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ABSTRACT 

Nuclear power generation stations that reside in areas prone to high winds face increasing threats 
of structural damage due to impact from tornado or hurricane generated projectiles. A concerning case of 
this issue is the potential puncture of an above ground steel storage tank upon projectile impact. The 

United States Nuclear Regulatory Committee (USNRC) defines a tornado missile as a high‐speed 
projectile generated from a powerful wind event such as a tornado or hurricane, and has developed a 

series of design‐basis missiles for analysis purposes. As is the case with most power generation stations, 
facility space is limited and new construction of a secondary protection structure to shield from tornado 
missiles would require an increased level of regulatory interference. Conversely, application of a fiber 
reinforced polymer system to the outer surface of an existing tank allows facility operators to protect 

their at‐risk assets without construction of a new standalone structure. This paper will explore the 

materials, methods, and finite element validation tools used to develop a low‐profile exterior liner that 

has the ability to protect large diameter steel storage tanks from USNRC design‐basis tornado missiles. 

 

DEFINING TORNADO GENERATED MISSILES 

The United States Nuclear Regulatory Commission (USNRC) defines three ‘Design Basis’ 
tornado missiles for the design of impact resistant protective barriers of primary safety related structures 
(USNRC RG 1.76, 2007). The design basis tornado missiles were introduced to create design parameters 
that include the characteristics of most missiles encountered at industrial sites such as a nuclear power 
station. The missile characteristics are defined by the USNRC as “(1) a massive high-kinetic-energy 
missile that deforms on impact, (2) a rigid missile that tests penetration resistance, and (3) a small rigid 
missile of a size sufficient to pass through any opening in protective barrier walls” (USNRC RG 1.76, 
2007). The first of these projectiles is represented by an automobile, while the USNRC considers a 6 inch 
Schedule 40 pipe to be an acceptable representation of the non-deformable penetrating projectile. A 1 
inch diameter solid steel sphere is included in the missile spectrum to evaluate the configuration of 
openings in missile protection barriers.  
 For the purpose of this report, the primary focus will be on the protection of above ground steel 
storage tanks. However, the nature of the protection system discussed in this report allow for its 

application to a wide variety of above ground steel structures. 
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CONVENTIONAL SOLUTIONS 

 United States Nuclear Regulatory Commission 10 CFR Part 50 Domestic Licensing of Production 
and Utilization Facilities requires “GDC 2 and GDC 4 structures, systems, and components that are 
important to safety must be designed to withstand the effects of natural phenomena without losing the 
capability to perform their safety function” (USNRC RG 1.76 2007). As above ground liquid storage 
tanks often perform a safety related role, it is required that they be protected from the credible threat of 
tornado generated projectiles. Tornado missiles, as they have been previously defined, can have varying 
potential to cause damage to above ground steel tanks based on the geographical location of the nuclear 
site where the tank resides. The USNRC has evaluated tornado intensity by region in the contiguous 
United States and employed this evaluation in its determination of potential tornado missile risk. A map 

of tornado intensities is displayed in Figure 1. 

 

Figure 1: Tornado Intensity Regions for Contiguous United States (USNRC RG 1.76 2007) 

 

Regions that are known to have frequent and violent wind events therefor must provide protective barriers 
for GDC 2 and GDC 4 structures that are unable to avoid failure upon impact of a tornado generated 

missile.  

 Conventional measures for protection of above ground steel storage tanks are generally described 
by either a reinforced concrete barrier or a high strength steel “net” that much resembles the basic 
principle of a chain-link fence. Conventional means of protecting tanks from projectile impact have 
proven effective in providing fortification from all three design basis tornado missiles. However, these 
methods both require the construction of standalone, secondary structures that surround the perimeter of 
tanks being protected. While the sacrificed space and increased regulatory interference posed by 
construction of these ancillary structures is not an issue to some operators, others require a protection 
system that will instead act as a ‘liner’ for the tank; that is, a system that is applied directly to the existing 
tank walls and does not require a new standalone structure. It is this requirement that the development of 

the Fiber Reinforced Polymer tank protection system was developed. 
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FIBER REINFORCED POLYMER SOLUTION: MATERIALS AND METHODOLOGY 

The Fiber Reinforced Polymer (FRP) tornado missile protection system was developed for the 
purpose of protecting existing above ground liquid storage tanks from the penetrating design basis 
tornado missile. In locations where the FRP system is to be applied, existing structures were found to 
have sufficient structural integrity to resist impact from the deformable design basis missile as well as the 
1 inch steel sphere missile. The penetrating missile poses a unique threat to tanks, as it has the expressed 
capability to penetrate the thin steel wall of a bare tank. The duty of the FRP system is to protect the tank 
from perforation in the event of missile impact. This perforation is considered to be any deformation in 

the tank wall that compromises its ability to contain liquid at the location of impact.  

Concept 

 The FRP tornado generated missile protection system is design to absorb a predetermined amount 
of kinetic energy from incoming projectiles; such that when the projectile impacts the wall of the tank, it 
no longer possesses sufficient energy to perforate the steel substrate. This goal is achieved via the unique 

combination of fiber reinforced polymer systems and cellular honeycomb core material. 

Fiber Reinforced Polymer 

 Originally designed to strengthen bridge columns from seismic loading, FRP has since been 
developed and adapted to meet a wide variety of project needs. With tens of thousands of completed 
projects spanning around the globe, FRP has become a viable solution for structural strengthening, repair, 
and protection in most industries including waterfront, industrial, transportation infrastructure, 
commercial, and force protection. In many cases, FRP is a cost and time saving alternative to 

conventional strengthening and protection methods. 

 Typical structural FRP systems are composed of carbon or glass fibers saturated with an epoxy 
matrix. The most common mode of application is the wet lay-up method, in which the dry fiber sheets 
arrive to the project site and are saturated with epoxy that has been mixed onsite. Fiberglass reinforced 
polymer systems are utilized in the missile protection system, as their relatively high strain at failure 
values are more beneficial for kinetic energy absorption than the high tensile strength of carbon fiber 

reinforced systems. 

 

Figure 2: Typical Dry Glass Fabric Prior to Saturating 
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Cellular Core Material 

 The second material included in the design of the FRP tornado generated missile protection 
system is a cellular core comprised of one of a variety of different materials. Large sheets of cellular 
honeycomb are commonly used to add stiffness to structures such as aircraft wings and boat hulls by 
providing spacing between subsequent layers of aluminum or composite sheets. The cellular core itself is 
readily available to industry in a variety of metallic and non-metallic compositions. For the purposes of 
the FRP tornado generated missile protection system, a core of either recycled card paper or aramid 

composite will be chosen based on project specific demands. 

 Honeycomb core is produced in large sheets custom designed to project specific dimensions. As 
it will often be applied directly to the outer perimeter of cylindrical storage tanks, the honeycomb core 
sheets must be required to bend about one axis in order to accommodate rounded tank walls. Figure 3 
depicts the standard hexagonal honeycomb pattern used in the FRP tornado generated missile protection 
system. The hexagonal pattern facilitates slight bending in the ‘W’ direction to accommodate horizontal 
curvature of tank walls, while the ‘L’ direction permits little bending and is thus aligned vertically to tank 
walls. Thickness dimension ‘T’ commonly falls within a range of 0.5 to 3 inches, and is dependent 

entirely on project specific demands.  

 

Figure 3: Diagram of Typical Hexagonal Honeycomb Core Configuration (HEXCEL) 

 

System Assembly 

 The cellular honeycomb core and fiberglass reinforced polymer (FRP) strips are applied to the 
tank in a layered fashion. After the bare steel tank wall is prepared to receive FRP, a single layer of uni-
directional FRP is applied directly to the tank wall, as depicted in Figure 4. Item 12 of Figure 4 depicts 
the existing tank wall, while item 120 depicts the first layer of FRP. Directly following the application of 
the first layer of FRP, a hexagonal honeycomb sheet of predetermined thickness is adhered to the tank 
wall (Figure 4, item 122). The means by which the core material is adhered to the tank wall is a project 
specific variation between mechanical anchorage and epoxy adhesion, as some nuclear project sites 

prohibit certain methods based on the contents of the above ground storage tank. 

 Once the primary FRP layer and core material are securely fastened to the existing tank wall, the 
final layers of uni-directional FRP are applied to the exposed face of the hexagonal honeycomb core 
(Figure 4, items 118A, 118B). It is these outermost FRP layers that will serve as the primary energy 
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absorbing mechanism for the tornado generated missile protection system. As such, the specific quantity 
and orientation of the outermost FRP layers is project specific and dependent on a number of site specific 
variables, such as existing steel tank wall thickness, regional requirement for tornado missile protection, 
and a probabilistic assessment of regional tornado hazards such as frequency and intensity of extreme 

wind events. 

 

Figure 4: Cutaway Profile View of Assembled FRP Tornado Generated Missile Protection System 

  Once fully assembled, the tornado generated missile protection system can be coated with a 

variety of exterior grade finish coats to match the operator’s desired appearance. 

Method of Protection 

 The FRP tornado generated missile protection system is specifically designed per project 
specifications to absorb enough kinetic energy from an inbound rigid body projectile such that when this 
projectile impacts the host tank, the existing steel wall has sufficient strength to absorb any remaining 
kinetic energy without perforation. The design method assumes that the complete penetration of the 
tornado generated missile protection system will leave a projectile with kinetic energy below that 

described by ‘E’ of the following empirical equation: 

� =
� ∗ �

46,500
∗ (16,000�� + 375��) 

where 

 E = critical kinetic energy required for penetration (ft-lb) 

 D = test projectile rod diameter (in.) 

 S = ultimate steel tensile strength (psi) 

(1) 
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 T = steel substrate thickness (in.) 

 W = length of side of square test area, assumed 4in for preliminary design purposes (in.) 

This empirical formula was developed from a series of laboratory tests to determine critical kinetic energy 
required for perforation of steel plates (Greenstreet et all, 1965). For adaptation in use of preliminary 
design of the FRP tornado generated missile protection system, the rigid steel pipe design missile was 
assumed to impact the host tank perpendicular to the tank wall, and the total area of the impacting pipe 
face was used to determine an equivalent rod diameter “D” for use in equation 1. The difference in total 
projectile kinetic energy and critical kinetic energy ‘E’ of the host tank can be used as the design 
absorption capacity for the FRP tornado generated missile protection system. This method of designing 
impact resistant barriers by assigning varying levels impact energy to different portions of a multi-
element barrier is acceptable by USRNC standards which state “procedures for prediction of local damage 
are acceptable if the residual velocity of the missile perforating the first element is considered as the 
striking velocity for the next element” (USNRC SRP 3.5.3, 2007). 

 Once the critical kinetic energy of the existing steel tank wall is subtracted from the total energy 
of the inbound rigid projectile, a preliminary outer layer FRP thickness (Figure 4, items 188A, 118B) can 
be determined using equation 1 and an ultimate FRP tensile strength that has been corrected for the 
ultimate strain variation between steel and fiberglass. 

 However, in order for the outer layer fiberglass reinforced polymer (FRP) laminate (Figure 4, 
items 118A, 118B) to realize its designed energy absorption characteristics, it must be spaced sufficiently 
far from the host tank wall such that it can engage its ultimate strain and fail in tension before the 
projectile impacts the steel tank wall. It is for this reason that the outer layer FRP laminate is applied 
directly to the hexagonal honeycomb core. If sufficient spacing is provided by the core, the honeycomb 
will be required to provide relatively little energy absorption to the system. Rather, the core’s primary 
purpose is to space the outermost fiberglass laminate far enough away from the tank that it may assume 
the large majority of the system’s energy absorbing duties. Figures 5 and 6 show cross sectional 
renderings of the design purposes of the above described system components. 

 

 

Figure 5: Cross Sectional Rendering of FRP Tornado Generated Missile Protection System Prior to 
Projectile Impact 
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Figure 6: Cross Sectional Rendering of FRP Tornado Generated Missile Protection System After 
Projectile Impact 

As is evident in Figures 5 and 6, sufficient spacing is provided to the outer layer FRP laminate (item 118) 
such that it is able to reach its ultimate strength prior to missile impact of the host tank wall (item 12). 
Therefore, after the projectile’s penetration of the missile protection system, the resultant projectile 
kinetic energy is at a non-critical level to the host tank wall, and steel perforation is avoided. 

 

FINITE ELEMNT VALIDADTION 

NOTE TO REVIEWER: Further validation of the FRP tornado generated missile protection system is 
currently underway with third-party finite element analysis of the fully assembled system. Please, if at all 
possible, allow a short while longer for this data to become available to me and my colleagues so that we 
may include it in this paper for SMiRT 2015. This data will become available to us well before the final 
paper deadline, and if allowed I wish to include it here after your first review of this paper. I apologize 
that this data was not available for the first paper submission deadline. Thank you for your assistance 

and dedication to SMiRT. –T. Gerard 
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