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ABSTRACT 

 
Generally fiber reinforced concretes have more toughness than normal concretes. The higher 

toughness of the fiber reinforced concretes can help the higher enhancement of impact resistance 
performances of concrete structures impacted by some objects. In this study as one of the researches on 
fiber reinforced concretes applicability to nuclear power plants, impact resistance performances of flat 
type reinforced concrete walls and reactor containment building which is typically cylindrical and 
prestressed concretes structure have been numerically evaluated for some affecting factors such as 
material characteristics, impact velocities. Two types of fiber reinforced concretes through material 
property tests were selected and evaluated their impact resistance performances. One is 1% steel fiber 
reinforced concrete; another is 2% polyamide fiber reinforced concrete. Numerical results on flat type 
reinforced concrete walls show that the impact resistance performances are at least 25~70% enhanced 
compared to the normal concrete wall for impact velocities higher than 100 m/sec. Also the benefits of 
fiber reinforce concretes usage to nuclear power plants are obvious from a point of view of the impact 
resistance performance enhancement. 
 

INTRODUCTION 

 
As the safety assessments of nuclear power plants for the hypothetical large civil aircraft crashes 

should be made mandatory, studies on aircraft-nuclear power plant impact analyses and assessments are 
actively in progress. For the safety assessment of nuclear power plants against large civil aircraft crashes, 
it is practically impossible to conduct full-scaled impact experiments. Therefore, numerical approaches 
(for example, Daewoo (2005)) using general purpose finite element analyses programs and scaled model 
or element level experiments performed by Sugano (1993) have been adopted for the safety assessment of 
nuclear power plants against large civil aircraft crashes. The safeties of nuclear power plants against large 
civil aircraft crashes are able to be obtained by increasing the toughness of concrete using the fiber 
reinforced concrete which is able to be acquired by relatively simple processes of adding fibers to a 
concrete mix without significant change of design and construction. Researches for the enhancement of 
impact resistance performance depending upon design parameters for fiber reinforced concrete, such as 
type of fibers and application ratio, are in progress. In this study, we assess first the impact resistance 
performance of concrete walls (Jin (2012)) depending upon fiber types and impact velocity of objects. 
Also the safety assessment of nuclear power plants against large civil aircraft crashes have been 
accomplished for normal concrete and fiber reinforced concretes. Finally the enhancements of impact 
resistance performances of fiber reinforced concrete were compared to normal concrete. 
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EVALUATION OF IMPACT RESISTANCE PERFORMANCE OF FIBER REINFORCED 

CONCRETE WALLS 

 
Impacting Missile Body 

 
VTT, Technical Research Centre of Finland, conducted scaled model impact experiments for the 

safety assessments of concrete walls against various missile impacts (Saarenheimo et al. (2007)). A 
typical missile of approximate weight 50kg and length 1.5m is shown in figure 1 (left image, source: 
Saarenheimo et al. (2007)). The missile is supposed to be made of aluminum and steel, and perfect elasto-
plastic material model is assumed in this numerical study. 

 

 
 

Figure 1. Missile and reinforced concrete wall configuration. 
 

Reinforced Concrete Walls and Their Material Characteristics 
 
The target concrete walls for the impact resistance performance assessment have the same 

dimensions of those of the impact experiments done by VTT. The concrete wall is 2.2m wide, 2.3m high 
and 0.15m thick, and reinforcement ratio is 0.767 % (D8@50mm). The boundary conditions are two 
edges simply-supported and other two edges free. The tensile behavior of normal concrete (NORM), 
concrete mixed with 1% of steel fiber (S1), and concrete mixed with 2% of polyamide fiber (PA2) are 
exhibited in figure 2. The material characteristic tests on fiber reinforced concretes in this study are 
performed and provided by KICT and Kolong Global, Ltd. The impacting regions of the concrete walls, 
where the direct contact with the missile occurs, are modeled with fine meshes of 6mm size, and few 
numbers of elements on the other region with rough meshes were used for the analysis efficiency. 

 

  
 

Figure 2. Tensile and compressive strain-stress curves. 
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The reinforcing bars are modeled with embedded truss elements. The compressive behavior of the 
concretes, independent of the fiber reinforcement, follows the behavior of the normal concrete of 
compressive strength of 42MPa (6,000psi), shown in figure 2. The tensile strengths of normal concrete 
(NORM), 2 % polyamide fiber reinforced concretes (PA2) and 1% steel fiber reinforced concrete (S1) are 
2.717, 2.475 and 3.040MPa respectively. Therefore the tensile stress of 1 % steel fiber reinforced concrete 
(S1) in nonlinear behavior region is always higher than those of other concrete model, while there are 
some regions that the tensile stress of normal concrete (NORM) is higher than that of 2% polyamide fiber 
concrete (PA2). 

 
MISSILE-STRUCTURE INTERACTIVE IMPACT RESPONSES OF FIBER REINFORCED 

CONCRETE WALLS 

 
Impact resistance performances for normal concrete (NORM), 2 % polyamide fiber reinforced 

concrete (PA2) and 1 % steel fiber reinforced concrete (S1) are estimated by performing the missile-
structure interaction analyses. Including the base impact velocity of 100 m/sec, four impact velocities of 
50, 70, 100 and 127 m/sec are chosen to coincide with the kinetic energy ratio of 0.25, 0.5, 1.0, and 1.6 
respectively. ABAQUS/Explicit, an explicit dynamic analyses program is used for the missile-structure 
impact analyses, and damaged plasticity model is adopted for the concrete material model. Although the 
strain-rate effect of missile impact body is considered according to ACI-349, the strain-rate effect of 
concrete is not considered in this study. Element deletion by crushing and rupture of the materials are not 
taken into account. Figure 3 shows maximum displacements at the opposite side of missile impact 
depending on the velocities of the missile and the type of fibers reinforced concretes. 

Figure 4, the displacement ratios divided by the maximum displacement of normal concrete wall, 
shows that the displacement of the concrete wall is approximately proportional to the square of impact 
velocities. The maximum displacements of fiber reinforced concrete wall decreased approximately 
10~35% for 2 % polyamide fiber reinforced concrete (PA2) and approximately 50% for 1 % steel fiber 
reinforced concrete (S1) compared to those of normal reinforced concrete (NORM). 

Table 1 summarizes resultant energies such as kinetic energy, plastic dissipation energy (PDE) 
and elastic strain energy, etc. Figure 5 shows plastic dissipation energies depending on the impact 
velocities. Table 1 exhibit that the 89%~95% of kinetic energy of the missile is transformed into plastic 
dissipation energy. Missile impacts incur inelastic behavior, of which quantitative results is able to be 
considered as plastic dissipation energy. Figure 6 & 7 shows the ratios of plastic dissipation energy of 
concrete and missile. In the missile-structure interactive impact analysis, total energy is constant for each 
missile impact velocity case, the smaller plastic dissipation energy of concrete wall means the higher 
impact resistance performance. The quantitative impact resistance performance can be defined as the ratio 
of plastic dissipation energy of concrete walls to plastic dissipation energy of total system. While the 
impact load-time history analyses, i.e., Riera approaches cannot estimate the initial kinetic energy of 
impacting missile, i.e., the total energy of the system, but finally give the plastic dissipation energy of the 
concrete wall. Impact resistance performance comparing with normal concrete is shown in figure 8, and 
the impact resistance performance of the fiber reinforced concrete is much higher in the case of higher 
missile impact velocity. 
 
IMPACT RESISTANCE PERFORMANCE OF REACTOR CONTAINMENT BUILDING USING 

FIBER REINFORCED CONCRETE 

 
Finite Element Model of Reactor Containment Building 

 
 Typical type of reactor containment building was chosen to evaluate the impact resistance 
performances of fiber reinforced concretes. Figure 9 shows the pre-stressing tendons, reinforcement bars 
and concrete structure models of numerical analyses. Three dimensional embedded truss elements for 
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reinforcement bars and pre-stressing tendons are used and three dimensional solid elements for concrete 
structure are used in finite element modeling. 
 

  
Figure 3. Maximum displacements of concrete wall 

according to the missile impact velocities. 
Figure 4. Maximum displacement ratios  

according to the missile impact velocities. 
 

  
Figure 5. Plastic dissipation energies of 

total system (missile + concrete wall + rebar). 
Figure 6. Ratios of plastic dissipation energy of 

concrete walls to total plastic energy. 
 

  
Figure 5. Plastic dissipation energies of total 

system(missile + concrete wall + rebar). 
Figure 6. Ratios of plastic dissipation energy of 

concrete walls to total plastic energy. 
 

  
Figure 7. PDE ratios of missile to total PDE Figure 8. Impacting resistance performances. 
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Table 1: Comparison of resultant energies. 
 

Impact 
Velocity 
(m/sec) 

Conc. 
Type 

Total 
Energy 

(J) 

Plastic Dissipation Energy(PDE, J) Elastic 
Strain 

Energy(J) 

Artificial 
Energy(J) Missile Rebar Slab sum 

50 

Norm 

1.59E+04 

9.86E+03 1.10E+03 3.19E+03 1.42E+04 6.73E+02 9.73E+02 
69.7% 7.8% 22.6% 89.0% 4.2% 6.1% 

PA2 
1.02E+04 9.78E+02 3.08E+03 1.43E+04 6.85E+02 8.68E+02 

71.5% 6.9% 21.6% 89.7% 4.3% 5.5% 

S1 
1.21E+04 1.63E+02 2.33E+03 1.46E+04 6.97E+02 6.23E+02 

82.9% 1.1% 16.0% 91.8% 4.4% 3.9% 

70 

Norm 

3.11E+04 

1.96E+04 3.14E+03 5.46E+03 2.82E+04 9.13E+02 1.79E+03 
69.5% 11.1% 19.4% 90.7% 2.9% 5.8% 

PA2 
2.02E+04 3.11E+03 4.95E+03 2.83E+04 9.06E+02 1.75E+03 

71.5% 11.0% 17.5% 90.9% 2.9% 5.6% 

S1 
2.33E+04 1.54E+03 3.96E+03 2.88E+04 9.27E+02 1.35E+03 

80.9% 5.3% 13.7% 92.6% 3.0% 4.4% 

100 

Norm 

6.35E+04 

4.40E+04 5.37E+03 9.33E+03 5.87E+04 1.13E+03 3.09E+03 
74.9% 9.2% 15.9% 92.4% 1.8% 4.9% 

PA2 
4.48E+04 6.53E+03 7.26E+03 5.86E+04 1.18E+03 3.26E+03 

76.4% 11.2% 12.4% 92.3% 1.9% 5.1% 

S1 
4.90E+04 4.34E+03 5.89E+03 5.92E+04 1.20E+03 2.63E+03 

82.7% 7.3% 9.9% 93.3% 1.9% 4.1% 

127 

Norm 

1.02E+05 

7.28E+04 8.93E+03 1.32E+04 9.49E+04 1.39E+03 4.68E+03 
76.7% 9.4% 13.9% 93.1% 1.4% 4.6% 

PA2 
7.48E+04 1.08E+04 9.48E+03 9.51E+04 1.44E+03 4.74E+03 

78.6% 11.4% 10.0% 93.2% 1.4% 4.6% 

S1 
8.04E+04 7.76E+03 7.79E+03 9.60E+04 1.62E+03 3.97E+03 

83.8% 8.1% 8.1% 94.1% 1.6% 3.9% 
 
Aircraft Impact Loading: Impact Load-Time History and Aircraft Finite Element Model 

 
An impact load-time history of large civil aircraft with impact velocity of 150m/sec proposed by 

Takeuchi (2007) was selected as an external pressure load. The variations of impact load-time histories 
with impact velocities of 155, 160, 165, 170, 175 and 200 m/sec are plotted in figure 10. Finite element 
model of large civil aircraft (left image in figure 11) developed by authors (Jin et al. (2009)) are used for 
the missile-structure interaction analyses of nuclear power plant against large civil aircraft crashes and the 
impact-load time histories for some aircraft modeling cases are shown in figure 11 compared to the Riera 
function proposed by Takeuchi (2007). 
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Figure 9. Finite element model of reactor containment building. 
 

 
 

Figure 10. Impact load-time histories of large civil aircraft (B767-400). 
 

  
 

Figure 11. Finite element model of large civil aircraft and impact load-time history comparison. 
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Fiber Effects on Impact Resistance Performance 

 
The maximum displacements at impact point shown in figure 10 were computed for each impact 

velocity with different concrete type and the maximum displacement ratios to normal concrete at impact 
velocity 150 m/sec are shown in table 2 (2~4 columns) and figure 12. The impact resistance performance 
enhancements represented by maximum displacement ratios to normal concrete at impact velocity 150 
m/sec are only 0.04 for 1 % steel fiber reinforced concrete and even zero for 2 % polyamide reinforced 
concrete. It seems that there is no performance enhancement of impact resistance of fiber reinforced 
concrete applied to reactor containment building in the cases of impact velocity 150 m/sec considered in 
this study. Even some impact velocities form 155 to 170 m/sec show that normal concrete is a little 
tougher than 2 % polyamide fiber reinforced concrete. The impact resistance performance of fiber 
reinforced concrete walls shown in figure 8 are at least 25 % ~ 70 % enhanced compared to the normal 
concrete wall for impact velocities higher than 100 m/sec, these results are not an anticipated impact 
resistance performance enhancements of fiber reinforced concrete applied to nuclear power plants. 

 
Table 2: Maximum displacement ratio to normal concrete, impact velocity 150 m/sec 
 
Impact 
velocity 
(m/sec) 

Concrete Type Ratio to normal 
concrete 

Impact resistance 
performance 

NORM PA2 S1 PA2 S1 PA2 S1 
150 1.00 1.00 0.96 1.00 0.96 1.00 1.04 
155 1.12 1.14 1.05 1.02 0.94 0.98 1.07 
160 1.28 1.41 1.16 1.10 0.91 0.91 1.10 
165 1.59 1.72 1.30 1.08 0.82 0.92 1.22 
170 2.06 2.06 1.56 1.00 0.76 1.00 1.32 
175 2.50 2.43 1.87 0.97 0.75 1.03 1.34 
200 10.19 7.27 4.51 0.71 0.44 1.40 2.26 

 

 
 

Figure 12. Maximum displacement ratios to normal concrete with impact velocity 150m/sec 
 

The reasons why the impact resistance performances of fiber reinforced concrete reactor 
containment building of cylindrical prestressed structure type are not enhanced as much as those of flat 
fiber reinforced concrete walls may come from the factors such as the cylindrical shaped geometry, pre-
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stressing effects which are not included in flat fiber reinforced concrete walls. Table 3 summarized the 
maximum displacement ratios as the impact resistance performances of normal concrete, 1 % steel fiber 
reinforced concrete and 2 % polyamide fiber reinforced concrete for prestressing force efficiencies. The 
first row labeled as “no rebar” in table 3 shows the maximum displacement ratio of reactor containment 
building simply assumed as bare concrete structures with no reinforcement bars and no tendons. The 
prestressing forces of tendons are assumed as 0 %, 50 %, 90 % and 100 % of effective prestressing forces, 
and the maximum displacements of each prestressed containment system are computed and compared to 
the maximum displacement of normal concrete with 100 % of effective prestressing force. From these 
results, it seems that the most affective factor on impact resistance performances is thought as the 
prestressing forces of tendons. 

 
Table 3: Maximum displacement ratio to normal concrete, 100 % prestressing force. 

 

PS Force 
Concrete Type Ratio to normal 

conc. 
Impact resistance 

performance 
NORM PA2 S1 PA2 S1 PA2 S1 

no rebar 2.59 2.11 1.76 0.81 0.68 1.23 1.47 
0 % 2.10 1.84 1.42 0.88 0.68 1.14 1.48 

50 % 1.19 1.22 1.08 1.03 0.91 0.98 1.10 
90 % 1.01 1.01 0.97 1.00 0.96 1.00 1.04 
100 % 1.00 1.00 0.96 1.00 0.96 1.00 1.04 

 
 Table 4 summarized the resultant energies of missile-structure interaction analyses on reactor 
containment building against large civil aircraft crashes. From these results, the most kinetic energies of 
aircraft with impact velocities of 150 ~ 200 m/sec are transformed into plastic dissipation energy of 
aircraft finite element model. Portions around only 1~3 % of total plastic dissipation energy are for the 
concrete structures. Generally, the higher impact velocity produces more damages on the concrete 
structures and the damages on fiber reinforced concrete structures are reduced more compared to those of 
normal concrete structure. Finally the damaged configurations at time 0.5 sec after impact, represented by 
PEEQ (equivalent plastic strain in uniaxial tension) are shown in figure 13. 
 

    
(a) Deformed shape (b) PEEQ for NORM (c) PEEQ for PA2 (d) PEEQ for S1 

 
Figure 13. Damaged configuration for normal, 2 % polyamide and 1 % steel fiber reinforced concretes. 
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Table 4: Comparison of resultant energies of aircraft-reactor containment building impact analyses 
 

Impact 
Velocity 
(m/sec) 

Conc. 
Type 

Total 
Energy 

(J) 

Plastic Dissipation Energy(PDE, J) Elastic 
Strain 

Energy(J) 

Artificial 
Energy(J) aircraft Steel concrete sum 

150 

Norm 2.79E+9 
1.60E+09 7.47E+03 9.47E+06 1.61E+09 5.05E+08 1.15E+08 
99.41% 0.00% 0.59% 57.7% 18.1% 4.1% 

PA2 2.78E+9 
1.61E+09 1.84E+03 8.96E+06 1.62E+09 5.01E+08 1.12E+08 
99.45% 0.00% 0.55% 58.1% 18.0% 4.0% 

S1 2.77E+9 
1.60E+09 3.94E+03 7.12E+06 1.61E+09 5.03E+08 1.14E+08 
99.56% 0.00% 0.44% 58.0% 18.2% 4.1% 

160 

Norm 3.09E+09 
1.74E+09 3.72E+04 1.38E+07 1.75E+9 5.15E+08 1.23E+08 
99.21% 0.00% 0.79% 56.8% 16.7% 4.0% 

PA2 3.10E+09 
1.75E+09 3.02E+04 1.39E+07 1.76E+09 5.17E+07 1.22E+08 
99.21% 0.00% 0.79% 56.8% 16.7% 4.0% 

S1 3.13E+09 
1.75E+09 8.10E+03 1.23E+07 1.76E+09 5.22E+07 1.25E+08 
99.30% 0.00% 0.70% 56.2% 16.7% 4.0% 

175 

Norm 3.59E+9 
1.93E+09 3.34E+05 2.40E+07 1.95E+09 5.40E+08 1.35E+08 
98.75% 0.02% 1.23% 54.3% 15.0% 3.8% 

PA2 3.63E+09 
1.93E+09 3.84E+05 2.44E+07 1.96E+09 5.43E+08 1.35E+08 
98.73% 0.02% 1.25% 53.9% 15.0% 3.7% 

S1 3.57E+09 
1.92E+09 1.90E+05 2.02E+07 1.94E+09 5.37E+08 1.33E+08 
98.95% 0.01% 1.04% 54.4% 15.0% 3.7% 

200 

Norm 4.60E+09 
2.20E+09 3.71E+06 5.42E+07 2.26E+09 6.02E+08 1.53E+08 
97.44% 0.16% 2.40% 49.2% 13.1% 3.3% 

PA2 4.55E+09 
2.19E+09 3.04E+06 5.13E+07 2.24E+09 6.02E+08 1.52E+08 
97.58% 0.14% 2.29% 49.4% 13.2% 3.3% 

S1 4.57E+09 
2.20E+09 2.15E+06 4.44E+07 2.25E+09 6.04E+08 1.55E+08 
97.93% 0.10% 1.97% 49.2% 13.2% 3.4% 

 
CONCLUSION 

 
Studies on the safety assessments on the nuclear power plants against large civil aircraft crashes 

are ongoing actively. As a step of evaluating the applicability of fiber reinforced concrete in means of 
ensuring more structural safety of the nuclear power plants against impact, the impact resistance 
performances for the 1% steel and 2% polyamide fiber reinforced concretes have been evaluated.  

For flat concrete walls, it is evident that fiber reinforced concretes are more benefit to increase the 
impact resistance performance. Numerical results show that the impact resistance performances are 
enhanced by 70 % and 40 % for 1 % steel fiber reinforced concrete and 2 % polyamide fiber reinforced 
concrete respectively. 

For reactor containment building structures, it seem there is no impact resistance performance 
enhancement of fiber reinforced concrete applied to reactor containment building in the cases of impact 
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velocity 150 m/sec considered in this study. However this results from the pre-stressing forces which 
introduce compressive stresses in concrete wall and dome section of reactor containment building. 

Nonetheless there may be benefits to apply fiber reinforced concrete to nuclear power plants. For 
double containment type reactor containment building, the outer structure is a reinforced concrete 
structure. As shown in table 3, the impact resistance performances for non-prestressed cylindrical reactor 
containment building are enhanced by 23 to 47 % for 2 % polyamide fiber reinforced concretes and 1 % 
steel fiber reinforced concretes respectively. For other buildings such as auxiliary building, compound 
building and fuel storage building surrounding the reactor containment building, there are so many 
reinforced concrete walls which are anticipated some enhancements of impact resistance performances by 
using fiber reinforced concretes. And heavier or faster large civil aircraft impacts produce higher impact 
loading to NPP structures, so it can be said that the benefits of fiber reinforce concrete usages to the 
prestressed reactor containment buildings are obvious from a point of view of the impact resistance 
performance enhancement. 

It is considered that more advanced structural safety assessments of NPP against large civil 
aircraft impacts are possible by remedying the material characteristics of FRC and adopting more 
improved material model in near future. 
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