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Abstract 

Finite Element Method for Assessment of Air Cushion Skirt Performance 

Author: Thomas Arthur Lipscomb 

Advisor: Ronnal Reichard, Ph.D. 

The objective of this thesis is to create a method of simulating the performance of new 

materials for use in air cushion vehicle skirts. These systems currently exhibit 

unacceptable design lifetimes to be considered for widespread adoption, except in specific 

applications such a military or rapid transport, where high cost is not an obstacle. This 

project also focuses on using a new high strain to failure resin system that has recently 

been developed, in combination with high performance reinforcing fibers, to increase the 

lifespan of the skirt systems. 

Using industry-standard finite element modelling (FEM) software, a 3d model of the skirt 

system for a hypothetical surface-effect ship (SES) was produced. A method for estimating 

design loads for input into the model was outlined. Based on properties obtained through 

destructive mechanical testing, theoretical laminate schedules were produced to exceed the 

performance of traditional materials. By using simulation tools instead of physical testing, 

many more design iterations may be attempted. 

In addition to the virtual model, a production method was also devised that would enable 

the manufacture of the proposed skirt system. The geometry of the skirt has also been 

modified from typical ACV to take advantage of this method. 
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Chapter 1 - Introduction 

Air Cushion Vehicle Seals 

In most respects, air cushion vehicles can be considered to be traditional naval craft. They 

contain the same electrical and mechanical systems and are subject to many of the same 

design considerations. These craft are distinguished by their additional auxiliary systems: 

the seal and lift fans. The lift fans create air flow which is retained by the seals to form a 

captured air bubble (CAB).  

In order to maintain the air bubble, the seal must conform to the shape of the sea surface in 

a three dimensional manner (Malakhoff 1). To accomplish this task the skirt must be 

“flexible & 3D responsive, impermeable, low drag, and pitch restoring” (McKesson 280). 

The craft should have a forward sloping bow seal such that “when the bow pitches down 

there is some forward shift in the center of pressure, resulting in a pitch restoring moment” 

(McKesson 280). Simplifying this, the bow seal should act as a sort of  pneumatic spring 

which dampens the pitch motion of the vessel. 

Although every hovercraft and most SES in existence today features a flexible fabric skirt, 

the original ACV prototype had no skirt and instead used a peripheral air jet to contain the 

cushion (Yun 232). This craft literally appeared to float over the ground and proved the 

hovercraft concept, but were unable to clear small obstacles more than a few centimeters 

off the ground and were therefore not truly amphibious. For this reason, flexible fabric 

skirts were shortly invented so true amphibious capabilities could be achieved. In addition, 

https://drive.google.com/file/d/1q-CT5PIMZFFWI6QowlbtE6YQZgTPl4d8/edit?disco=AAAACZqopvA
https://drive.google.com/file/d/1ZikWHB_tJGMvRSxMoZBwLjgZudikr1E0/edit?disco=AAAACZq1Gbs
https://drive.google.com/file/d/1ZikWHB_tJGMvRSxMoZBwLjgZudikr1E0/edit?disco=AAAACZq1Gbs
https://drive.google.com/file/d/1XtKETdOHatWyFo5PqCrZ4MXyAfn48qL_/edit?disco=i98fbalyn3dg
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the crafts were unstable and required high amounts of power for the peripheral jet. Pictured 

below is the first operational hovercraft, the SRN1, which did not feature a skirt. 

 

Figure 1 - SRN1 Hovercraft 

Surface Effect Ship 

By riding on a bubble of captured air, air cushion vehicles (ACV) experience near 

frictionless motion. However, this lack of friction also acts as an impediment to steering 

the craft, which must be controlled much like an aircraft except limited to two-dimensional 

motion. Furthermore, traditional ACV’s suffer from unavoidable air leakage around the 

perimeter of the craft (McKesson 93). 

Also known as sidewall hovercraft, surface effect ships (SES) are a hybrid between a 

catamaran and a hovercraft. Unlike a hovercraft, SES operate on a mix of hydrostatic 

buoyancy and air pressure. When the vessel is at rest or off-cushion, the catamaran hulls 

provide support. When the vessel is on-cushion, roughly 80% of the vessel is supported by 

the air cushion while the remaining 20% is hull displacement (McKesson 93). 

https://drive.google.com/file/d/1ZikWHB_tJGMvRSxMoZBwLjgZudikr1E0/edit?disco=AAAACZNQimo
https://drive.google.com/file/d/1ZikWHB_tJGMvRSxMoZBwLjgZudikr1E0/edit?disco=AAAACZNQimo
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The catamaran sidewalls prevent leakage from the sides of the air cushion by virtue of 

being in complete contact with the water. This adds to the increased efficiency of the SES 

when compared to traditional ACV (McKesson 93). The addition of rigid sidehulls 

however removes the amphibious capability that is characteristic of traditional hovercraft. 

This limitation is compensated for by the increase in maneuvering capability and 

propulsion efficiency (Malakhoff 1). Unlike most hovercraft, SES can take advantage of 

the roughly 800-fold difference in the densities of air and water by using a full range of 

marine propulsion options such as water jet, azipod, inboard, or outboard propulsion. 

Additionally, when the vessel is off-cushion, it features the increased stability compared to 

a monohull vessel that is typical of catamarans (McKesson 93). 

Skirt lifespans of only a few thousand hours are typical of traditional materials and are far 

exceeded by the operational lifespan of a vessel. This means that ACV’s must undergo 

regular maintenance and replacement of the skirt system, which is extremely costly. This is 

a significant factor limiting the adoption of these vehicles for roles beyond those already 

filled.  

Current Technology - The Issues 

Current deployment of SES and other ACV technologies is drastically limited by short 

skirt lives due to wear. At the high end, a skirt life of 5000 hours has been achieved for 

bag-style stern seals, while a life of 1000 - 2000 hours is typical. For finger-style bow 

skirts the life is even worse due to accepting the brunt of wave action. For these skirts, a 

life of 1500 hours has been achieved with a typical life of 500 - 1000 hours (Yun 444). 

Considering that these values are pulled from a source written in the past two decades, 

while a 1978 source sites a 2000 hour maximum skirt life for bag seals, it is clear that not 

much advancement has been made in improving skirt life in the past few decades (Freeston 

10). 

https://drive.google.com/file/d/1ZikWHB_tJGMvRSxMoZBwLjgZudikr1E0/edit?disco=AAAACZNQimo
https://drive.google.com/file/d/1q-CT5PIMZFFWI6QowlbtE6YQZgTPl4d8/edit?disco=AAAACZqopd4
https://drive.google.com/file/d/1ZikWHB_tJGMvRSxMoZBwLjgZudikr1E0/edit?disco=AAAACZNQimo
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In addition to short skirt life, high costs of replacement are also a limiting factor to the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

deployment of ACVs. It is estimated that 80% of the vessel’s maintenance costs reside in 

the upkeep and replacement of the seal system (Payne 1). If the skirt system could be made 

more resilient, maintenance costs could be reduced to be similar to a typical vessel. 

A number of modes contribute to the failure of ACV skirts but the three most important are 

listed and described as follows (Yun 433) (Freeston 19-23): 

Delamination -  Separation of the matrix material from the reinforcing material. The causes 

of delamination failures have been attributed to the high frequency vibration at the skirt 

tips caused by escaping air (flagellation). In ACV where the skirt makes greater contact 

with ground or water this effect is believed to be less pronounced. Delamination can allow 

water intrusion into the skirt material, further degrading its properties. 

Abrasion -  Wear of the skirt material due to contact with earth, water, or obstacles. 

This can also occur from friction between skirt fingers themselves. Abrasion is considered 

the probable candidate to be the most significant failure mode for ACV skirts. 

Tearing -  Shear failure due to high strains on the skirt material by high pressures in 

the air cushion or from impact with obstacles. Although a large energy must be imparted to 

the skirt to cause a tear failure compared to the other failure modes, once initiated 

propagation of the tear can occur at lower energy levels. Although less common, tearing 

failures can cause the most significant damage to the skirt system often requiring 

immediate repair or replacement 
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Chapter 2 - Proposed Solution 

AMC Resin System  

A problem arises in the attempt to replace the chlorosulfonated polyethylene synthetic 

(CSM) rubber or polyvinyl chloride (PVC) matrices used in current skirt systems. While 

composite reinforcement fibers are durable and flexible, most resins are brittle and do not 

conform easily in high strain situations. Advanced Marine Coating (AMC) is a new gelcoat 

system developed by Structural Composites Inc. Unlike most gelcoats, AMC exhibits 

mechanical properties similar to traditional resins. It also exhibits high strain-to-failure 

properties that are not seen in traditional gelcoats, being able to take greater than 30% 

strain as opposed to the ~1% strain seen in normal gelcoat. It is also comparable in costs to 

traditional gelcoats at ~$2.50 per pound.  AMC is produced by mixing catalyzed 

isophthalic polyester resin and initiator with a urethane resin. The resulting mixture should 

prove promising in replacing traditional CSM and PVC matrices. 

Due to the low thickness of the skirt system compared to traditional laminates, a coating of 

extra gelcoat on top of a resin/fiber system will result in an unsatisfactory thickness. It is 

believed that the gelcoat itself can be used as a matrix to provide the necessary strength for 

the laminate while retaining desirable UV resistance and toughness properties. 

Reinforcing Layers 

Laminates consisting of various materials laminated with the AMC system will be 

evaluated by finite element modelling. It is possible that either a single layer of a thicker 

fabric in one material or multiple layers of different materials will be used. In the case of a 

multi-material laminate, it is intended that a lower modulus material will be used for the 

outside layers while a higher modulus material will be used for the middle layers. In this 

way the high modulus material is not expected to make a significant contribution to 

bending stiffness while still contributing to the tensile and through-shear properties.  
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Several factors affecting the performance of the skirt system are listed below: 

Fiber type - strength, modulus, toughness 

Fabric directionality – random mat, directional, woven 

Fiber fraction - Fiber volume ratio (ratio of resin properties to fiber properties) 

In recent decades, high performance reinforcing materials have become increasingly 

common. Aramid and carbon fiber reinforcements, once common only in the aerospace 

industry, are becoming commonplace in other industries such as sporting goods and marine 

products. It is hoped that the capitalization of these materials for air cushion vehicles could 

dramatically increase their viability. 

Potential reinforcing materials under evaluation for this project include e-glass, meta-

aramid, para-aramid, and carbon fibers. These materials are widely available on the market 

today and even the costliest of these options are favorable if they can reduce maintenance 

costs on the skirt. These reinforcements are also available in a variety of directional and 

mat combinations.  To simplify validation of the model, only one novel reinforcement will 

be evaluated. The selection of this material will be determined by the results of mechanical 

sample testing. 

The weight of the fiber may be controlled across the structure to achieve optimal stiffness. 

With flagellation being the most common mode of failure for the skirt system, it is 

anticipated that the skirt will need to be stiffened around the free edges with additional 

reinforcement. Modal analysis of the skirt system can reveal if this change increases the 

vibration frequency of the system sufficiently to control flagellation without compromising 

the bending strength of the laminate.  

In addition to fiber weight, the amount of resin absorbed by a fabric determines how much 

of the laminate’s properties are influenced by the matrix versus the reinforcement. Unlike 

fiber weight, the percentage of resin absorption is expected to be near constant throughout 
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the structure in real life and will be modelled as such in analysis. Although the amount of 

resin uptake is different for various fabrics, the ratio may be controlled to some extent by 

infusion processes. Bounds for the fiber volume fraction shall be determined for the 

reinforcements evaluated. If necessary, the properties of the laminate may be adjusted 

within reason. The assumption shall be made that manufacturing methods exist to achieve 

the necessary ratio. 
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Chapter 3 - Skirt Design 

Geometry 

The skirt will be of the finger type, as the fingers receive the brunt of damage and are the 

most difficult to replicate with new materials. A finger is defined by McKesson as a “half‐

cylinder of fabric, suspended from the wetdeck at an angle of about 45° from vertical. The 

skirt assembly is composed of multiple individual fingers. This arrangement is common in 

ACV’s because the fingers can respond independently of each other allowing for three-

dimensional response to wave action.  

S  

Figure 2 - Bag & Finger Skirt Arrangement 

Unlike traditional finger skirts, which are cut and stitched from flat fabric pieces, the 

proposed design may be produced in a mold allowing for seamless geometry. This also 

allows for a few notable design differences from a normal finger skirt. The most obvious is 



9 

 

that the tip of the finger curves under at the water surface. This models the “tuck under” 

that the skirt will experience in service. Note the aft edge of the finger in the figure below; 

deformation of the finger’s tip eliminates the tension in this edge causing it to flutter and 

vibrate freely. By molding this feature in at the production stage it is expected that less 

stress will be developed in this edge. This design is also expected to be self-leveling, as the 

craft sinks the air cushion volume is reduced, increasing pressure, and reducing the chance 

the free edge will “catch” on the water’s surface.  

 

Figure 3 - Flexible Deformation of Finger at Water Surface 

The skirt also lacks the “bag” of typical bag-and-finger skirts. This is because skirt failures 

typically do not occur in this region and can be removed from the model to reduce 

complexity.  

Skirt Forces 

The total force acting upon the skirt is a combination of air pressure from the ACV 

cushion, friction drag at the water surface, deformation from wave impact, and high 

frequency vibration at the free edges (flagellation). Although flagellation is the most 
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common failure mode for the systems, material selection is ultimately controlled by ability 

to deform under wave impact. An ocean-going ACV should be prepared to experience a 

deck slam event in which a wave impacts the cross deck of the vessel, completely 

flattening the skirt in the process. Such high deformations are the reason that skirts are 

typically constructed of hyperelastic materials. A tradeoff must be made between retaining 

enough stiffness to prevent flagellation at the edges and being elastic enough to respond to 

wave pressure. To balance these competing objectives, success of the model will be 

determined primarily by its ability to withstand large deformation, with the condition that 

the edges may be stiffened sufficiently to prevent flagellation without compromising the 

primary task.  

Cushion Pressure 

The main purpose of the skirt system is to provide an impermeable boundary to retain the 

cushion of air upon which the vessel rides. To accomplish this task it must be capable of 

withstanding the air pressure generated by the cushion, which for hovercraft is, at a 

minimum, the weight of the vessel divided by the area underneath. For an SES, a certain 

percentage of the weight is carried by the side hulls, so the minimum cushion pressure is 

the cushion-borne weight, typically 80%, divided by the cushion area. The remaining 20% 

is carried by hydrostatic lift from the SES sidehulls (McKesson 151). 

The model SES which formed the basis of this project had a design displacement of 18.125 

metric tons, a cushion length of 15.5 meters, and a cushion beam of 6.5 meters. Cushion-

borne weight was assumed to be 80% of the design displacement, 14.5 metric tons. These 

values gave an estimated minimum cushion pressure of 1.4 kPa (0.20 psi). 

In active service, an ACV can be expected to generate greater than the minimum amount of 

lift thrust. McKesson gives the following formula for estimating cushion pressure of an 

ACV: 

𝑝𝑐 = 𝑥 ∗ 𝜌𝑆𝑊 ∗ 𝑔 ∗ 𝐿 
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Where x is a factor ranging from .01 to .02 for typical ACV, 𝜌𝑆𝑊 is the density of saltwater 

(1025 kg/m3), g is gravitational acceleration, and L is the cushion length. Evaluating this 

formula at the upper and lower bounds for the value x resulted in a cushion pressure range 

of 1.56 kPa to 3.12 kPa [0.23 – 0.45 psi]. The 1.56 kPa lower bound of this calculation 

aligns well with the estimated minimum cushion pressure of 1.4 kPa found earlier. The 

average of the two values calculated by the McKesson method was taken as the design 

cushion pressure for the model, 2.34 kPa. 

Drag 

The equation for drag force on a flat plate in laminar flow is given by the Blasius equation 

(White 475). The equation has been solved for total drag force on the plate, D(x). 

𝐷(𝑥) = 0.644𝑏𝜌1 2⁄ 𝜇1 2⁄ 𝑈1.5𝑥1/2 

Where b is the plate width, ρ is the fluid density, μ is the fluid viscosity, U is the flow 

speed, and x is the distance to the flow boundary layer. Of these values, ρ and μ are 

constant properties. Plate width is also accessible by measurement of the model, equal to 

30 inches or 0.76 meters. The flow speed, U, is equal to the craft speed, Vc, equal to 50 kt 

or 25.7 m/s. 

The only value that must therefore be calculated is x, the distance to flow boundary layer. 

The assumption is made here that this distance is equal to the efflux gap height, also known 

as the hovergap, h.  The efflux gap height is defined as the distance from the bottom of the 

skirt to the fluid surface. Hovergap distance was estimated assuming that the volumetric air 

flow of escaping cushion is channeled through the forward and aft skirt assemblies. The 

standard volumetric air flow formula is given below: 

𝑄 = 𝑉𝑒𝐴𝑒 
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Where 𝑉𝑒 is the exit velocity of escaping air and 𝐴𝑒 is the exit area. Since the exit area is 

simply twice the cushion beam, 𝐵𝑐, times the hovergap, h, the flow rate formula can be 

rewritten: 

𝑄 = 𝑉𝑒𝐵𝑐ℎ 

This may be solved for h, but first Q and 𝑉𝑒 must be estimated.  Air flow rate may be 

estimated by the “Wave Pumping Method” presented by McKesson in section 22.1.3 of 

Practical Design of Advanced Marine Vehicle. A formula for escape velocity is presented 

by Fowler on page 34 of his 1979 document Overland and Amphibious ACV Design Data 

Relating to Performance. The calculation for Q will be presented first, followed by the 

calculation for 𝑉𝑒. 

McKesson treats air flow rate as a dynamic problem, dependent not only upon volume and 

pressure, but also on the ability to respond to environmental forces (i.e. waves). The wave 

pumping method “is an attempt to model the cushion air demand as if the cushion were a 

volume that in continuously being ‘pumped’ by the ocean waves” (McKesson 345).  

Assuming the volume rate of change responds to waves sinusoidally, it can be written as 

follows: 

𝑑𝒱

𝑑𝑡
= −𝐵𝑐𝐻𝑣 sin(𝑎𝑟) 

Where H is wave height, v is speed of craft relative to the wave (𝑉𝑐  +/‐  𝑔𝑇0/2𝜋), and 𝑎𝑟 

is the ratio of air cushion length to wavelength (−𝜋 𝐿𝑐 𝜆⁄ ). Since only the maximum value 

is of interest, the sinusoidal term may be set equal to one and dropped. The rate of change 

formula becomes: 

𝑑𝒱

𝑑𝑡
= −𝐵𝑐𝐻𝑣 



13 

 

According to McKesson, the maximum instantaneous value is not required to be supplied 

by the fan in practice. A limit of 35% of the maximum instantaneous volumetric flow rate 

is applied yielding the final design value for Q: 

𝑄 = 0.35 ∗ 𝐻(𝑉𝑐 + 𝑔𝑇0/2𝜋) 

For the design SES, an estimated flow rate was assessed by this formula using the 

following parameters, yielding a value of 39.75 m3/s for volumetric flow rate: 

Table 1 - Cushion Flow Rate 

Flow Rate - Wave Pumping Method (McKesson 346) 

Wave Characteristics: 

Wave height H 0.91 m 

Wave period T0 8 s 

Ship Characteristics: 

Cushion width Bc 3.25 m 

Craft speed Vc 25.72 m/s 

Volumetric flow rate Q 39.75 m3/s 

Next the velocity of escaping air, 𝑉𝑒 , must be calculated. Fowler states that exit velocity 

“is calculated from the difference between static and total pressures, which equals dynamic 

(velocity) pressure” (Fowler 1). A method of calculating 𝑉𝑒 is given based upon Bernoulli’s 

equation: 

𝑃𝑑 =
1

2
𝜌𝑉2 

Where 𝑃𝑑  𝑖𝑠 𝑡ℎ𝑒 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑉 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑖𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑎𝑛𝑑 𝜌 is the air density. 

Setting the dynamic pressure equal to cushion pressure, Pc, and air velocity equal to exit 

velocity, 𝑉𝑒, yields the relationship: 

𝑃𝑐 =
1

2
𝜌𝑉𝑒

2 
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Additionally, air density may be written as a function of temperature in Kelvin and 

barometric pressure, 𝑃𝑏𝑎𝑟, according to the ideal gas law: 

𝜌 =
𝑃𝑏𝑎𝑟

𝑅𝑇
 

Rearranging the Bernoulli derived cushion pressure equation to solve for exit velocity, and 

inserting the ideal gas law solution for 𝜌 yields the following equation for 𝑉𝑒: 

𝑉𝑒 = 1.414√
𝑃𝑐𝑅𝑇

𝑃𝑏𝑎𝑟
 

The following parameters were input into this equation yielding a velocity, 𝑉𝑒, of 62.45 

m/s. Standard values were taken assuming pressure at sea level and temperature of 70 

degrees: 

Table 2 - Lift Air Exit Velocity 

Lift Air Exit Velocity (Fowler 34) 

Exit dynamic pressure Pd 2340 Pa 

Atmospheric temperature T 294 K 

Barometric pressure Bar 101325 Pa 

Individual gas constant R 287.05 J/kg K 

Lift air exit velocity   Ve 62.45 m/s 

Rearranging the originally derived flow rate equation to solve for hovergap yields the 

following formula: 

ℎ =
𝑄

𝑉𝑒𝐵𝑐
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Previously calculated values were inserted into this formula to obtain a height of 0.098 meters: 

Table 3 - Efflux Gap Height 

Efflux Gap Height 

Lift air exit velocity   Ve 62.5 m/s 

Volumetric flow rate Q 39.75 m3/s 

Cushion width  Bc 3.25 m 

Total air flow escape length Le 6.5 m 

Efflux gap height h 0.098 m 

With all values now obtained, the Blasius drag formula presented at the beginning of this 

section may now be solved for a total drag force of 19.13 Newtons or 4.30 lb: 

Table 4 - Blasius Drag Calculation 

Blasius Drag Method (White eqn. 7.26 pg 460) 

Craft speed U 25.72 m/s 

Plate width b 0.762 m  

Distance to Boundary Layer (hovergap) x 0.098 m  

Saltwater Density p 1025 kg/m3 

Saltwater viscosity u 8.90E-04 Pa*s 

Total drag force D 19.13 N 

Flagellation 

Picture a flag in a high wind, being fluttered at rapid speed at its tip. This same situation 

occurs to the free edges of an SES skirt as air from the cushion escapes at high velocity. 

This can cause the skirt material to undergo accelerations as high as 8000 gravities 

(McKesson 18.4.3). This high frequency vibration also builds energy in the form of heat 

within the skirt fabric. 

Unfortunately attempting to solve such a transient, nonlinear analysis in standard FEM 

software would prove to be extremely difficult, even without considering thermal effects.  
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Figure 4 - Flagellation Damage on Skirt Fingers 
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Chapter 4 - Validation and Testing 

There is no standardized test program for air cushion vehicle skirts currently in existence 

(Yun 452). This makes testing the success or failure of a skirt design very difficult as 

testing will occur in yet uncharted territory. However, a testing plan is currently in place 

with the following methods: 

1. Mechanical testing for material properties according to ASTM D3039 Standard 

Test Method for Tensile Properties of Polymer Matrix Composite Materials. 

2. Finite element modelling (FEM) of the skirt system to ensure allowable strains in 

the material are not exceeded. 

Mechanical Testing – Initial Testing 

Initially, four 8.5 inch by 11 inch panels were produced by a hand lay-up method for 

testing. Excess resin was removed by squeegee. The panels consisted of 17 gsm carbon 

veil ("A"), 34 gsm carbon veil ("B"), 34 gsm aramid veil ("C"), and 50 gsm polyester mat 

("D") panels with a matrix of CoCure 25% gelcoat.  

Samples for tensile testing were cut 0.75 inches wide by 8 inches long. 2 inches on each 

end were left in the grips with 4 inches in between the grips. The deflectometer can 

measure a deflection of up to 2 inches allowing for 50% strain of the samples. While the 

extensometer sensor used for typical tensile testing directly outputs a strain on the material 

(due to known gauge length), the deflectometer simply records deflection. Since there were 

tabs on both sides of the sample the average of these two lengths were taken. Deflection at 

max load was measured and divided by the distance between tabs to get the percent strain.  

The samples had to be tabbed for a few reasons. The first and most obvious is that the 

samples were too thin to be securely placed in wedge style grips. Hanging grips were 
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attempted but introduce uneven loading. In addition, both the wedge and hanging grips 

caused failure in the grips due to stress concentrations. A load rate of .2 in/min was used 

for the first run but caused failure much too quickly, thus the load rate was subsequently 

halved to .1 in/min.  

The veil samples did not perform adequately and were removed from further consideration. 

Panels of nylon and “boat cloth” (E-glass woven fabric) were prepared and tabbed using 

the same hand lay and squeegee method. These samples were cut to the more standard size 

of 1 inch wide by 10 inches long. These samples could be of the standardized size because 

their strain-to-failure properties are better documented than the veil fabrics.  

Due to variability of the resin removal method, 5 centimeter by 5 centimeter samples were 

cut of these panels and weighed to get the volume/fiber fraction. Using these values, 

theoretical fractions can be estimated using the “smear” method. 

Ultimately the only run of samples that gave consistent values of adequate strength was the 

boat cloth samples. This run of samples was enough to back out the properties of the resin 

however, as e-glass properties are very well documented. 
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Results of the boat cloth test is given below: 

Table 5 - Boat Cloth / AMC 25% Test Results 

TEST RESULTS 

Specifications: Boat Cloth - 288 gsm  / AMC 25% Urethane 

SAMPLE 

ID 

Width 

(in) 

Depth 

(in) 

Tensile 

Strength 

(psi) 

Tensile 

Modulus 

(psi) 

Max Load 

(lb) 

Load per 

Inch Width 

(lb/in) 

            

B-T2 0.994 0.0205 10153 1.283E+06 206.89 208 

B-T3 0.989 0.0235 8003 1.059E+06 186.00 188 

B-T4 1.004 0.021 5209 1.146E+06 109.82 109 

B-T5 1.023 0.0285 6232 9.844E+05 181.69 178 

B-T7 0.984 0.024 6631 1.658E+06 156.59 159 

B-T8 0.994 0.019 10731 1.253E+06 202.67 204 

              

AVERAGE:   0.023 7826.5 1.231E+06   174.33 

STD DEV:   0.003 2222.7 2.379E+05   36.653 

COV:   14.89% 28.40% 19.33%   21.02% 

 

Mechanical Testing – Innegra S 

Following the results of the boat cloth, which displayed adequate bending properties, but 

low tensile strength, Innegra S was selected as the next test candidate. Samples were 

produced using the same method as the boat cloth, by laminating single cloth layers with 

Advanced Marine Coating (25% Urethane) and scraping excess resin. The final samples 

were weighed and measured to determine fiber content, so that equivalent samples could be 

produced in the future. The samples were determined to be roughly 70% resin and 30% 

fiber by volume. 

A qualitative assessment of this material indicated promising performance; a 12” long 

sample was folded in half from end to end with no visible damage. Two samples were 

strain gauged in the longitudinal and transverse directions. These samples were also tabbed 
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using tabs of the same material and epoxy adhesive. Successful testing of the material 

required a failure at or near the gauge location in the center of the sample according to the 

standardized method. 

The first sample tested failed at the tab location on the first two runs. The tab was replaced 

with a piece of sandpaper and retested on each occasion. At this point it was determined 

that the sample results would be invalid due to prestressing, but it was of interest to 

observe the correct failure mode to refine the test methodology. On the third run, the 

sample slipped and did not fail. The sample was tested a fourth time with tightened grips 

and two sandpaper tabs, resulting in failure near the gauge location. Unfortunately, it was 

determined post-testing, that machine calibration errors had occurred, completely 

invalidating the results of the first sample, so they are not included. 

Using the lessons learned from the first sample, a second sample was tested with two 

sandpaper tabs and tightened grips. This sample failed near the gauge location on the first 

run, and its results are given in the below table. These results were used as the design 

values for the Innegra S weave laminate and input into the FEA model. 

Table 6 - Innegra S 940 Denier Plain Weave / AMC 25% Test Results 

TEST RESULTS: 

Specifications: Innegra S 940 Denier Plain Weave / AMC 25% Urethane 

SAMPLE 

ID 

Width 

(in) 

Depth 

(in) 

Tensile Strength 

(psi) 

Tensile 

Modulus 

(psi) 

Load per Inch 

Width (lb/in) 

         
B -T1 2.0785 0.0155 12373 399905 2.607 

From the raw data set, a stress-strain curve was generated for the design run. It is given 

below. 
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Figure 5 - Stress - Strain Curve for Innegra S 940 Denier Plain Weave / AMC 25% 

From this plot, a failure strain in the longitudinal direction of roughly 2.75% was 

measured. A Poisson’s ratio of 0.497 was calculated for this sample, making it virtually 

incompressible.  

Finite Element Analysis 

Using the properties gained through mechanical testing, finite element analysis will be 

used to analyze stresses and strains of the skirt. In addition to modeling the single layer 

laminates that were tested, stacks of fabrics and theoretical fabrics of varying thickness will 

be modelled.  
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In traditional composite materials, the failure strain is typically limited by the matrix. 

However, the 25% CoCure mixture exhibits strain of up to ~30%. This is much higher than 

that of the fabrics in this case so the strain rating of the fabric will be used instead of the 

matrix to determine success or failure of the model.  

To provide adequate confidence in the model, the first run was conducted using a the 

hyperelastic material neoprene, a default material model in Ansys Workbench. By using a 

default material model, the effect of user error on the model was reduced. This allowed the 

model to be pushed to the maximum possible deflection. 

Material Models 

Laminates were modeled using ACP, a composite preprocessor included with Ansys 

workbench. Due to its positive performance in the mechanically testing phase, the Innegra 

S material was chosen as an ideal candidate for further testing.  

Boundary Conditions 

Although flagellation and tearing usually leads to the failure and replacement of skirt 

systems, the component itself is useless if it cannot withstand large buckling effects due to 

wave action. The pressurized front face of the skirt can be expected to behave somewhat 

rigidly upon bending. The region of interest for peak buckling deformation and stress is the 

free edge at the aft sides of the skirt. The skirt can be assumed to deform perfectly upon 

wave action, therefore modelling the actual wave is not necessary. It is also neither 

necessary nor practical to model a complete flattening event of the skirt as preliminary 

FEA results have shown the structure sides buckle with an increasing number of “folds” as 

the model compresses. It is only required to achieve one buckling region to obtain the 

stress. If the model is pushed past this point, nonlinear contact effects will become 

relevant, further complicating the model.  
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The boundary conditions of the model are displayed and labelled below. Note that the 

model is cut in half along the YZ plane. The boundary conditions are labeled A through E 

(D and E labels are not highlighted but are represented by the yellow arrows). 

 

Figure 6 - Application of Loads and Supports 

Various boundary conditions and their labels are tabulated below: 

Table 7 - Model Setup Parameters 

List of Applied Loads and Constraints for Buckling Model 

Label Boundary Condition 

A .002 MPa cushion pressure (red surfaces) 

B Zero-displacement in x-direction along symmetric edge 

C Zero-rotation about z-axis along symmetric edge 

D/E Remote rotation about x-axis applied to edge about vertex at top of model 

F Fully fixed top edge 
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Boundary conditions can be split into loads and constraints, where “B”,”C” and “F” are 

constraints and “A”, “D” and “E” are loads. “B” and “C” are the symmetry constraints with 

prevent unrealistic displacement and rotation. Boundary condition “F” is the edge fixity 

where the skirt would be attached to an ACV.  

The cushion pressure “A” is applied to all surfaces except the side face parallel to the YZ 

plane, which is supported by balanced pressure on both sides, and the bottom face 

coincident with the XZ plane which is supported by the water’s surface.  “D” and “E” 

simulate the applied wave load by forcing deflection of the face edges about their top 

vertices.  
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Chapter 5 - Results 
Finite Element Model 

Neoprene - Results 

As stated previously, the first analysis was performed using the default hyperelastic 

material neoprene. The surface thickness was set uniformly to 5 millimeters. Values for 

displacements were iterated until the model could no longer converge, and the highest 

possible displacement which still allowed for convergence was taken as the design value. If 

the model is allowed to run past the first buckling mode, self-intersection of the surface 

will occur, inducing nonlinear contact effects, which are outside the scope of this analysis. 

The maximum deflection that was reasonably achievable was 8 degrees, requiring 4000 

substeps to achieve convergence.  

The neoprene material has a linear Young’s modulus of 6.14 MPa, a Poisson’s ratio of 

0.48, and a density of 1520 kg/m3. Since the material’s stress response is highly nonlinear, 

the full stress strain curve must be input directly from test data. The ultimate stress point is 

0.443 MPa for the uniaxial direction 0.170 MPa for the biaxial direction. Both uniaxial and 

biaxial curves are given below 

A stress convergence object was inserted in the model to facilitate mesh adaptivity. As 

seen in the below figure, 2 iterations with a total change of 7.8% were required. 
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Figure 7 - Neoprene Model Convergence History 

The model successfully ran to 8 degrees of face deflection. This mode shape shows the 

formation of a second buckle.  

 

Figure 8 - Neoprene Buckling Deformation 
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309.87 millimeters of deflection was measured. 

 

Figure 9 - Neoprene Total Deformation 

About 0.60 MPa of stress was registered, maximizing at the top support just behind the 

application of the remote displacement.  This stress is likely an artifact of the artificially 

applied deformation intersecting with the fixed support.  

 

Figure 10 - Neoprene Maximum Principal Stress 
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Since the material has orthotropic properties, principal stress is a better failure metric for 

this analysis. Using a stress probe, elemental stress was gauged in the 2 buckling zones in 

the skirt web. Maximum principal stress was approximately .44 MPa in the top buckle and 

.36 MPa in the bottom buckle. 

 

Figure 11: Neoprene Maximum Principal Stress 
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Innegra Model Setup 

The model run with Innegra fabrics differed from the Neoprene test model in several ways. 

The convergence object class added to the test analysis was not compatible with the ACP 

composite preprocessor. Consequently, mesh adaptivity could not be enabled for this 

model which resulted in a lower degree of obtainable deflection. 

Since the neoprene model was only intended to verify the buckling response of the 

geometry, only pressure and deformation was applied. For the Innegra model, however, the 

goal was to determine the performance of the material under combined loading conditions. 

For this model, a 19.13 Newton drag force was applied to the bottom face, in addition to 

the -2.4 kPa cushion pressure and 1.5 degrees of enforced rotation.  

 

Figure 12 - Drag Force Application 
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Innegra S 0/90 – Results 

A laminate was defined using 10 layers of the woven Innegra S / AMC composite. For this 

model, an orientation of 0 degrees was set for all plies. 

 

Figure 13 - Innegra 0/90 Laminate Schedule 

119.62 millimeters total deflection was measured in the model. 
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Figure 14 - Innegra 0/90 Deformation 

The greatest maximum principal strain in the top ply was 0.72 %, occurring at the forward 

facing vertical surface. Strain in the vertical webs peaked at 0.66%. 

 

Figure 15 - Innegra 0/90 Maximum Principal Strain (Top Layer) 
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Maximum principal strain in the bottom ply was 0.72%, occurring in the vertical web. 

Strain in the forward face was 0.68%.  

 

Figure 16 - Innegra 0/90 Maximum Principal Strain (Bottom Layer) 

In the reinforcement zone top ply, strain peaked at 0.41%, using the same 90 degree 

laminate as the body. 

 

Figure 17 - Innegra 0/90 Maximum Principal Strain (Edge Top Layer) 
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In the reinforcement zone bottom ply, strain peaked at 0.52%. 

 

Figure 18 - Innegra 0/90 Maximum Principal Strain (Edge Bottom Layer) 
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Innegra +/- 45 – Results 

Similar to the 0/90 model, a laminate was defined using 10 layers of the woven Innegra S / 

AMC composite. For this model, an orientation of 45 degrees was set for all plies. 

 

Figure 19 - Innegra +/- 45 Laminate Schedule 
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118.33 millimeters total deflection was measured in the model. 

 

Figure 20 - Innegra +/- 45 Deformation 

The greatest maximum principal strain in the top ply was 0.72 %, occurring at the forward-

facing vertical surface. Strain in the vertical webs peaked at 0.67%. In the reinforcement 

zone top ply, strain peaked at 0.40%, using the same 45 degree laminate as the body. 

 

Figure 21 - Innegra +/- 45 Maximum Principal Strain (Top Layer) 
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Maximum principal strain in the bottom ply was 0.69%, occurring in the vertical web. 

Strain in the forward face was 0.68%. In the reinforcement zone bottom ply, strain peaked 

at 0.68%. 

 

Figure 22 - Innegra +/- 45 Maximum Principal Strain (Bottom Layer) 
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Innegra Reinforced Edge – Results 

The reinforced edge model was run with the +/- 45 oriented laminate defined previously. 

The model was refined further by adding a reinforced edge with a width of 35 millimeters 

and 5 additional fabric plies oriented in the 0 direction. The reinforcement zone is 

highlighted in the figure below. 

 

Figure 23 - Edge Reinforcement Zone 
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The laminate schedule for this zone is given below. 

 

Figure 24 - Reinforced Edge Laminate 
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116.6 millimeters of deflection was measured at the free edge. 

 

Figure 25 - Innegra Reinforced Deformation 

The maximum strain in the top ply was 0.72% on the forward pressure-bearing face. A 

strain of 0.67% was measured in the vertical buckling zone. 

 

Figure 26 - Innegra Reinforced Maximum Principal Strain (Top Layer) 
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For the bottom ply, the largest maximum principal strain of 0.69% was measured in the 

vertical web.  

 

Figure 27 - Innegra Reinforced Maximum Principal Strain (Bottom Layer) 

A strain probe was placed on the vertical reinforcement zone. The maximum principal 

strain measured in the reinforced edge was 0.54%. 

 

Figure 28 - Innegra Reinforced Maximum Principal Strain (Edge Top Layer) 
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Maximum strain on the reinforced edge bottom ply was 0.56%. 

 

Figure 29 - Innegra Reinforced Maximum Principal Strain (Edge Bottom Layer) 
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Chapter 6 - Discussion 
Finite Element Model 

The neoprene model successfully demonstrated the buckling mode of the model and 

provided a nonlinear method for further improvement of the assessment method. As stated 

previously, the ACP composite preprocessor module used to analyze the Innegra S / AMC 

models was not compatible with the regenerative meshing method used for the Neoprene 

model. While large deformation effects were still enabled for the Innegra models, the 8 

degree enforced rotation solution could not be converged upon. Therefore, the Innegra 

models were limited to 1 degree of enforced deflection, plus a 19.3 Newton drag force. 

Although samples were produced using both e-glass mat and Innegra S using the AMC 

resin, the Innegra S laminated provided a 58% higher tensile strength and a 68% lower 

modulus than the e-glass mat samples. Additionally, the woven architecture of the Innegra 

S fabric enabled rotation of the material to further refine the model. Based upon these 

results, the Innegra S laminate was selected as the candidate for finite element modelling. 

In a typical, multi-layer composite structure maximum ply stress occurs on either the top or 

bottom ply. For the Innegra models, therefore, maximum principal strains on the top and 

bottom layers were output. From testing, it was shown that the material can sustain a 

maximum failure strain of 2.75%. The material is also linear elastic to failure, meaning that 

the ultimate strain may be taken as the maximum allowable strain. Since stress and strain 

have a linear relationship based upon modulus, it is only necessary to output strain in the 

models.  

Maximum strains for each of the Innegra models are summarized and tabulated below, 

where μ is the mean, σ is the standard deviation and CV is the coefficient of variation 

defined as σ/ μ. 
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Table 8 - Vertical Web Zone Strain Summary 

Maximum Principal Strains in Vertical Web by Layer 

Laminate: Top Ply Strain: Bottom Ply Strain: 

Innegra S Weave 0/90 0.0067778 0.0071983 

Innegra S Weave +/- 45 0.0063427 0.0068865 

Innegra S Weave +/- 45 with Reinforced Edge 0.0064676 0.0069493 

 
μ 0.0065294 0.0070114 

 
σ 0.0002240 0.0001649 

 
CV 3.43% 2.35% 

Fiber directionality was shown to have a negligible effect upon strain in the forward web. 

The +/- 45 unreinforced laminate showed a small decrease in strain, causing a 6.42% 

decrease in the top ply and a 4.33% decrease in the bottom ply. Due to this decrease in 

strain, the +/- 45 orientation was deemed favorable for this zone.  

Table 9 - Forward Face Zone Strain Summary 

Maximum Principal Strains in Forward Face by Layer 

Laminate: Top Ply Strain: Bottom Ply Strain: 

Innegra S Weave 0/90 0.0072073 0.0067929 

Innegra S Weave +/- 45 0.0071616 0.0067266 

Innegra S Weave +/- 45 with Reinforced Edge 0.0072039 0.0067793 

 
μ 0.0071909 0.0067663 

 
σ 0.0000255 0.0000350 

 
CV 0.35% 0.52% 

Compared to the vertical web, fiber directionality affected strain in the forward face to an 

even smaller degree. Since the +/- 45 laminate was previously selected for the vertical web, 

selecting the same laminate for the forward face would be easier to manufacture by not 

requiring an overlapped transition zone between these regions. 
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Traditional composite design methodology leads to the conclusion that the +/- 45 oriented 

laminate would offer improved performance in both the forward face and vertical web 

regions. However, since the structure is a membrane, the load does not have a set pat or 

orientation. The loads applied are not in plane with the fiber reinforcement, therefore the 

direction of reinforcement within the plane does not affect its ability to withstand loads. 

Due to the identical weight of reinforcement no matter the fiber direction, the strain is 

equivalent because only the path of the load has changed, not the load itself. 

In all cases, maximum strain peaks were observed in the vertical webs near the boundary of 

the cylindrical forward face, and in the forward face near the transition to the bottom. In 

the web region, a pinch point is created at the vertex of the buckling zone. This pinching 

behavior is believed to create a stress concentration in this region. For the forward face, the 

peak in pressure is attributed to a change in geometry in this region. Pressure bearing 

structures are typically constructed with spherical or cylindrical geometry. The strain peak 

in the forward occurs near the transition from the cylindrical geometry to the flat geometry 

at the base, causing an increase in strain. 

Table 10 - Reinforcement Zone Strain Summary 

Maximum Principal Strains in Reinforcement Zone by Layer 

Laminate: Top Ply Strain: Bottom Ply Strain: 

Innegra S Weave 0/90 0.0040650 0.0051515 

Innegra S Weave +/- 45 0.0061859 0.0068073 

Innegra S Weave +/- 45 with Reinforced Edge 0.0054240 0.0056809 

 
μ 0.0052250 0.0058799 

 
σ 0.0010744 0.0008456 

 
CV 20.56% 14.38% 

While the orientation of fabric did not have a significant impact upon strain in the vertical 

web or forward face, the edge reinforcement zone showed a significant correlation between 
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fiber orientation and strain. For the unreinforced runs, a 52.17% increase in the top ply 

strain and a 32.14% increase in the bottom ply strain was observed by transitioning from a 

0/90 orientation to a +/- 45 orientation. 

Due to slightly favorable performance of the +/- 45 oriented laminate in the vertical web 

and forward face zones, this orientation was selected for the top 10 plies of the laminate, 

constituting the skirt body. Since the 0/90 oriented fabric showed a clearly favorable 

performance at the edge reinforcement zone, an additional 5 plies of this oriented were 

added at the edge reinforcement zone. This reinforcement did not significantly affect the 

performance of the main skirt body. The edge reinforcement zone in the reinforced 

structure did cause an increase of strain from the pure 0/90 model but was still less than the 

strain seen by the unreinforced +/- 45 model. This combination of fabric orientation is 

concluded to be optimal, combining the performance of the +/- 45 laminate in the skirt 

body with the performance of the 0/90 laminate at the edge.  

The purpose of the reinforcement was to protect the skirt against the flagellation and 

tearing forces that usually lead to skirt failure on in-service vessels. Since the analysis is 

static, resistance to flagellation by this reinforcement could not be assessed. The goal of 

this analysis, therefore, was to ensure that the reinforcement would not fail under buckling 

load prior to a flagellation-tear failure. In both the bottom and top plies of the reinforced 

zones, the average factor of safety was approximately 5, with a failure strain of 2.75%. 

Therefore, the addition of this reinforcement can be said to not negatively impact skirt 

performance.  
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Chapter 7 - Future Work 

There is currently no standardized method for assessment of air cushion skirt performance 

by the finite element method. The bulk of research into these craft took place prior to the 

1990’s, before widespread adoption of FEA software. The majority of assessment methods 

generated by this research relied heavily upon physical testing. While these methods are 

still valid, it is inefficient to produce physical prototypes without first optimizing the 

design virtually. 

Although this analysis is limited to only a few material models, the method outlined in this 

document can be applied to evaluate any material candidate. With a predefined assessment 

method in place, many iterations of analysis may be performed to optimize the design and 

material selection. It is hoped that, going forward, a standardized method can be 

formulated so that many materials and structures may be assessed by other researchers with 

comparable results.  

 Additionally, the method of estimating skirt design forces such as pressure and drag were 

condensed from a variety of sources. At the beginning of the project, there was not a 

complete, straightforward method of estimating design loads suitable for FEA input. The 

method outlined by this project may be applied to any air cushion craft, so long as basic 

design parameters such as craft speed, cushion volume, and displacement are known. 

Effort was made to create a method that did not depend on specific parameters such as 

actual air flow rate and hovergap, which may not be readily available.  

Limitations on this method arose throughout the project. The analysis software used also 

created another limitation for properly analyzing the model. The Ansys composite 

preprocessor module was not compatible with the regenerative mesh function that allowed 

for the neoprene model to run to a high deflection. As the model deforms, the mesh 

becomes so warped that eventually convergence cannot be achieved. At this point it 
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becomes necessary to remesh the deformed model. Although the relative performance of 

the composite models was able to be assessed, it is of interest to predict the behavior of the 

model under a wave to deck slamming event. These models are also computationally 

intensive, requiring many iterations to converge. Due to hardware limitations, it was not 

feasible to achieve this degree of deformation and buckling. 

The primary limitation was that the effects of flagellation could not be determined by a 

static analysis. Since this is a common failure mode of in-service skirts, it is hoped that 

future research may include a dynamic component. This is difficult due to the highly 

transient nature of these loads. To properly assess flagellation, thermal and fatigue effects 

must be included. It is hoped that future research may overcome this issue. 

Finally, future research may include the prototyping and testing of a physical model. By 

placing strain gauges in the stress concentration regions predicted by the finite element 

analysis, the accuracy of the analysis may be assessed. Physical test methodologies have 

also been defined by previous researchers. For instance, a method of testing wear due to 

flagellation has been described by the British Hovercraft Corporation (Freeston 89-91). 

Assessment of the effects of flagellation stress may remain in the realm of physical testing 

for the time being.  
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Chapter 8 - Conclusion 

The primary objective for this project was to create a universal method to assess skirt 

performance using industry-standard finite element software. Although some limitations 

were presented, namely the ability to model flagellation, this goal was largely achieved. 

For the limitations that could not be overcome, an outline for future work was present so 

that this method may be built upon. 

The secondary objective was to evaluate the feasibility of the Innegra S/AMC composite 

material for skirt structures. This goal was achieved, showing that the material can sustain 

the applied loads in combination with buckling stress. While the performance under 

buckling modes benefits from a thinner structure, the ability to withstand pressure and drag 

loads benefits from a thicker structure. The material must therefore be of sufficiently high 

strength to withstand direct loads, while being flexible enough to deform under wave 

impacts. Based upon the results of the finite element models, the material is believed to be 

a suitable candidate for skirt construction. 
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Appendix – Material Properties 

Innegra S Technical Data Sheets 

 

 

  



51 

 

 

 

  



52 

 

  



53 

 

Neoprene (Ansys Default) – Test Data 
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