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ABSTRACT

In the design of nuclear power plants, ensuring the impact resistance of buildings against external hazards,
such as tornado missiles and aircraft impact (APC), is necessary. When normal-strength concrete is used to
improve the impact resistance of buildings, there is an issue with the member thickness being thicker against
external hazards, especially APC. Ultra-high-performance concretes (UHPCs) are considered effective in
improving the safety of buildings and reducing the member thickness; however, a proper understanding of
the ultimate strength and performance of UHPCs against impact loading is lacking. Therefore, in this study,
the ultimate strength of UHPCs against impact loading was evaluated through experiments. The results
indicated that the UHPCs had better impact resistance than that of conventional normal-strength concrete,
and it was confirmed that the performance of UHPCs could be evaluated using finite element method
analysis and the existing formula.

INTRODUCTION

This study had been carried out in the project “Development of technical infrastructure for upgrading
materials, structures and construction methods of nuclear power plant buildings”. This project aimed to
investigate the feasibility of applying ultra-high-performance concretes (UHPCs) to nuclear power plants
(NPPs) for improving the resistance of NPP buildings against impact loading. This paper is divided into
three parts (outline is shown in Figure 1). Part 1 presents the experimental results of the basic characteristics
related to the global failure of the structural walls using UHPCs. Part 2 presents the basic characteristics of
UHPCs against impact loading through experiments. Part 3 presents the results of the preliminary analysis
conducted to investigate the feasibility of NPPs using UHPCs against impact loading, based on the results
of parts 1 and 2.

According to Nuclear Energy Institution (2011), for NPP buildings to achieve impact resistance, it
is crucial to design structural walls that can: (1) prevent local failures, such as perforation and scabbing of
the back surface by missiles; and (2) prevent global failure under impact loading. The design for the
prevention of global failure requires the evaluation of the bending performance and punching shear strength
of the structural members, while that for the prevention of local failure requires perforation and scabbing
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assessment. For reinforced concretes (RCs) using normal-strength concrete, the structural walls of buildings
could be massive against severe impact loading. Therefore, it is conceivable to reduce the member thickness
using UHPCs, which are expected to improve the impact resistance. UHPCs are ultra-high-strength fiber-
reinforced concretes. However, the impact resistance performance of UHPCs has not been fully clarified.
Therefore, bending and punching shear tests were conducted to understand the basic characteristics related
to the global failure of the structural members using UHPCs.

In this study, two types of UHPCs were selected: Fc150 (150-MPa ultra-high-performance steel-
fiber-reinforced concrete containing polypropylene fiber) and UFC (180-MPa ultra-high-performance
steel-fiber-reinforced concrete). Fc150 contains 0.11 vol% (1 kg/m®) polypropylene fiber and 1.0 vol%
(78.5 kg/m®) steel fiber, while UFC contains 2.0 vol% (157 kg/m?) steel fiber. Fc150 contains coarse
aggregate whereas UFC does not. UFC was adopted as part of a composite member (wall or roof) with
Fc33, to conduct the tests. In the composite member, UFC was applied to the collision surface side (concrete
compression side), and Fc33 was applied to the collision back surface side. Hereinafter, this composite
member is called UFC+Fc33. In addition to the UHPCs, Fc33 (33-N/mm? normal-strength concrete) was
tested for comparison in this study.

Selection of concrete materials Selection of materials (Fc150, Fc100, UFC) & application plan
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Figure 1. Outline of this project

STUDY OF BENDING PERFORMANCE

For RC members using UHPC and those using normal concrete protected by UFC panels, the static bending
tests of the beams were conducted to investigate the bending characteristics related to global failure in
aircraft impact (APC). The ultimate material strain was evaluated using the experimental results and
simulation analysis.

Bending Test

The bending characteristics and ultimate bending strength of UHPCs were confirmed by developing beam
specimens made of UHPCs and conducting bending tests on them. An outline of the bending test is shown
in Figure 2. Three specimens, one for each specimen of Fc150, UFC+Fc33, and Fc33, were tested. Referring
to the criteria for APC with normal concrete, the loading on each specimen was applied with a ductility
factor of approximately 10.

Fc33
unit: mm

Figure 2. Outline of bending test (in the case of UFC+Fc33)
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Figure 3 shows the cross sections of the specimens that describe the details of the specimens. As
shown in Figure 3 (a), the Fc150 and Fc33 specimens were normal RC beams, which indicates that the
specimens were reinforced by steel bars. On the other hand, because the specimen using UFC was a
composite member with normal concrete Fc33, it had a cross section ratio of UFC: Fc33 = 1: 5, as shown
in Figure 3 (b). To ensure integrity as one composite member, shear keys were shaped at the boundary
between the two materials. The concrete strengths at the time of the tests are listed in Table 1. The
reinforcement arrangements of the specimens are illustrated in Figure 4. The tension reinforcement ratio
was set to p; = 1.38%, referring to that of the general NPP buildings members.
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Figure 3. Cross sections of specimens

Table 1: Average of compressive strength at the time of loading test

Specimen The average of compressive strength at the loading test
(N/mm?)
Fcl50 162
UFC+Fc33 UFC 229
Fc33 39.2
Fc33 37.6
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Figure 4. Reinforcement arrangement of specimens
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During the test, the displacement and strain of the specimens were measured. However, the strain
values around the end of the loading could not be obtained because the strain gauges broke owing to the
cracks in the specimens. The strains in the extreme compression fiber of the specimens obtained by the
strain gauges and those calculated from the displacement sensor based on the Navier hypothesis were
confirmed to be almost the same until the strain gauges broke. Therefore, in this study, the compressive
strains calculated from the displacement sensors were used as the experimental strains.

Photo 1 shows the states of the specimens at each deformation, and Figure 5 shows the load—
displacement curves of the specimens. Because of the above-mentioned reason, the compressive strain
values in each photo label are the values calculated at the center of the upper surface of the specimens based
on the Navier hypothesis from the displacement sensors installed on the specimens. In the Fc33 specimen,
the upper end of the beam was completely crushed at the end of the test; however, this was not observed in
the Fc150 and UFC+Fc33 specimens, even at the end of the loading test. In the Fc150 specimen, the shear
force did not decrease until the end of the test and the strain at the center of the upper surface was
approximately 10,000 p. In the UFC+Fc33 specimen, the shear force increased at the end of the test, and
the strain was approximately 3400 p, which was much smaller than those of the Fc150 and Fe33 specimens.
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Figure 5. Load—displacement curves of specimens
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Simulation Analysis of Bending Test

To confirm whether the behavior could be simulated analytically even when the UHPCs were contained, a
finite element method (FEM) analysis of the specimens with UHPCs was conducted. The FEM software
DIANA 10.2 was used. The analysis was performed using a two-dimensional model, and the concrete was
modelled using shell elements and reinforcement bars with embedded bar elements. The FE models of
specimens Fc150 and UFC+Fc33 are shown in Figures 6 and 7, respectively. Assuming the application of
this simulation method to the actual assessment, the material physical values were set with the nominal
values. However, in this study, to confirm whether the behavior of the concrete part can be simulated even
with the nominal value, the physical values of the reinforcement were set to be the same as the experimental
values. The set of physical values are listed in Tables 2 and 3.

Similarly, the constitutive models of FEM used in the general assessment in Japan were adopted
because the purpose of this study is to establish an assessment method against global bending failure caused
by APC. In Japan, a model without softening curve after compressive strength (constant stress—strain curve)
was adopted as a constitutive model in concrete compression because of the convergence of the analysis.
Therefore, the same model as that of the concrete compressive constitutive model was used in this study.
For Fc33, the strain softening model in the Japan Society of Civil Engineers (JSCE, 2007) was adopted as
concrete tensile constitutive model. For materials Fc150 and UFC+Fc33, a simplified strain softening
model, which can simulate the result of the test piece experiment simultaneously performed with the
bending test, was adopted. The adopted concrete constitutive models are shown in Figure 8. The
reinforcement constitutive model is shown in Figure 9.

(a) Concrete (b) Reinforcement

Figure 6. FE model of Fc150 and Fc33 specimens

(a) Concrete

(b) Reinforcement
Figure 7. FE model of UFC+Fc33 specimen

Table 2: Physical values of concrete

concrete compressive strength Young’s modulus Poisson’s ratio

fc(N/mm?) E(N/mm?) v

Fcl50 150 45,500 0.2

UFC 180 52,300 0.2

UFCHFeS3 ™ Re33 33 25,200 0.2

Table 3: Physical values of reinforcement
reinforcement yield strength Young’s modulus Poisson’s ratio
ft(N/mm?) E(N/mm?) v

SD345 384 189,000 0.3
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Figure 8. Constitutive model of concrete
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Figure 9. Constitutive model of reinforcement

Figure 10 shows the load—displacement curves of the experiment and analysis. It can be confirmed
that the FEM analysis can simulate the load—displacement curves of both Fc150 and UFC+Fc33 specimens,
and the strains of the simulation at the center of the upper surface are consistent with the results shown in
Photo 1. Because the experimental results can be simulated in the analysis using the nominal values and the
concrete constitutive model with constant stress after compressive strength, the analysis method in this
study is applicable to assessments of actual plants. In addition, it is confirmed that the proof stress does not
decrease and soundness is maintained until the strains of 10,000 and 5,000 p for Fc150 and UFC+Fc¢33,
respectively. Especially for the UFC+Fc33 specimen, the proof stress was gradually increasing even when
the test was terminated at a displacement corresponding to the member ductility factor of 10. There is a
possibility the proof stress can be maintained even at a larger strain.
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Figure 10. Load—displacement curves

STUDY OF PUNCHING SHEAR PERFORMANCE

Punching shear tests were conducted on the specimens with UHPCs to determine whether the existing
evaluation formula for the ultimate punching shear strength is applicable to UHPCs.

Punching Shear Test

Similar to the bending tests, punching shear tests were conducted with Fc150, UFC+Fc33, and Fc33
specimens. An outline of the test setup is shown in Figure 11. Figure 12 shows the arrangement of the
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reinforcements. The specimens were square plates with a thickness, width, and tension reinforcement ratio
of 120 mm, 1200 mm, and 0.49%, respectively, which are almost the same as those of specimens on the
RC slabs of NPP buildings in the previous research. Photo 2 shows the cross sections of the specimens after
the tests. The compressive strengths of the concrete at the time of the tests are listed in Table 4.
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Figure 11. Outline of punching shear test (in the case of UFC+Fc33)
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Figure 12. Arrangement of reinforcement
(a) Fe150 (b) UFC+Fc33 (c) Fe33
Photo 2. Cross section of specimens after test

Table 4: Average of compressive strength at the time of loading test

Specimen The average of compressive strength at the loading test
(N/mm?)
Fcl50 152
UFC+Fc33 UFC 226
Fc33 37.6
Fc33 36.6
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Evaluation of Ultimate Punching Shear Strength by Existing Formula

The design formula for UHPCs is shown in JSCE (2007). The formula in JSCE, as shown in Equation 1,
calculates the punching shear capacity of the planar member (V,.4) by multiplying the concrete strength
(fpca)> peripheral length of the evaluated cross section (u,) shown in Figure 13 (a), effective height (d),
and correction coefficients (B4, B, and B,). The JSCE formula has the upper limit of the concrete strength
(fpca =1.2 N/mm?); however, to take advantage of the high concrete strength of UHPCs, the upper limit

is ignored in the calculation. Moreover, the safety factor y,, for design is 1.0 in this study (but it must be
considered in actual design). In addition, this study proposes an evaluation method for composite member,
as shown in Figure 13 (b). In other words, the total punching shear strength of the composite member was
calculated by summing the punching shear capacity with the JSCE formula for each material.

Vpcd:.Bd'ﬁp'.gr'fpcd'up'd/yb ¢))

where,
fpca = 0.20/fz4 (N/mm?) (where fpcd <1.2N/mm?; however since this study focuses on improving
the punching shear strength by utilizing UHPCs, the upper limit is ignored

here.)
Ba = 3/1000/d (d:mm) B; <1.5 (Coefficient of effective depth)
B, = 3/100p Bp =<1.5 (Coefficient of reinforcement ratio)
_ ; 1< B, <2 (Coefficient of the effect of loaded area)
Br=1+ u
(1+025%)

flq:  compressive strength of concrete (N/mm?)
u: peripheral length of loaded area
u,: peripheral length of the design cross section located at a distance d/2 from
the loaded area
d and p: effective depth and reinforcement ratio defined as the average values for the
reinforcement in two directions.
yp: member factor. Generally, it may be taken as 1.3 (In this study, it was taken

as 1.0).
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Figure 13. Loading area and peripheral length of cross section
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The load—displacement curves and ultimate punching shear strengths of the tests are shown in
Figure 14. The punching shear capacity of the specimens calculated using the above method is also shown
in Figure 14. A comparison between the experimental and calculated values is presented in Table 5. Figure
15 shows the relationship between the experimental and calculated values of this study and those of the
previous studies. They correspond well (because the results line up on the 45 °line in Figure 15); therefore,
it is considered that the punching shear strength of the UHPCs can be evaluated using the JSCE formula.
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Figure 14. Load—displacement curves of specimen center

Table 5: Comparison of punching shear strength in experimental and calculated values

Specimen Calculated value” | Experimental value Experimental value /
(kN) (kN) Calculated value
Fc150 373 3771 1.011™
UFC+Fc33 226 249 1.10
Fc33 183 194 1.06

*1: by JSCE formula

*2: Owing to the specimen fractured by bending, the ultimate punching shear strength
was larger than this value.
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Figure 15. Relationship between experimental and calculated values of punching shear strength
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CONCLUSION

In this study, the basic characteristics and ultimate resistance of ultra-high-performance-concretes (UHPCs)
against impact loadings such as aircraft impact and tornado missiles to the walls and roofs of buildings in
nuclear power plants (NPPs) were confirmed. Fc150 and UFC were selected as UHPCs. Fc150 is ultra-
high-performance steel-fiber-reinforced concrete containing polypropylene fiber and UFC is ultra-high-
performance steel-fiber-reinforced concrete. Fc150 contains coarse aggregate whereas UFC does not. The
bending and punching shear tests were conducted to understand the basic characteristics of UHPCs related
to global failure of walls etc. caused by impact loading. Using the bending test, it was confirmed that the
members of UHPCs have superior deformation performance than that of normal concrete and that their
behavior could be simulated using FEM analysis. Using the punching shear test, it was confirmed that the
ultimate punching shear strength of the member with UHPCs could be evaluated using the existing JSCE
formula. Understanding these basic characteristics, enables to conduct simulation studies in actual NPP
buildings using UHPCs.

Because the number of specimens in this study was limited, conducting more tests is required in
the future to expand our knowledge regarding the impact resistance of UHPCs.
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