure as observed during the Katrina surge. 

 

 
 

Figure 3. Water level in canal vs. horizontal deflection 

of flood wall due to storm surges. 

 

 
 

Figure 4. Wall deflection vs. 

surge durations. 

 

Although we determine that the levee structure is breached for both storm events, we skip step 4 

in this study for the sake of brevity in discussion, and since the flooding risks posed by this breach 

are evident from the historical records of when it actually occurred in August 2005. In the context 

of risk assessment for coastal barriers where either a breach has not been recorded historically or 

the records do not exist, the modeler should perform step 4. 

 

4. CONCLUSION 

 

Flood barriers could be susceptible to breach by means other than overtopping during storm events. 

Such breaches are usually initiated by erosion or a structural instability due to the extreme loads 



 

exerted on barrier structures by storm surge. Predicting the potential for such a breach in both time 

and space is notoriously difficult due to inherent flood barrier geo-material and construction 

uncertainties and inherent uncertainties with storm surge prediction. For these reasons, methods 

for storm surge modeling and geotechnical modeling of flood barrier structural responses should 

be pursued and applied jointly to enhance assessments of flooding risks due to breach and to 

comprehensively study the interaction of flood barriers with surge.  

In this study, we establish a framework for such a joint modeling approach, which applies 

the storm surge model ADCIRC and the geotechnical modeling software FLAC3D. We show the 

application of this framework towards studying the susceptibility of the London Avenue Canal in 

New Orleans to breach, prior to its enhanced flood protections in 2007, under the conditions of 

both Hurricane Katrina and a hypothetical scenario based on the conditions posed by Hurricane 

Gustav in 2008. By our analysis, we show that the London Avenue Canal, as it was prior to 2007, 

would likely have experienced a breach during the conditions posed by Hurricane Gustav similar 

to the breach induced by Hurricane Katrina, had the Hurricane Protection System not been 

improved, despite that the surge from Hurricane Gustav was not as high as that from Hurricane 

Katrina. 

This framework could be applied towards other flood barrier systems for which less 

historical information is known, to assess breach potential and the impact to protected areas during 

a breach event. Also, by modeling the same barrier system under the conditions of many different 

storm impacts, one could develop reliability models based on surrogate modeling, which can 

approximate the likelihood of breach or flood impact to protected areas without detailed (and 

expensive) finite element analysis. Future work will aim to integrate this reliability modeling 

approach and ultimately improve forecasting efficiency for flooding risks. 
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