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ABSTRACT 

 

After the Fukushima Daiichi nuclear accident, the mitigation of accident consequence for Beyond Design 

Basis Events (BDBE) becomes essential and extreme earthquakes are a possible case of BDBE. This study 

focuses on clarifying the ratcheting mechanism of piping systems subjected to gravity as well as seismic 

loadings. For simplification, in current research, the piping component is modeled by the beam, and 

sinusoidal waves or their combinations represent the seismic loading. Gravity acted as load-controlled 

loading and was applied by the additional mass put at the free end of the beam and the self-weight of the 

beam. A cyclic acceleration at the base of the beam was applied to provide the source of alternating dynamic 

loading which can be assumed as seismic loading. Equivalent loading conditions were put in the case of the 

experiment as in numerical analysis to validate the finite element analyses. The results showed that input 

waves with the lower frequency components than the natural frequency is more damageable than higher 

frequency ones. Besides, when the vibration wave consists of several parts with different frequencies, the 

part with lower frequency contributes more to the occurrence of ratcheting. The main reason can be 

explained by the phase delay between loading and response. 
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INTRODUCTION 

 

The accident that occurred at the Fukushima Daiichi nuclear power plant in March 2011 due to a massive 

earthquake and tsunami was one of the most severe accidents ever experienced in the nuclear energy 

industry. This accident has influenced the use of nuclear energy profoundly all over the world. 

 

One essential lesson learned from the Fukushima Daiichi nuclear accident is that the mitigation of 

accident consequence for beyond design basis accidents (BDBA), which may occur due to excessive 

seismic loading, becomes essential. The term “design-basis accident” (DBA) has been applied in nuclear 

power plant design and national or international codes and standards for many years. The requirements for 

the design basis have been well established and are typically very conservative. The nuclear power plant 

operation experience shows that during the lifetime the events defined within the “design basis” have some 

probabilities of occurrence. However, the consequences of DBA are usually within acceptable limits. On 

the other hand, the operation experience also indicates that the events which are outside of the design basis 

would lead to terrible consequences, though they have a low likelihood of occurrence and are characterized 

by large uncertainties. Those events are called “beyond design basis accidents” (BDBA). 
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“Design Extension Conditions” or DEC is known as one subset of a broad category of BDBA. 

Design extension conditions are postulated accident conditions that are not considered for design basis 

accidents, but those are considered in the design process for the facility by best estimate methodology, and 

for which releases of radioactive material are kept within acceptable limits. Besides, plant states cover 

DECs in IAEA SSR-2/1 (Rev. 1). The control of DEC is placed in the 4th level of Defence in depth (DiD) 

to eliminate the possible severe failures or to reduce their likelihood to the extent possible or to cope with 

their consequences. 

 

BDBE may occur due to excessive seismic loading. Unlike the design basis accidents (DBA), 

BDBE needs the best estimation of structural strength against seismic loading. For this purpose, it is 

required to know the dominant failure modes of the structure to make adequate preparation for seismic 

loading. The possible failure modes due to seismic loading are ratcheting, collapse, fatigue, and so forth. 

Clarification of seismic loading characteristics with the frequency effect on ratcheting is one of the essential 

objectives in our research.  

 

Ratcheting, which is the cyclic accumulation of plastic deformation, occurs under the progressive 

strain due to the combined effect of primary and secondary stresses. Bree J. investigated the ratcheting 

mechanism of a pressurized cylinder subjected to cyclic thermal stress which is known as Bree diagram, as 

shown in Figure 1. In his original work, Bree identified various regimes of structural behavior as a function 

of the magnitudes and the ratio of the thermal stress and pressure stress, normalized by the yield stress. 

Though in our research, the specimen was not subjected to thermal stress, Bree diagram can provide 

excellent guidance in terms of the direction. In this research, ratcheting is from the combined effect of 

gravity and seismic load. 

 

 
 

Figure 1. Bree diagram (Bree, J., 1967). 

 

METHODOLOGY 

 

Both experimental and numerical methods were applied. For simplification, the beam model simulated the 

piping component, and sinusoidal waves or their combinations represented the seismic loading. 

 

The beam model used in the experiment, which are shown in Figure 2, were made of lead alloy 

(Pb99%-Sb1%). The main reason for using lead alloy in this research was due to the realization of ratcheting 

by small-size shaking table in the laboratory. The stress-strain curve of the lead alloy has a similar trend to 
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the steel but much smaller yield stress. The beam was 140 mm long and 6 mm thick with 13 mm width. 

The lower part of the specimen was fixed to the shaking table. 

 

 
 

Figure 2. Experiment Setup. 

 

Corresponding loading conditions were put in numerical analysis. The finite element analyses were 

done by FINAS/STAR with the aid of the mesh generation by FEMAP. Dynamic elastic-perfectly-plastic 

analysis was applied to this constitutive model. There were two types of loadings applied to the beam model. 

The first type was gravity loading, which acted as load-controlled loading. It was applied by the additional 

mass put at the free end of the beam as well as the self-weight of the beam. The other loading was a cyclic 

acceleration at the base of the beam. This base acceleration acted as the source of reversal dynamic loading. 

Those two loadings are shown in Figure 3. Though the beam specimens in the experimental and numerical 

analysis were set horizontally and vertically respectively, the moment at the specimen root was adjusted to 

be accordant. 

 

 
 

Figure 3. Beam model with loading conditions. 

 

Occurrence conditions of ratcheting were observed for loadings with different frequencies and were 

plotted in a diagram with stress parameters X and Y. The non-dimensional primary and secondary stress 

parameter X and Y are the ratio of bending stress to yield stress due to gravity and the maximum 

acceleration respectively as written below: 

 

X =
𝜎1

𝜎𝑦
                          (1) 

Y =
𝜎2

𝜎𝑦
             (2) 

 

where σ1 is the bending stress due to gravity; σ2 is the bending stress statically equilibrium to peak 

floor acceleration; σy is the material yield stress.  

 

The following equations were used to calculate bending stress: 
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𝜎1 =
𝑀𝑔

𝑍
                   (3) 

𝜎2 =
𝑀𝑖𝑛

𝑍
                  (4) 

 

where Mg and Min are the moments due to gravity and inertia force and Z is the section modulus.  

 

For drawing a ratcheting diagram, a criterion was needed to judge the occurrence condition of 

ratcheting. In this research, the ratcheting was tentatively decided by 1% plastic strain accumulated 

during100 cycles of waves.    

 

 

RESULTS AND ANALYSIS UNDER SINUSOIDAL ACCELERATION WAVES 

 

Figure 4 shows the sinusoidal input function at different frequencies. In this figure, “fn” means the natural 

frequency of the beam specimen. 

 

 
Figure 4. Input loading waves at different frequencies. 

 

Experimental results 

 

A typical strain response in the presence of ratcheting in experimental results is shown in Figure 5.  When 

input acceleration of the shaking table exceeded a specific value, the strain accumulated and finally 

ratcheting occurred. 

 

 
Figure 5. Strain response at the root of the beam. 
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Figure 6 presents the experimental ratcheting diagram for four different frequencies (0.5, 1.0, 1.5 

and 2.0 fn) with varying conditions of loading. It is evident that lower frequency loading has relatively 

lower Y value, which means ratcheting is highly possible to occur in such a case. Detailed explanations of 

frequency dependency characteristics and the comparison between experimental and numerical results will 

be presented together with numerical analysis. 

 

 
Figure 6. Experimental ratcheting diagram for the sinusoidal input. 

 

Experiments results and comparison with numerical analysis 

 

Figure. 7 compares the results of the experimental and numerical analyses under sinusoidal 

acceleration waves at different frequencies. It is evident that the trend of experimental and finite element 

analysis results is similar. Y decreases by the increase of X, which means the growth of the top mass makes 

the ratcheting easily. 

 

  

  
Figure 7. Comparison between experiment and FEM results. 
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Figure 8 shows the ratcheting diagram for the sinusoidal input. It includes a theoretical collapse 

line and the ratcheting boundary bending-bending model by Yamashita et. al. The collapse line is the 

theoretical plastic collapse of the rectangular beam which can occur when the stress at any point of the 

beam reaches the yield stress of the material. So, the construction of the theoretical collapse line means a 

static load is put at the top of the beam which can σy at every point. According to the definition of load-

controlled loading, this type of static load is purely load-controlled. On the other hand, the ratcheting 

boundary of Yamashita's model was also put in the proposed ratcheting diagram. It is worthwhile to notice 

that the secondary stress of Yamashita’s model was purely displacement-controlled. In Figure 8, with low-

frequency input, the ratcheting diagram follows closely to the theoretical line. It means that the seismic load 

acts like a load-controlled load. On the contrary, at a higher frequency such as 1.75 fn, there is a good 

analogy between the theoretical ratcheting boundary and FEM result of this study. So, at a higher frequency, 

the seismic load is acting more like displacement-controlled loading than load-controlled loading. 

 

 

 
 

Figure 8. Ratcheting diagram for sinusoidal waves. 

 

The various line in Figure 8 represents the ratcheting occurrence at different frequencies of the 

input wave. When loading sinusoidal waves with constant stress by gravity, the loading with a lower 

frequency is more damageable mainly due to the phase delay between loading and displacement, as shown 

in Figure 9. In the case of low-frequency vibration, there is a small delay so that it is similar to the static 

load. In contrast, higher frequency case exhibits considerable delay, and external energy is not transferred 

to structures. Such a phenomenon is the reason why higher frequency loading is less damageable. 
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Figure 9. The phase delay between input acceleration and response displacement at 0.5 fn, 1.0 fn, and 1.5 

fn. 

 

RESULTS AND ANALYSIS UNDER COMPOSITE SINUSOIDAL ACCELERATION WAVES  

 

The composite sinusoidal acceleration wave is the addition of two sinusoidal acceleration waves, as shown 

in Equation 5 and Figure 10. 

 

a = A(sinω1t + sinω2t)     (5) 
 

 

 
Figure 10. Single and composite sinusoidal acceleration. 

 

Numerical analysis of loading composite sinusoidal acceleration wave 

 

The occurrence conditions of ratcheting are compared between single and composite sinusoidal 

waves at 0.5, 1.0 and 2.0 times of natural frequency, as shown in Figure 11. The theoretical collapse line 

and the ratcheting boundary of the bending-bending model are also put in the ratcheting diagram to 

recognize the characteristics of seismic loading. From 0.5 fn series to 2.0 fn series, the trend is obvious that 

all lines move upside. It means when one part of the composite wave is at a lower frequency, the shaking 
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wave is close to pure load-controlled loading. Inversely, when one composite is at a higher frequency, the 

shaking wave is close to pure displacement-controlled loading. For the occurrence of ratcheting, the 

composite acceleration of lower frequency needs less acceleration and plays a dominant effect. 

 

 

 

 
 

Figure 11. Ratcheting diagram of composite sinusoidal waves (0.5 fn, 1.0 fn, and 2.0 fn series). 

 

Figure 12 represents the visible deformation on the beam model after vibration. The comparison of 

the displacement on the right vertex of the beam model in Figure 3 is shown in Figure 13. In this figure, the 

upper curve represents the displacement when loading the addition of half natural frequency and the exact 
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natural frequency (‘0.5 fn + 1.0 fn’, hereinafter called ‘Case 1’). Similarly, the lower curve (‘0.5 fn + 2.0 

fn’, hereinafter called ‘Case 2’) represents the loading half and twice of natural frequency. Apparently, after 

a hundred cycles, the accumulated displacement of loading “0.5 fn + 1.0 fn” is relatively larger comparing 

to the other case. It also validates that the composite acceleration of lower frequency can easily cause the 

occurrence of ratcheting. 

 

 
 

Figure 12. Deformation after vibration. 

 

 
Figure 13. Comparison of displacement of the root part of the specimen in the two cases. 

 

In Figure 13, the displacement of Case 1 increased sharply at the beginning. The phenomenon can 

be explained by the stress-strain curve as shown in Figure 14, in which the initial three cycles of vibration 

are presented. The stress-strain diagram shows hysteresis loops and the area of each loop denotes the energy 

absorbed per unit volume per cycle due to damping. In Case 1 the energy absorption at initial cycles is 

much higher than that in Case 2, and this corresponds to the fact that the displacement of Case 1 is relatively 

higher compared to Case 2.  
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Figure 14. Comparison of energy absorption of the initial three cycles of vibration. 

 

CONCLUSIONS AND FUTURE WORK 

 

This research found that when loading sinusoidal acceleration wave, the input with a lower frequency is 

more damageable. Regarding composite loading acceleration, the combination of lower frequency waves 

become damageable than other cases, and the component input with lower frequency plays a dominant 

effect on the occurrence of ratcheting.  

 

In further study, realistic seismic waves will be analyzed. There are many accelerations of different 

frequencies in realistic seismic waves. Besides, the research will also expand to the real piping system. 
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