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ABSTRACT 

 
FRC(Fiber Reinforced Concrete) has been developed to improve, in particular, tensile behavior of 

concrete such as tensile strength, ductility and toughness. One of the main fields of application of FRC 
can be found in blast-protective or blast-resistant concrete structures. It is expected, therefore, that safety-
related structures in a nuclear power plant can also be effectively protected from external blast, aircraft 
crash, etc. by applying FRC. In order to analytically verify the effect of applying FRC on structural 
behavior, peculiar material properties of FRC should be incorporated into the material modeling of a 
structural analysis program. For this purpose, this study presents mathematical modeling of FRC in terms 
of stress-crack opening displacement or stress-strain relationship, and strain rate effect for high-speed 
impact. A concrete wall which is equivalent to a part of a nuclear containment building wall is adopted as 
a numerical example to show the improved impact-resistance of FRC in comparison with conventional 
concrete. 

 
INTRODUCTION 

 
FRC(Fiber Reinforced Concrete) has been developed to improve, in particular, tensile behavior of 

concrete such as tensile strength, ductility and toughness. Therefore, it can also result in an improved 
impact-resistance. The research on FRC has mainly focused on experiments to examine the characteristics 
of material property of FRC that contains various kinds of fibers. Recently, further studies have been 
performed to reflect these material properties into computer-based structural analysis of FRC structures 
and, thereby, to realistically predict the structural behavior of these structures. In this respect, an attempt 
to reasonably incorporate the superior impact-resistance of FRC into protective and blast-resistant 
concrete structures can be regarded as one of the emerging issues.  

In the meantime, the terrorism that occurred in the U.S.A on September 11, 2001, has drawn 
public attention to the potential crash of large commercial aircraft into infrastructures, including nuclear 
power plants. Since then, a number of countries have made an extensive effort to verify the safety of 
domestic nuclear power plants in operation by assuming a similar situation to that of the September 11 
terrorism(EPRI, 2002; HSK, 2003). Finally, an important revision was made in 10 CFR (Code of Federal 
Regulations) 50.150 (U.S. NRC, 2009) for new plant designs to consider the impact of a large 
commercial aircraft. The aforementioned actions have an important implication, suggesting that a severer 
crash accident needs to be considered than the previous trend where the crashes of military aircrafts, 
lightweight aircrafts and medium-scale commercial aircrafts were the main concerns. 

If a concrete structure of a nuclear power plant needed to be strengthened against a postulated 
aircraft crash, one or a number of countermeasures should be taken. Among these measures, simply 
increasing the concrete thickness of the structure or the amount of reinforcements would be less strategic 
and thus uneconomical solutions. Instead, it is more recommendable that an advanced and more impact-
resistant material, such as FRC, be applied to the structures which are subjected to a severe aircraft crash. 
In order to analytically verify the effect of applying FRC on structural behavior, peculiar material 
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properties of FRC should be incorporated into the material modeling of a structural analysis program. 
Generally, it is not enough or sometimes misleading to simply apply a conventional material model of 
concrete into the analysis of an FRC structure. If there were some measured values of mechanical 
properties of the FRC in consideration, it would be possible to directly apply these values to structural 
analysis such as finite element analysis. It is, however, more desirable to establish general mathematical 
material models of FRC that can also be applied when limited information on materials of FRC is only 
given and experimental data are not available. It would be useful if we can incorporate, at least, volume 
fraction, type and shape of fibers into the mathematical models.   

For this purpose, this study presents mathematical modeling of FRC in terms of stress-crack 
opening displacement or stress-strain relationship, and strain rate effect for high-speed impact. Other 
properties of FRC, such as biaxial behavior and shear retention, are also discussed. A concrete wall which 
is equivalent to a part of a nuclear containment building wall is adopted as a numerical example to show 
the improved impact-resistance of FRC in comparison with conventional concrete. 

 
TENSILE BEHAVIOR 

 
The most important aspect of mechanical properties of FRC is the improvement of tensile behavior, 

which can be regarded as a main purpose of using FRC. Tensile strength, ductility and toughness can be 
remarkably improved depending on the amount, type and shape of the fibers, which can effectively 
overcome weak tensile behavior of concrete in comparison to compressive behavior. The tensile behavior 
of concrete can be expressed by stress-crack opening displacement or stress-strain relationship, which can 
be obtained by tensile strength test with or without notch, respectively. Tensile characteristics of FRC can 
be incorporated in the tension stiffening option of a structural analysis program(Dassault Systèmes 
Simulia Corp., 2009). Figure 1 shows an example where the characteristic of FRC is reflected in tensile 
stress-strain relationship(Tan and Mansur, 1990). In this mathematical model, fiber reinforcement index 
which is defined by /

f f f
V l   is taken into account. The fiber reinforcement index has often been adopted 

to reflect characteristic of fibers because fraction in volume or weight(
f

V ) and shape which is represented 
by length(

f
l ) and diameter(

f
 ) are all included in this index. Residual stress(

tu
f ) is defined by taking 

ultimate bond strength of fiber(
uf

 ) into account. 
l

  and 
0

  are length efficiency factor and fiber 
orientation factor, respectively. 

 

 
 

Figure 1. Tensile stress-strain relationship model of FRC(Tan and Mansur, 1990) 
 
Tensile stress-crack opening displacement of FRC has been often idealized by bilinear or trilinear 

shape. Crack opening displacement means Crack Mouth Opening Displacement(CMOD) in this study. 
Figure 2 shows an example of trilinear modeling. However, the shapes show a wide range of variation 
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depending on researchers. The difference of the shapes originates from the difference of assessment for 
fiber bridging effect at cracks.  

 

 
 

Figure 2. Tensile stress-crack opening displacement relationship model of FRC(Kang et al., 2010) 
 

COMPRESSIVE BEHAVIOR 

 
While the effect of addition of fibers on the improvement of tensile behavior is obvious, the 

dependency of compressive strength upon fiber addition does not seem to be clear. Figure 3 shows a 
mathematical example where the shape of compressive stress-strain curve is affected by the fiber 
reinforcement index(Ezeldin and Balaguru, 1992). 

 

 
 

 Figure 3. Compressive stress-strain relationship model of FRC(Ezeldin and Balaguru, 1992) 
 

MISCELLANEOUS BEHAVIOR 

 
Multiaxial behavior 

Research on multiaxial behavior of FRC has been very limitedly carried out as that of plain 
concrete has. Some studies on biaxial compressive behavior of FRC can only be found(Swaddiwudhipong 
and Seow, 2006). They addressed that the two-dimensional yield surface of concrete is extended as the 
fraction of fibers increases.  
 
Strain rate effect 
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Strain rate effect should be essentially taken into consideration to reasonably predict dynamic 
behavior of FRC as well as plain concrete when subjected to high-speed impact or blast. Strain rate effect 
can be incorporated by modifying stress-strain relationship curve according to strain rate or, at least, by 
applying DIF(Dynamic Increase Factor) that is presented in, i.e. ACI 349(2001) or CEB-FIP Model 
Code(1993). However, the DIFs of these codes have been derived from some experimental data of plain 
concrete, so that it is questionable that the specifications of DIFs can be similarly adopted even in FRC. 
Whether the compressive strength of FRC increases or not under high strain rate is controversial, although 
strength increase has been often observed in FRC as in plain concrete(Wang et al., 2008). The study 
performed by Wang et al.(2008) is noteworthy in that it presents the stress-strain relationship of FRC as a 
function of strain rate as well as volume fraction of fibers. The relevant previous studies have focused on 
dynamic compressive behavior. Therefore, further studies on dynamic tensile behavior will be required 
such as tensile DIF of FRC as well as plain concrete.  

 
Shear retention 

Shear retention is related to the resistance along a crack surface in tangential direction and is 
reflected as a diminished shear modulus. In the case of FRC, it is expected that the contribution of fibers 
would be added to that of plain concrete, but a corresponding mathematical model has not yet been 
proposed. 
 

 
 

Figure 4. Modeling of shear retention 
 

NUMERICAL EXAMPLE 

 
In order to verify the effect of adding fibers into plain concrete mixture on enhancement of 

impact-resistance behavior, impact analyses of concrete walls were conducted. The walls are actually 
equivalent to the test specimens that were used in the study by VTT, which is Technical Research Centre 
of Finland(Calonius et al., 2009), as shown in Figure 5. 

The missile weighs 50 kg and is 1.5 m long. The missile is made of aluminum and steel and was 
modeled by assuming perfect elasto-plastic behavior. The concrete wall is 2.2 m wide, 2.3 m high and 
0.15 m thick. The reinforcements with nominal diameter of 8 mm are arranged with the center to center 
distance of 50 mm. Overall, the concrete wall specimen is much thinner than a usual nuclear containment 
building wall which often reaches 1.2 m thickness. Therefore, this analysis can be regarded as an indirect 
assessment of an actual nuclear containment building wall, focusing on the assessment of improved 
impact-resistance by using FRC. More detailed analysis of a full-scale nuclear containment building 
subjected to the impact of a large commercial aircraft is provided in the extended study(Jin et al., 2013). 

In the finite element analysis of the wall, the small region which is supposed to be in direct 
contact with the missile is modeled with finer mesh than the remaining part to improve the accuracy of 
the analysis. The reinforcements were modeled as truss elements embedded in concrete.  
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Figure 5. Impact analysis of a concrete wall and a missile 
 
Three types of concrete mixtures were designed to investigate the effect of fiber types. Control 

mixture is the plain concrete without fibers. Another one is the mixture with 1% of steel fiber added. The 
other is the mixture with 2% of polyamide fiber added, which is one of the synthetic fibers. The 
compressive strength of all the mixtures was set to 42 MPa for a fair comparison. The shape of the 
compressive stress-strain curves of three concrete mixtures was assumed the same. Also, strain rate effect 
of FRC was not adopted in this study, because the trend of this effect has not been clear as mentioned 
previously. Therefore, even though the strain rate effect of plain concrete is known to be clear, it was not 
considered in this analysis either for a fair comparison. 

The most important aspect which affects the impact-resistance of a concrete wall is the tensile 
characteristics of FRC. Tensile characteristics of concrete can be usually represented by stress-strain 
relationship or, alternatively, stress-crack opening displacement relationship. While these two types of 
tests were all conducted in this study, only stress-strain curves were taken into account in this analysis as 
shown in Figure 6. Figure 6 implies that a trilinear curve can fit the experimental data better than a 
bilinear curve in case of FRC. Comparison with the model of Figure 2 indicates that the region of fiber-
bridging is not clear in these experiments. 

 

 
 

Figure 6. Tensile stress-strain relationship of FRC and plain concrete 
 
The structural analysis program, ABAQUS(Dassault Systèmes Simulia Corp., 2009), was used to 

perform finite element analysis. Four different impact velocities were applied in turn to investigate the 
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impact-resistance in terms of impact velocity, which ranges from 50 m/sec to 127 m/sec. Among some 
concrete models provided in ABAQUS, damaged plasticity model was adopted. Element deletion or 
erosion option which is applicable to the part of severe cracking or crushing was not considered in this 
analysis. Figure 7 shows the maximum displacements of the concrete wall occurring in each impact 
velocity. It is notable that the displacement decreased by 10-35% of that of plain concrete by applying 2% 
of polyamide fiber and further decreased by as much as 50% by applying 1% of steel fiber. 

Upon impact of a missile into a concrete wall, a large portion of the kinetic energy of the missile 
is transformed to plastic dissipation energy of the missile and the concrete wall. The dissipation energy of 
the concrete wall can further be divided into the contribution of concrete and that of reinforcements. 
Figure 8 shows the ratios of plastic dissipation energy of the concrete wall to total plastic dissipation 
energy. When the impact-resistance is assessed by these ratios, it can be represented by Figure 9. It 
apparently indicates the improvement of impact-resistance when applying some types of fibers into 
concrete mixture, given that the case of plain concrete is 100%. Furthermore, it also shows that the 
contribution of fibers to impact-resistance more and more increases as the impact velocity of the missile 
increases. For example, impact-resistance of the wall increases by 40-70%, depending on the impact 
velocity, in case of the concrete with 1% of steel fiber when comparing with that of plain concrete. 

The analysis results imply that the plastic dissipation energy can also be employed as a useful 
index to assess the impact-resistance of a structure in addition to conventional indices such as 
displacement, stress and strain.  

 

 
 

Figure 7. Comparison of maximum displacements of concrete wall 
 

 
 

Figure 8. Comparison of ratios of plastic dissipation energy(PDE) of concrete wall to total PDE 
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Figure 9. Comparison of impact-resistance of concrete wall 
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CONCLUSION 

 
FRC(Fiber Reinforced Concrete) has been more and more applied to practical concrete structures 

mainly due to its improved tensile behavior and impact- or blast-resistance. However, it has been rarely 
applied to nuclear power plants. Judging from the increased public attention to the potential crash of large 
commercial aircraft into infrastructures after the terrorism of September 11, 2001 and, since then, from 
the strengthened provisions of nuclear power plants against this kind of aircraft crash, the application of 
FRC into the safety-related structures of a nuclear power plant needs to be considered. It would make 
possible to design these concrete structures with reasonable thicknesses even against a severe crash of a 
large aircraft. As a preliminary step for achieving this purpose, the effect of adding fibers into concrete on 
the improvement of impact-resistance was investigated analytically in this study by performing impact 
analyses of a concrete wall against a missile. Mathematical modeling techniques of the material property 
of FRC which have been proposed so far were revisited for possible application to structural analysis of 
FRC structures.  

As has been expected, the walls made of the concrete mixtures with a certain volume fraction of 
steel or synthetic fibers exhibited more improved impact-resistance than that of plain concrete. The 
impact-resistance was assessed by comparing displacements and plastic dissipation energy. It is expected 
that application of FRC can be one of the effective methods to increase the impact-resistance of a 
concrete structure against a large aircraft crash and can possibly lead to a more economical design than 
that with simply increased thicknesses. 
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