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Abstract 

The accident occurred on March 11, 2011, at the Fukushima Daiichi nuclear power plant, which 

was followed by a massive earthquake and tsunami, was one of the most severe nuclear accidents 

in history. This accident has impacted the use of nuclear energy all over the world.  

 

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

mitigation of accident consequences for beyond design basis events (BDBEs), which are 

assumed to occur due to extreme conditions, becomes essential. Operation experiences indicate 

that events that are outside of the design basis may result in severe consequences. Those events, 

which are categorized as BDBEs, have a low likelihood of occurrence and are characterized by 

large uncertainties. The consideration of BDBEs is an essential component of the defense 

approach in ensuring nuclear safety. Requirements and required functions are different between 

design basis events (DBEs) and BDBEs. Requirements for DBEs are safety, availability, and 

serviceability; therefore, any failure should be prevented. However, requirements for BDBEs are 

safety and resilience; therefore, limited failure locations are allowable, and failure consequences 

should be mitigated. For BDBEs, the prediction of actual failure phenomena is necessary to find 

weak points and determine effective countermeasures. The design guided by conventional 

approaches may be feasible and reasonable; however, it is too conservative for BDBEs and is not 

optimal in terms of cost and performance. Therefore, conservative methods are not suitable to 

predict actual failure locations and their order under BDBEs. 

 

Countermeasures for BDBEs require the best strength evaluation methods of nuclear power plant 

components. Therefore, it is necessary to clarify the dominant failure modes under different 

extreme loads, which includes the identification of probable failure modes as well as the 

occurrence conditions of these failure modes. The current study focuses on ratcheting, which is 

one dominant failure mode of piping under seismic loads. The strain accumulating in the 

direction of the applied stress causes the occurrence of ratcheting and may cause more severe 

failures of structures consequently (e.g., collapse). Therefore, it is essential to identify the 

occurrence conditions of ratcheting, as considered in many design criteria. Those criteria require 
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the structures to remain below the defined ratcheting boundaries. However, current methods 

determining the ratcheting boundary only considers the constant pressure load with varying 

thermal loads. They are not suitable for the progressive deformation due to excessive seismic 

loads, especially when considering the mitigation of accident consequences under BDBEs. 

Therefore, investigating the ratcheting behavior under excessive vibrations with reasonable 

accuracy is necessary for engineering reference. 

 

Two types of models were included in this study: the beam model and the piping model. The 

beam model was under consideration to identify the basic mechanisms of the occurrence 

conditions of ratcheting due to strong vibrations and compare thermal ratcheting (the Bree 

diagram and the Yamashita diagram) with vibration ratcheting. The analyses of the piping model 

were extended to the mechanisms to realistic structures. These two models are closely connected. 

For example, for a hollow cylinder, if the wall thickness is much less than the mean radius, the 

effects of curvature may be neglected. Therefore, the thin cylinder may be regarded as a two-

dimensional beam model. The characteristic of seismic loads is ambiguous so that the 

classification of seismic load characteristics with frequency effect was also under consideration. 

Besides, this study also tried to propose countermeasures against ratcheting for engineering 

reference. 

 

Chapter 2 focused on clarifying the ratcheting mechanism of beams subjected to the combination 

of gravity and seismic loads. Thermal ratcheting was compared to clarify the characteristics of 

seismic loads. Seismic ratcheting occurred due to the combination of load-controlled load (e.g., 

gravity) and alternative cyclic accelerations. The criterion to judge the occurrence condition of 

ratcheting was decided to be 1% plastic strain accumulated during 100 cycles of sinusoidal 

waves at the root part of the specimen. The material was decided to be the lead alloy due to the 

realization of ratcheting by the small size shaking table in the laboratory and safety concerns 

during experiments. Besides, the stress-strain curve of the lead alloy has a similar trend to the 

steel but much smaller yield stress. Dynamic inelastic finite element analyses were performed on 

a beam-shaped model under different loading conditions. FINAS/STAR did the finite element 

analyses (FEA) with the aid of the mesh generation by FEMAP. Three types of vibrations were 
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applied to the beam model: sinusoidal excitations, superposition of two sinusoidal acceleration 

excitations, and seismic excitations. Experiments were carried out to validate the analytical 

analyses of the seismic excitations partially. Characteristics of seismic loads between load-

controlled and displacement-controlled properties were studied from the viewpoint of the 

frequency ratio of forcing frequencies to natural frequencies. All the results were placed in a 

non-dimensional diagram, which was similar to the Bree diagram, to clarify ratcheting 

occurrence conditions.  

 

In Chapter 3, experimental and numerical analyses were performed on bent solid bars, which 

represented piping. Two types of loads were applied to the piping model. The first one was the 

external compressive force at the ends of the piping model, which acted as the load-controlled 

force and caused primary bending stress. The second load was cyclic accelerations from the 

shaking table, acting as the source of alternating dynamic loads. The nonlinear stress-strain curve 

of the Pb99%-Sb1% alloy, which was from the tensile test at room temperature at the authors’ 

laboratory, was applied in numerical analyses. Both kinematic and isotropic hardening rules were 

included in this study. The piping models were divided into two categories: the piping model 

without additional supports (Piping-N) and the piping model with three supports in the medium 

part (Piping-S). For the piping model, the criterion of ratcheting it was determined to be a 0.5% 

plastic strain at the extrados of the elbow accumulated during 50 sinusoidal cycles. 

Characteristics of seismic loads were studied from the viewpoint of the frequency ratio of the 

forcing frequency over the natural frequency of the piping model. Besides, the effect of supports 

on the occurrence of ratcheting was also considered in this chapter.  

 

Chapter 4 focused on the comparison of the ratcheting occurrence conditions between the beam 

model and the piping model, together with the Bree diagram and the Yamashita diagram. This 

chapter proposed one normalized vibration ratcheting diagram to show and compare ratcheting 

occurrence conditions with different materials and shapes. The final chapter presented the 

general conclusions on the occurrence of ratcheting. In addition, countermeasures against 

ratcheting were also proposed in this chapter. 
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Chapter 1. Introduction 

 

On March 11th, 2011, a catastrophic earthquake and tsunami caused one of the most severe 

nuclear accidents ever experienced in history at the Fukushima Daiichi nuclear power plant. This 

accident has influenced the nuclear industry profoundly all over the world. Addressing the 

accident, both in terms of its immediate or long-term consequences and the application of 

corrective actions from lessons learned to prevent a recurrence of such accident, became 

necessary for the whole nuclear industry in all countries with nuclear power plants 

[1][2][3][4][5][6][7]. 

 

1.1 Requirements after Fukushima Daiichi nuclear accident 

1.1.1 Design basis events (DBEs) and beyond design basis events (BDBEs) 

Understanding and using lessons learned from applicable service experience is a significant part 

of good design. One essential lesson learned from the Fukushima Daiichi nuclear accident is that 

the mitigation of accident consequences for beyond design basis events (BDBEs), which 

possibly occur under excessive seismic loads, becomes essential [8][9][10].  

 

1.1.1.1 Design basis events (DBEs) 

“Design basis events (DBEs)” causes accident conditions regulated by established design criteria 

and conservative methodologies. Those conditions should make sure that releases of radioactive 

material should be kept within acceptable limits. This concept has been applied in many 

standards or codes for many years. The requirements for DBEs have been established and are 

thought to be very conservative to avoid severe accidents [11]. Nuclear power plant operation 

experiences show that during the lifetime, the events defined within the DBEs have some 

probabilities of occurrence. However, the consequences of DBEs are usually within acceptable 

limits [12].  
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1.1.1.2 Beyond design basis events (BDBEs) 

On the other hand, operation experiences also indicate that the events, which are beyond the 

design basis, would result in terrible consequences. Those accidents are thought to have a low 

likelihood of occurrence and are characterized by large uncertainties. Those events are called 

“beyond design basis events” (BDBEs). The consideration of BDBEs is an essential part of the 

defense approach in ensuring nuclear safety.  

 

Requirements and required functions are different between DBEs and BDBEs, as shown in Table 

1-1 [13]. Requirements for DBEs are safety, availability, and serviceability; therefore, any failure 

should be prevented. However, requirements for BDBEs are safety and resilience; therefore, 

limited failure locations are allowable, and failure consequences should be mitigated.  

 

Table 1-1 Comparison between DBEs and BDBEs 

 DBEs BDBEs 

Requirements Failure prevention for safety, 

availability, and serviceability. 

Failure mitigation for safety and 

resilience. 

Performance Any failure modes should not 

occur. 

Easy inspection is required. 

Unstable failure modes, such as 

fractures, should not occur. 

The sequence of chain failure should be 

verified. 

Limited failure locations are allowable. 

Failure modes Stable failure modes 

(deformation, fatigue, etc.) and 

unstable failure modes (fracture, 

collapse, etc.). 

Unstable failure modes (fracture 

collapse, etc.), chain failure. 

Risk assessment Focus on probability. Find relatively weak points.  

Focus on consequent damage. 

Performance 

evaluation and 

evaluation method 

Conservative evaluation for 

assumed failure modes. 

Focus on each component. 

Best estimation for actual failure 

modes.  

Focus on the system failure sequence. 

Performance 

improvement 

Risk-informed optimization of 

design, fabrication, and 

maintenance (graded approach). 

Fracture control, according to the 

failure mode sequence. 

Risk-informed combination of fracture 

control with accident management. 
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Performance and related failure modes are different according to requirements. Under DBEs, any 

failure modes, including stable and unstable failure modes, should be prevented. Design codes 

for DBEs provide conservative allowable limits. Also, it is required to add enough margin to the 

actual strength of the nuclear power plant components to avoid any failure. Therefore, the 

exceedance of those limits does not mean actual failures. On the other hand, for BDBEs, only 

unstable failure modes (fracture, collapse, etc.) are not allowed.  

 

Consideration of failure modes is also different between DBEs and BDBEs (Figure 1-1). Under 

BDBEs, stable failure modes (e.g., deformation and local boundary failure) can extend to 

unstable failure ones (e.g., the collapse). Such chain failure sequences should be blocked. 

Therefore, it is essential to understand their ultimate behavior and take reasonable 

countermeasures according to the strength estimation of the components to avoid the severe 

failure of structures [14]. The objectives of risk assessment are also different. Viewpoint for 

DBEs focuses on probability. In contrast, the purpose of BDBEs is to find relatively weak points 

with attention to consequent damage [13].  

 

 

Figure 1-1 Different considerations of failure modes between DBEs and BDBEs 
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1.1.1.3 Design extension conditions (DECs) 

One subset of BDBEs is known as design extension conditions (DECs). The definition of DECs 

was introduced in IAEA Specific Safety Requirements No. SSR-2/1 (Rev. 1) to improve the 

safety and security of nuclear power plants by improving the plant’s capability to withstand the 

conditions caused by BDBEs [15]. In IAEA SSR-2/1 (Rev. 1), DECs are accident conditions that 

are not included for DBEs. Instead, DECs are considered in the design process for the firmness 

of facilities by best estimate methodologies (Figure 1-2).  

 

 

Figure 1-2 Revised definitions of plant states in IAEA SSR-2/1 (Rev. 1) 

 

Under DECs, releases of radioactive material should be kept within acceptable limits [16]. 

Requirement 5.28 of IAEA SSR-2/1 (Rev. 1) specifies that the DECs shall be used to define the 

design specifications for safety concerns and the design of all aspects essential to safety. 

Considering DECs help to prevent some severe conditions from arising. If they do arise, the 

consideration of DECs can also contribute to control them within acceptable limits and to 

mitigate their consequences. DECs could include severe accident conditions. Besides, plant 

states cover DECs in IAEA SSR-2/1 (Rev. 1). In contrast, in IAEA Safety Standards Series No. 
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NS-R-1 published in 2000, the whole part of BDBEs was not included in the design basis [17]. 

The difference between SSR-2/1 (Rev. 1) and NS-R-1 is shown in  Figure 1-3. 

 

IAEA, NS-R-1, “Safety of Nuclear Power Plants: Design,” 2000.  
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Figure 1-3 Comparison between SSR-2/1 (2016) and NS-R-1 (2010) 

 

The consideration of DECs is supposed to enhance the safety features based on the engineering 

judgment and the probabilistic assessment [18]. The engineering judgment derives from research 

results, lessons learned from accidents, and operating experiences. The application of 

probabilistic insights is vital in recognition of DECs. 

 

When designing pieces of equipment for DECs, the loads are often treated similarly as those for 

DBEs. However, according to the definition of DECs in IAEA SSR-2/1 (Rev. 1), the best 

estimate methodology for determining environmental conditions is also necessary. Stress limits 
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that are used to justify the feasibility of equipment are supposed to be less conservative than 

those used for design basis conditions. The judgment of feasibility would be decided according 

to reasonable expectations for the performance of the equipment. Besides, IAEA SSR-2/1 (Rev. 

1) also requires that external hazards should be considered in the design by assuming appropriate 

amplitudes, load combinations, and margins for equipment under design basis conditions. 

 

1.1.2 Defence in depth 

Defence in depth (DiD) is a concept applied to optimize nuclear safety for many years. It is used 

in the design of nuclear facilities, the assessment of such designs, and all aspects of their 

regulation [19]. For example, the IAEA SSR-2/1 (Rev. 1) sets a specific requirement for the 

design: “Requirement 7: Application of defence in depth. The design of a nuclear power plant 

should incorporate defence in depth. The levels of defence in depth should be independent as far 

as is practicable.” 

 

Table 1-2 Levels of defence in depth for new nuclear power plants 
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The DiD concept has been reinforced after the Fukushima accident with a revised description of 

all five levels. The introduction of the DECs represents the main difference with the original 

definitions in INSAG-10 [10]. The description of the levels of DiD for the design of nuclear 

power plants is presented in Table 1-2 [18]. Since currently there is a discrepancy with the 

association of DECs without fuel degradation, DECs are placed in the 3rd or 4th level of DiD. 

From the table, it is evident that provisions should be implemented in the design to eliminate the 

possible severe failures, reduce the possibilities, and deal with their consequences. 

 

1.1.3 Risk reduction approaches 

 

Figure 1-4 Risk reduction scheme 

 

Efficiencies of risk reduction approaches are different according to risk stages [5]. Therefore, 

multi-stage countermeasures become suitable according to the performance of each level. The 

relationship between probability (P) and consequent damage (C) is shown in Figure 1-4. There 
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are three risk stages in this figure – design area, accident management area and evacuation area. 

The design area has higher risk probabilities with lower consequent damages. Therefore, at this 

level, the reduction of probabilities by failure prevention is efficient. In contrast, a suitable way 

for the evacuation area is the reduction of consequent damage. The intermediate region is 

accident management, where BDBEs would occur. This area is categorized as the 4th layer in the 

concept of Defence in Depth. 

 

1.1.4 Fracture control 

Previous efforts in the structural strength field mainly focused on the design area. There are few 

suitable approaches applied to the beyond design area. Therefore, there is a large gap between 

the design area and the beyond design area in structural strength fields [20]. Unlike the 

conventional design approaches for DBEs, understanding the ultimate failure modes, and 

conducting adequate countermeasures based on the rational strength estimation of the 

components under BDBEs are necessary to prevent the severe failures of structures [14]. 

 

The concept of fracture control has been proposed and applied to mitigate the accident 

consequences of nuclear power plants from the viewpoint of structure and material fields [13] 

[20]. An example is shown in Figure 1-5. For piping under excessive earthquakes, the ratcheting 

deformation and crack initiation consume considerable vibration energy. That consumption can 

help to avoid the collapse or break of pipes. Therefore, severe failures can be prevented by 

energy release due to prior small-scale failures. One key issue for fracture control is the 

identification of failure locations with their failure modes, which means adequate consideration 

of failure modes is necessary. Fracture control requires relative strength evaluation for different 

failure modes, which is more feasible than conducting the precise strength evaluation for 

different failure modes. When the order of failure locations and modes can be identified, fracture 

control becomes available to enable effective accident management [13].  
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Figure 1-5 Prevention of collapse and break of pipes under excessive earthquake 

 

1.2 Seismic loads and related failure modes 

The 2011 earthquake off the Pacific coast of Tōhoku increases the researcher’s interest in the 

seismic safety of nuclear power plant facilities [21]. Typically it is impossible to predict the 

occurrence time and intensity of natural disasters [22][23]. Therefore, when designing structures, 

the expectation of deforming beyond the elastic limit during infrequent devastating vibrations in 

earthquake-prone regions with adequate margins introduced at different stages of design, 

analysis, qualification, and construction is included. Thus, for nuclear power plants built in areas 

where strong earthquakes frequently occur, the inelastic response is necessary to study [24].  

 

1.2.1 Adequate consideration of failure modes 

The Fukushima accident reinforced the need for the capability to safely withstand the full range 

of external and internal events to which it is supposed to be exposed [19]. IAEA SSR-2/1 (Rev. 1) 

requires the identification of external hazards. The evaluation of their effects, especially the 

assumed events and generated loads, are also necessary for the design. Causation and likelihood 
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should be under consideration in possible assumptive hazards. Besides, an adequate margin 

should be provided against external hazards. The safety margins to be taken depends on specific 

attributes of these hazards. The important factors include the possibility of causing disastrous 

accidents and the uncertainties in the assessment. Combinations of events, such as a tsunami 

following an earthquake, should also be taken into consideration. 

 

According to the different requirements shown in Table 1-1, the structural strength, which is 

defined as the strength to satisfy the required performance, is also different. Design codes for 

DBEs provide a conservative allowable limit. Therefore, the exceedance of those limits does not 

mean actual failure. In contrast, for BDBEs, the prediction of actual failure phenomena is 

necessary to find weak points and determine effective countermeasures. Conservative methods 

are not appropriate to predict practical failure locations and their occurrence sequences. 

According to IAEA SSR-2/1 (Rev. 1), strategies for BDBEs require precise estimate 

methodologies based on practical failure phenomena in the design process. For DECs with 

significant fuel degradation, the uncertainties are highly possible to exceed those for DBEs. 

Therefore, safety margins should be expanded for DECs.  

 

In terms of structural design, nuclear power plant components need to be enhanced to mitigate 

severe accidents and eliminate accident sequences that may cause a large radioactive release [25]. 

For previse estimation, it is necessary to elucidate failure modes under extreme loads such as 

high temperature, high pressure, and excessive earthquakes. Since such events are rare, it is 

significant for designers to know the dominant failure modes at extreme loads. Predicting and 

controlling severe nuclear accident modes requires the identification of possible failure modes 

and the clarification of occurrence conditions of such failure modes [26].   

 

1.2.2 Load-controlled stress and displacement-controlled stress 

Stresses can be classified into two types related to failure modes (Figure 1-6): load-controlled 

stress (primary stress) and displacement-controlled stress (secondary stress) [27]. The main 

characteristic of load-controlled stress is that plastic instability occurs without the additional 
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external force. The representative load-controlled stresses are internal pressure and dead weight. 

In contrast, for displacement-controlled stress, plastic deformation does not grow indefinitely 

unless the external load is increased. One example of displacement-controlled stress is thermal 

stress. Seismic loads are thought to have both load-controlled and displacement-controlled 

characteristics. Therefore, it is essential to clarify the features of seismic loads to avoid related 

failure modes. 

 

 

Figure 1-6 Difference between load-controlled and displacement-controlled stress 

 

1.2.3 Nuclear power plants under seismic loads 

One requirement of the design for nuclear facilities is earthquakes, and other external events will 

not endanger the safety of the plant [28]. 

 

1.2.3.1 Seismic evaluation in codes 

Many codes and specifications include seismic evaluation in the design progress of nuclear 

power plant components. For example, ASME B&PV III NB-3592.3 required that an analysis, 

when required by the Design Specification, shall be performed based on static forces resulting 

from equivalent earthquake acceleration acting at the centers of gravity of the extended masses 

[29]. In addition, EPRI provides guidelines for the safety of the nuclear power plant under 

earthquakes [30]. The guidelines provide for pre-earthquake planning and progressive response 
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to an earthquake. The responses include recommended immediate actions, as well as post-

shutdown and longer-term actions.  

 

1.2.3.2 Failure modes under seismic loads 

There are many studies on failure modes under seismic loads, and more or less, those studies 

have found that low cycle fatigue failure, collapse, ratcheting, and their combinations are 

probable failure modes. However, it is found that the occurrence conditions of those failure 

modes are not clear yet. 

 

Experimental evaluations showed that the types of failure modes caused by seismic loads are 

collapse, brittle fracture, low cycle fatigue, and so on [31]. Besides, fatigue ratcheting and 

ratcheting buckling are also important failure modes for pipe structures. 

 

 

Figure 1-7 Setup in JNES tests [32] 
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Japan Nuclear Energy Safety Organization (JNES) conducted tests for several types of nuclear 

reactor facilities by one large-scale shaking table (Figure 1-7). They found that the main failure 

modes were low cycle fatigue and ratcheting [32].  

 

Electric Power Research Institute (EPRI) performed the component tests focusing on the 

dynamic behavior and failure mode of pressurized piping components (Figure 1-8). They found 

that among 32 failed cases, the failure mode of 30 cases is fatigue with ratcheting. The failure 

mode of the rest two is collapse with ratcheting [33].  

 

 

Figure 1-8 Setup in EPRI tests [33] 

 

1.2.4 Failure modes of piping systems 

The piping system is one crucial part of nuclear power plants and is thought to be the vulnerable 

components under extreme seismic events. Unlike the DBEs, BDBEs require the best estimation 
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methods against seismic loads. For this purpose, knowing the dominant failure modes of the 

structure is essential to make adequate preparation for seismic loads.  

 

ASME B&PV III NB-3622.3 mentioned that:  Piping shall be arranged and supported so that 

vibration will be minimized. The designer shall be responsible, by design, and by observation 

under startup or initial service conditions, for ensuring that the vibration of piping systems is 

within acceptable levels [29]. 

 

Plastic-collapse is one postulated failure mode under seismic loads in the conventional design 

rules. In contrast, the fatigue failure is the most probable failure mode from the various previous 

studies on piping systems made of steel even when input accelerations were much higher than 

the design allowed limit [33][34][35][36]. Failure mode other than fatigue failure may occur 

under the extreme loading condition, although it is rare [33]. 

 

National Research Institute for Earth Science and Disaster Resilience (NIED) conducted 

experiments on failure behaviors of elbow pipes made of simulation materials to clarify the 

possible failure modes under beyond design level seismic loads. The strength of the simulation 

materials was much lower than that of the steel; therefore, the experiments under the extreme 

loading condition were enabled with the existing testing facilities. That research found that the 

most typical failure mode from shaking table tests was the ratchet and subsequent collapse 

(Figure 1-9). Several factors, such as the configuration of the piping system, input frequency, 

additional mass weight, input acceleration level, were thought to affect the failure modes [37]. 

The experimental results indicated that it was crucial to understanding the structure’s ultimate 

behavior when treating BDBEs, and the investigation procedure using simulation materials was 

effective to investigate the ultimate behavior of piping systems. 
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Initial status After first excitation (ratchet) Final status (collapse) 

Figure 1-9 Typical failure process of the inverted type specimen (ratchet and subsequent collapse) [37] 

 

1.3 Literature review on ratcheting 

Ratcheting is a progressive incremental inelastic deformation or strain which can occur in a 

component that is subjected to variations of mechanical stress, thermal stress, or both [29]. There 

are many studies on ratcheting [38][39][40][41]. Ratcheting is one possible failure mode under 

excessive earthquakes. Since ratcheting is possible to lead to rupture ultimately, it is essential to 

clarify the loading conditions which enable ratcheting to occur. Pressurized piping systems are 

the most basic structures in nuclear power plants and are normally subjected to variable thermal 

and mechanical loads with cyclic nature. As described in Section 1.1, for BDBEs, the ratchet is 

acceptable, and collapse should be prevented  [13]. 

 

However, current methods determining the ratcheting boundary only consider the constant 

pressure load with varying thermal loads such as the Bree diagram. They are not suitable for the 

progressive deformation due to the excessive seismic load, especially when considering the 

mitigation of accident consequences for BDBEs. Therefore, investigating the ratcheting behavior 

under excessive vibrations with reasonable accuracy is necessary for engineering reference. 

 

In this section, the Bree diagram, and the Yamashita diagram, which were referred to in this 

research, were introduced. 
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1.3.1 Cylinder model (the Bree diagram, membrane-bending ratcheting model) 

The Bree diagram describes the ratcheting mechanism of a pressurized cylinder (Figure 1-10) 

subjected to cyclic thermal stress (Figure 1-11). In this diagram, various regimes of structural 

behavior were clarified as with magnitudes of the thermal stress and pressure stress. Thermal 

ratcheting occurred due to the combination of load-controlled stress (primary membrane stress) 

and displacement-controlled stress (secondary bending thermal stress). Bree diagram is now 

applied in the ASME code for class-1 components for the light water reactor as well as the fast 

breeder reactor at the evaluated temperature [42].  

 

 

Figure 1-10 Uniaxial stress model of a cylinder [43] 
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Figure 1-11 Bree diagram [43] 

 

Though in this study, the specimen was subjected to vibrations, the Bree diagram was referred to 

and compared to investigate the difference between thermal ratcheting and vibration ratcheting. 

If dividing the pressure stress (σp) and the thermal stress (σt) by the yield stress (σy), the Bree 

diagram can be transformed to be a non-dimensional form, as shown in Figure 1-12. In this 

figure, the X value is the ratio of the pressure stress to the yield stress (Equation 1-1), and the Y 

value is the ratio of the peak of elastic thermal stress to the yield stress (Equation 1-2). The non-

dimensional form is also used in this research. 
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Stress regime Can behavior 

R1 and R2 Ratcheting 

S1 and S2 Shakedown after first half-cycle 

P Plastic cycling 

E Elastic 

Figure 1-12 Bree diagram in non-dimensional from 

 

 𝑋 =
𝜎𝑝

𝜎𝑦
=

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑠𝑡𝑟𝑒𝑠𝑠

𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠
 Equation 1-1 
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 𝑌 =
𝜎𝑡

𝜎𝑦
=

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠

𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠
 Equation 1-2 

 

1.3.2 Beam model (the Yamashita diagram, bending-bending ratcheting model 

A similar theoretical ratcheting study for beam (Figure 1-13), which is known as the “bending-

bending” ratchet diagram (Figure 1-14), was conducted by Yamashita et al. The primary bending 

stress was from the uniformly distributed constant lateral force. The secondary bending stress 

was due to cyclic lateral deflection [44]. There are many similarities between Bree diagram and 

Yamashita’s “bending-bending” ratchet diagram. At some point, the “bending-bending” ratchet 

diagram is one kind of extension of the Bree diagram. 

 

 

Figure 1-13 Rectangular-beam model for ratcheting [44] 
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Stress regime Beam behavior 

R1 and R2 Ratcheting 

S1 and S2 

S1
′  and S2

′  
Shakedown after first half-cycle 

E Elastic 

Figure 1-14 Ratchet diagram for a rectangular beam [44] 
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1.4 Objectives of this research 

Countermeasures for BDBEs require the best estimation of the strength of nuclear power plant 

components. Therefore, it is necessary to clarify the possible failure modes due to extreme loads, 

which includes the recognition of reasonable failure modes and the occurrence conditions of 

those failure modes. The current study focuses on ratcheting, which is one common failure mode 

of piping under extreme earthquakes. The strain accumulates in one direction with the 

combination of a constant load and cyclic loads. Ratcheting may lead to severer failures of 

structures consequently (e.g., collapse). Therefore, it is essential to identify the occurrence 

conditions of ratcheting, as considered in many design codes such as ASME Boiler and Pressure 

Vessel Code Section Ⅲ [45], JSME code [46], and RCC-MR [47]. Those criteria require the 

structures to remain below the defined ratcheting boundaries [48]. However, current methods 

determining the ratcheting boundary only considers the constant pressure load with cyclic 

thermal loads. They are not suitable for the ratcheting evaluation due to the excessive seismic 

load, especially when considering the mitigation of accident consequences for BDBEs. Therefore, 

investigating the ratcheting behavior under excessive vibrations with reasonable accuracy is 

necessary for engineering reference. 

 

Piping is sensitive to seismic loads in nuclear power plants. This study deals with two types of 

models: beam and piping models. The objective of the beam model is to identify the basic 

mechanisms of the occurrence conditions of ratcheting due to strong vibrations. The mechanisms 

would be compared with the conventional thermal ratcheting models (the Bree diagram and the 

Yamashita diagram).  The objective of the study of the piping model is to extend the basic 

mechanisms to realistic structures. 

 

Through the comparison of the above two models, this study will clarify the basic mechanisms of 

seismic ratcheting related to vibration frequency. Furthermore, a frequency-dependent ratcheting 

diagram will be proposed based on the above basic mechanisms.  

 



 

22 

 

1.5 Outline of the thesis 

There are two types of models in this study: beam and piping models. The beam model was 

under consideration to identify the basic mechanisms of the occurrence conditions of ratcheting 

due to strong vibrations and compare thermal ratcheting (the Bree diagram and the Yamashita 

diagram) with vibration ratcheting. The analyses of the piping model were to extend the basic 

mechanisms to realistic structures. These two models are closely connected. The characteristic of 

the seismic load is ambiguous so that the classification of seismic load characteristic with 

frequency effect is also under consideration. In addition, this study also tries to propose 

countermeasures against ratcheting for engineering reference. 

 

Chapter 2 focuses on clarifying the ratcheting mechanism of beams subjected to the combination 

of gravity and seismic loads. The analogy between vibration ratcheting and thermal ratcheting 

was taken into consideration to investigate the characteristics of seismic loads. Seismic 

ratcheting occurred under the combined effect of load-controlled load (e.g., gravity) and 

alternative cyclic accelerations. The criterion to judge the occurrence condition of ratcheting was 

decided to be 1% plastic strain accumulation during100 cycles of sinusoidal waves at the root 

part of the specimen. Dynamic inelastic finite element analyses were performed on a beam-

shaped model under different loading conditions. FINAS/STAR did the finite element analyses 

(FEA) with the aid of the mesh generation by FEMAP. There were three types of vibrations in 

this chapter: sinusoidal excitations (it is called “SIN” excitations later), superposition of two 

sinusoidal acceleration excitations (it is called “SIN+SIN” excitations later), and seismic 

excitations. Experiments were carried out to validate the analytical analyses of the seismic 

excitations partially. Extreme loading conditions such as larger input accelerations are necessary 

to conduct an in-depth investigation of failure behaviors under BDBEs. However, it is difficult to 

realize those conditions for steel models due to the limitation of the performance of testing 

facilities and safety concerns during experiments. Thus, an experimental method using 

specimens made of simulation materials instead of steel pipes to investigate failure modes under 

seismic loads with several reasonable assumptions was applied in this study. Characteristics of 

seismic loads between load-controlled and displacement-controlled properties were studied from 

the viewpoint of the frequency ratio of input loads to the natural frequencies. All the results were 
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shown in a diagram similar to the Bree diagram to clarify the occurrence conditions of ratcheting. 

Results showed that the lower frequency load had a relatively lower Y value, which means 

ratcheting is highly possible to occur. With lower frequency input, the load acts like load-

controlled stress. With higher frequency input, the load acts like displacement-controlled stress. 

In addition, it is meaningful to use simple SIN waves instead of the complicated seismic wave to 

judge the occurrence of ratcheting if the major frequency of the seismic wave is the same as the 

SIN wave. 

 

In Chapter 3, experimental and numerical analyses were performed on bent solid bars, which 

represented piping models in this study. Similar to the beam model, considering the limitation of 

the shaking tables at the authors’ laboratory and the safety concerns, the material of the piping 

specimens used was also lead alloy. There were two types of loads applied to the piping model. 

The first one was the external compressive force at the ends of the piping model, which acted as 

the load-controlled force and caused primary bending stress. The second load was cyclic 

accelerations from the shaking table, acting as the source of alternating dynamic loads. The 

nonlinear stress-strain curve of the Pb99%-Sb1% alloy, which was from the tensile test at room 

temperature at the authors’ laboratory, was applied in numerical analyses. Both kinematic and 

isotropic hardening rules were included in this study. The piping models were divided into two 

categories: the piping model without additional supports (Piping-N) and the piping model with 

three supports in the medium part (Piping-S). The criterion of ratcheting was determined to be a 

0.5% plastic strain at the extrados of the elbow accumulated during 50 sinusoidal cycles. The 

load-controlled and displacement-controlled properties were studied from the viewpoint of the 

frequency ratio of the harmonic force frequency over the natural frequency of the piping model. 

In addition, the effect of supports on the occurrence of ratcheting was also considered. Results 

show that the resonance effect was evident in the piping model compared with the beam model 

due to the limited plastic area in the piping model. At higher frequency, ratcheting was easier to 

occur in the piping with supports because additional supports increased natural frequencies and 

decreased frequency ratio. In terms of the occurrence of ratcheting, sometimes providing more 

supports does not mean increasing the safety of piping. The vibration with a lower frequency 
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ratio showed load-controlled characteristics. In contrast, the vibration with a higher frequency 

ratio has displacement-controlled characteristics. 

 

Chapter 4 focused on the comparison of the ratcheting occurrence conditions between the beam 

model and the piping model, together with the Bree diagram and the Yamashita diagram. This 

chapter proposed one normalized vibration ratcheting diagram to show and compare ratcheting 

occurrence conditions with different materials and shapes. The final chapter presented the 

general conclusions on the occurrence of ratcheting. In addition, countermeasures against 

ratcheting were also proposed in this chapter. 
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Chapter 2. Ratcheting of Beam Models 

This chapter studied the ratcheting mechanism of the beam model under the combination of 

gravity and vibration loads. The analogy between vibration ratcheting and thermal ratcheting was 

considered to clarify the characteristics of seismic loads. 

 

Beams are fundamental structures in nuclear power plants and are often subjected to cyclic 

mechanical loads such as thermal or seismic stresses [49]. However, the occurrence of ratcheting 

under seismic loads is not clear because seismic loads are thought to contain both load and 

displacement controlled characteristics [31]. The current criterion defines the failure mode for 

the pipes in nuclear power plants as collapse [50], which means the leakage caused by the cracks 

[31]. The seismic probabilistic risk assessment (PRA) usually treats the failure modes under 

severe seismic loads as collapse. However, this assumption is not appropriate when considering 

the best estimation to think about countermeasures against BDBEs. This chapter concentrated on 

the analogy between vibration ratcheting and thermal ratcheting; the latter was described by the 

Bree diagram or the Yamashita diagram, as shown in Section 1.3. Seismic ratcheting occurred 

under the combined load-controlled load (e.g., gravity) and alternative cyclic vibrations. 

Dynamic inelastic finite element analyses were performed on a beam with different loading 

schemes. There were three types of vibration waves in this chapter: sinusoidal acceleration 

excitations (“SIN” excitations), the superposition of two sinusoidal excitations (“SIN+SIN” 

excitations), and seismic excitations. Experiments were carried out to validate the analytical 

studies. Properties of seismic loads were considered from the viewpoint of the frequency ratio of 

the forcing frequencies to the system natural frequencies. All the results were placed in a non-

dimensional diagram similar to the Bree diagram to describe the detailed occurrence conditions 

of ratcheting. 

 

Part of this work in this chapter, especially the ratcheting of the beam model under SIN loads, 

was done by previous laboratory members and published already [26]. That work was repeated 

in this study with the agreement from previous laboratory members since it was fundamental for 

further researches in this study and could help to distinguish the characteristics of seismic loads. 
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2.1 Methods for ratcheting analyses of beam models 

Experimental and numerical analyses have equally essential roles in mechanics. In this study, 

experiments were conducted to validate numerical results partly and verify the ratcheting 

characteristics. Detailed numerical analyses were applied to obtain precise ratcheting boundaries 

at different loading schemes.  

 

2.1.1 Experimental methods for the beam model 

Extreme loading conditions, such as large input accelerations, are necessary to conduct an in-

depth investigation of failure behaviors under BDBEs. However, it is difficult to realize those 

conditions due to the limitation of the performance of experiment facilities and safety concerns 

during experiments. Thus, a method using specimens made of simulation materials instead of 

steel to investigate failure modes under seismic loads was applied in this study. Figure 2-1 shows 

the beam model in experiments. The material was lead-antimony (Pb-Sb) alloy [51][52][53][37]. 

The stress-strain curves of lead-antimony alloys, including pure lead, are shown in  Figure 2-2. 

The carbon steel, which is widely used in industry, is referred. The curves of Pb-Sb alloys have a 

similar tendency as that of carbon steel. However, the yield stress is much smaller comparing to 

carbon steel [52]. Those characteristics in the stress-stain curves indicate that it is reasonable to 

use the Pb-Sb alloy to simulate the components made of steel. Therefore, experiments under the 

extreme loading condition can be simulated with the existing testing facilities using the 

simulation materials. 
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Figure 2-1 Experiment setup of the beam model 

 

  

Pb-Sb alloys (at 23°C) Carbon Steel 

Figure 2-2 Stress-strain curves of Pb-Sb alloys and carbon steel [51] 

 

The cross section of the beam model was 6 mm × 13 mm, with the length as 140 mm (Figure 

2-3). As shown in Figure 2-1, one end of the rectangular beam model was fixed to the shaking 

table. The gravity of the top mass provided the load-controlled load. The top mass and length 
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were decided according to different ratcheting conditions. The dynamic loads were from the 

skating table. 

 

 

Figure 2-3 Specimen in experiments 

 

2.1.1.1 Material tests 

Tensile tests (Figure 2-4)  at the author’s laboratory provided the material parameters, as shown 

in Table 2-1.  
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Figure 2-4 Tensile test at the laboratory 

 

Table 2-1 Material parameters (Pb99%-Sb1%) from the tensile tests 

 Symbol Unit Value 

Modulus of elasticity E GPa 19.15 (23℃) 

Yield strength σy MPa 8.5 (23℃) 

Poisson's ratio ν - 0.36 

Density ρ kg/m3 11,340 

Length l mm 140 

Width d mm 13 

Height h mm 6 
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2.1.1.2 Experiment facilities 

The high-performance shaking table used in this research was made by SAN-ESU CO., LTD, as 

illustrated in Figure 2-5. The model type is SPTD-8KS-85L-5T and is one-direction movable. 

This shaking table, with the size as 800 mm × 600 mm, and the load capacity as 19.6 kN, can 

reproduce recorded earthquakes time-histories within its capacities. Research can change the 

platform according to different test conditions. This shaking table can achieve the maximum 

acceleration as 20.0 G. The working frequency varies from 0.1 Hz to 100 Hz. The controller, 

shown in Figure 2-6, can load sinusoidal,  shock, and seismic waves to the shaking table. 

 

 

Figure 2-5 Shaking table used in this research 
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Figure 2-6 Controller of the shaking table 

 

Several accelerometers, velocity sensors, and displacement sensors were used in experiments to 

measure motions and vibrations (Figure 2-7). SAN-ESU CO., LTD also provided most sensors. 

The types included IEPE SA-122L, P51C, and so on.  

 

 

Figure 2-7 One accelerometer used in experiments 



 

32 

 

 

Strain gauges were also applied to measure the strain of some parts of specimens (Figure 2-8). It 

was produced by Kyowa Electronic Instruments Co., Ltd. The type was KFEL-2-120-C1L3M2R 

and could measure strain with the range from 1.05% to 3.05%. 

 

Figure 2-8 Strain gauge used in experiments 

 

The data logger (Figure 2-9) is used to measure the strain during experiments. It was produced 

by KEYENCE CORPORATION.  

 

 

Figure 2-9 Datalogger used in experiments 
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2.1.1.3 X and Y parameters in experiments 

One diagram, with non-dimensional primary and secondary stress parameters X and Y, was used 

to show the ratcheting occurrence conditions for loads with different schemes (forcing frequency, 

top mass, amplitude). The concept of parameter X and Y is similar to that introduced in Section 

1.3.1. The parameter X was the ratio of bending stress caused by gravity to the material yield 

stress. Similarly, Y is the ratio of bending stress caused by maximum accelerations to the 

material yield stress. 

 

where σy is the material yield stress; σg is the bending stress caused by the gravity of the top 

mass; σi is the bending stress caused by the peak floor acceleration. 

 

The bending stresses were calculated according to the following equations: 

 

where Mg and Mi represent the moments caused by gravity and inertia force; Z is the section 

modulus as below:  

Where h and b are the width and height of the beam rectangular cross section. 

 

The calculation of Mg and Mi is shown in Equation 2-6 and Equation 2-7. Similar calculations 

were conducted in numerical analyses. 

 X =
𝜎𝑔

𝜎𝑦
 Equation 2-1 

 Y =
𝜎𝑖

𝜎𝑦
 Equation 2-2 

 𝜎𝑔 =
𝑀𝑔

𝑍
 Equation 2-3 

 𝜎𝑖 =
𝑀𝑖

𝑍
 Equation 2-4 

 Z =
𝑏 ∗ ℎ2

6
 Equation 2-5 

 𝑀𝑔 = 𝑚𝑚𝑎𝑠𝑠 ∗ 𝑙𝑚𝑎𝑠𝑠 ∗ 𝑔 + 𝑚𝑟𝑜𝑑 ∗ 𝑙𝑟𝑜𝑑 ∗ 𝑔  Equation 2-6 
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The geometrical parameters are shown in Figure 2-10, which is a simplified structure of 

specimen in experiments. “a” is the maximum value of the input acceleration waves. 

 

Figure 2-10 Geometrical parameters in experiments 

 

2.1.2 Numerical methods for the beam model 

Although the experimental investigation is necessary to illustrate the mechanism of ratcheting, 

the facility capabilities, experimentation cost, and safety concerns limit the experimental 

conditions. Therefore, numerical methods are suitable to find the specific inelastic behavior of 

structures suffering from strong earthquakes. In this research, finite element analyses helped 

predict ratcheting behavior with proper constitutive models. 

 

In numerical analysis, FINAS/STAR [54] was used for the finite element analyses (FEA). The 

finite element method (FEM) is widely applied in approximating a continuous system as a multi-

degree-of-freedom system. Through this method, plenty of small elements replace the original 

 𝑀𝑖 = 𝑚1 ∗ 𝑙1 ∗ 𝑎 + (𝑚2 + 𝑚𝑚𝑎𝑠𝑠 + 𝑚𝑟𝑜𝑑) ∗ 𝑙2 ∗ 𝑎 Equation 2-7 
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continuous system geometry. The conditions (displacement, force, etc.) within the element can 

be described with approximation functions. By assuming the displacement approximation 

function that satisfies the constitutive equation and compatibility condition, the approximate 

solution to the original system can be achieved. FEMAP performed the mesh generation [55]. 

 

Table 2-2 shows the geometrical and material parameters in FEM. It is necessary to mention that 

the material in FEM was inconsistent with that in experiments since this research was sustained 

for six years, and the specimen was updated according to different conditions. However, since 

the ratcheting occurrence conditions were shown in the non-dimensional X-Y diagram, the effect 

of the material difference was negligible. Elastic-perfectly plastic analyses were performed to the 

model shown in Figure 2-11. The beam model also contained two types of loads similar to 

experiments. The first one was the gravity load from the top mass at the free end of the beam and 

weight of the beam model. This load provided load-controlled stress (primary stress). The second 

one was from the vibrations of the shaking table and acted as cyclic dynamic loads. As described 

in Section 1.2.3, seismic loads exhibit both load-controlled and displacement-controlled 

characteristics; therefore, later sections would focus on the distinction between the two stress 

types from the viewpoint of the frequency ratio. The forcing frequency, the amplitude of input 

accelerations, and the weight of top mass were adjusted according to different ratcheting 

occurrence conditions.  

 

Table 2-2 Material and geometrical parameters In numerical analysis 

 Symbol Unit Value 

Modulus of elasticity E GPa 16 

Yield stress σy MPa 5 

Poisson's ratio ν - 0.44 

Mass density ρ kg/m3 11,340 

Length l mm 140 

Width d mm 13 

Height h mm 6 
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Figure 2-11 Beam model with loading conditions in numerical analyses 

 

2.1.2.1 X and Y in the numerical approach 

Same as experimental analyses, the non-dimensional X-Y diagram was also applied in the 

numerical approach to show the ratcheting occurrence conditions. Figure 2-12 illustrates the 

meaning of the parameter X and Y in numerical analyses. The stress statically equivalent to the 

stress due to gravity was the numerator in the calculation of X. In terms of Y, the stress due to 

inertia force was included.  

 

 

Figure 2-12 Explanation of the parameter X and Y in numerical analyses 
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The calculation and definition of X and Y are similar to those in experimental analyses. The 

detailed calculations of Mg and Mi in numerical analyses are a little different from those in 

experiments due to the differences in setting, as below:  

 

Where the “l” is the beam length, and “a” is the static equilibrium acceleration of input vibration 

waves. 

 

 

Figure 2-13 The detailed model parameters of the specimen in numerical analyses 

 

2.1.3 Natural frequency and frequency ratio 

If a system contains N degrees of freedom, accordingly, there are N natural frequencies 

associated with mode shapes [56]. In the current research, only the first natural frequency was 

considered since the participation factor of the rest frequencies was negligible.   

 

In this study, “fn” meant the beam specimen’s natural frequency. For example, “1.0 fn” meant 

that the forcing frequency (the frequency of input waves) was the same as the specimen’s natural 

frequency. The frequency ratio (fr) was defined as the ratio of the forcing frequency to the 

specimen’s natural frequency by the following equation: 

 𝑀𝑔 = 𝑚𝑡𝑜𝑝 ∗ 𝑙 ∗ 𝑔 + 𝑚𝑏𝑒𝑎𝑚 ∗
𝑙

2
∗ 𝑔 Equation 2-8 

 𝑀𝑖 = 𝑚𝑡𝑜𝑝 ∗ 𝑙 ∗ 𝑎 + 𝑚𝑏𝑒𝑎𝑚 ∗
𝑙

2
∗ 𝑎  Equation 2-9 

 𝑓𝑟 =
𝑓𝑖

𝑓𝑛
 Equation 2-10 
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Where fi is the frequency of input sinusoidal wave, and fn is the specimen’s natural frequency in 

the elastic region. 

 

2.1.4 Input waves 

There were three types of input waves in this research: SIN, SIN+SIN, and seismic waves. They 

were loaded as a base excitation at the fixed end of the beam model. 

 

2.1.4.1 SIN waves 

Harmonic components with a wide range of frequencies constitute the seismic excitation. 

Therefore, it is meaningful to consider the response to harmonic motion firstly. Harmonic 

excitations are always encountered in engineering systems, such as unbalanced rotating 

machinery. Besides, understanding the response of structures to harmonic excitation provides 

insight into how the system responds to earthquakes. In this research, for convenience, sinusoidal 

waves were named as “SIN” excitations, as shown in Equation 2-11.  

 

 

Figure 2-14 shows the part of sinusoidal input waves with different frequencies. In this figure, 

“50 g” means that the top mass is 50g; “fn” means the specimen’s natural frequency, as 

discussed in Section 2.1.3. There were 100 sinusoidal cycles in one input wave. Different waves 

were loaded to clarify the effect of additional masses, the forcing frequencies, and the 

acceleration levels of the input sinusoidal waves. 

 

 a = Asin(ωt) = Asin(2πf ∙ t) Equation 2-11 
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Figure 2-14 Input SIN waves with different frequencies (normalized to [-1, 1], 50 g, 0.5 fn) 

 

2.1.4.2 SIN+SIN waves 

Two sinusoidal acceleration waves made up the SIN+SIN excitation wave, as shown in Equation 

2-12 and Figure 2-15. Therefore, there were two frequencies in one SIN+SIN excitation wave. 

The SIN+SIN wave was also cyclic, and the two components had the same amplitude. The main 

objective of loading SIN+SIN waves was to find out which frequency contributed more to the 

occurrence of ratcheting.  

 

 a = A(sin(ω1t) + sin(ω2t)) Equation 2-12 
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Figure 2-15 SIN wave and SIN+SIN wave 

 

2.1.4.3 Seismic waves 

Analyzing the response of structures to earthquakes was one of the essential purposes of this 

research. The seismic wave used in this study was the vertical component of one of the 

Kumamoto earthquake waves, which occurred on April 15, 2016, in the Kumamoto region, 

Kyushu Island, Japan [57]. The seismic data were downloaded from the Resilience National 

Research Institute for Earth Science and Disaster[58]. The accelerogram and the Fourier 

spectrum are displays in Figure 2-16 and Figure 2-17, respectively. Damping was taken equal to 

5%. In order to decrease the calculation time, only the part with larger acceleration amplitudes 

(20 seconds) was loaded to the shaking table. It is worthwhile to notice that the region around 4 

Hz, which we named it “Sensitive Region” (Figure 2-17) in this study, had a much larger Fourier 

amplitude. The magnitude and the dominant frequency of the seismic wave were adjusted 

according to the research targets. For example, “0.5 fn” means that the dominant frequency of 

the seismic wave was the half of the specimen’s natural frequency (Figure 2-18); “1.0 fn” means 

that the dominant frequency of the seismic wave was the same as the specimen’s natural 

frequency (Figure 2-19). 
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Figure 2-16 Accelerogram of the vertical component of the 2016 Kumamoto earthquake waves 

 

 

Figure 2-17 Fourier spectrum of the vertical component of the 2016 Kumamoto earthquake waves 
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Figure 2-18 Definition of frequency ratio of seismic loads (0.5 fn) 

 

 

Figure 2-19 Definition of frequency ratio of seismic loads (1.0 fn) 

 

2.1.5 Criteria for ratcheting 

It is necessary to define the occurrence conditions of ratcheting to get clear ratcheting boundaries. 

According to the definition, ratcheting occurs due to cyclic accumulation of plastic deformation. 

However, the deformation is not suitable to judge the occurrence of ratcheting. Considering the 
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size of different components, the strain, which is the elongation per unit length, is a better choice. 

The number of cycles is also an important factor; therefore, the total strain is also not suitable. It 

means that the criteria should consider the number of repetitions and the limit of total strain. 

When nuclear power plant components work at extreme conditions such as the high temperature, 

the yield stress decreases, and creep occurs; therefore, limited plastic deformation is acceptable. 

In addition, under BDBEs, ratcheting is allowed in order to release some deformation or pressure. 

In this study, for the beam model under SIN and SIN+SIN loads, the criterion of ratcheting was 

decided to be the 1% plastic strain accumulated in 100 cyclic vibrations. For the beam model 

under seismic vibrations, since the amplitude of different wave peaks were different, the criterion 

was decided to be the 0.2% plastic strain accumulated in one seismic wave. One strain gauge was 

attached to the root part of the specimen in experiments (Figure 2-1) since the largest strain 

occurred in this position. Accordingly, the strain at the root part of the specimen in numerical 

analyses was also recorded.  

 

One typical strain increment of the beam root part in numerical analysis is shown in Figure 2-20. 

The top mass was 166 g, and the frequency ratio, which was described in Section 2.1.3, was 1.5. 

Though the difference between the two amplitudes was relatively smaller, the phenomenon was 

totally different. When the amplitude was 12 m/s2, the accumulated strain was minimal (0.2%) 

after 100 cycles. In contrast, it increased to 1% quickly with the amplitude equal to 14 m/s2. The 

yielding occurred in the first cycle and accumulated continuously in the same direction in the rest 

cycles. From the figure, it is clear that if the amplitude of input accelerations is larger than the 

threshold value, the strain will accumulate, and finally, ratcheting occurs. 
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Figure 2-20 Strain increment in numerical analysis (166 g, 1.5 fn) 

 

2.2 Beam models under SIN loads 

2.2.1 Experimental results of the beam model under SIN loads 

Experimental conditions for ratcheting of beam models under SIN loads are shown in Table 2-3. 

There were four different top masses with different X values. The forcing frequencies varied 

from 0.5 fn to 2.0 fn for each X value. 

 

The non-dimensional X-Y diagram (Figure 2-21) demonstrates the experimental results with four 

different forcing frequencies (0.5, 1.0, 1.5, and 2.0 fn). Those lines mean the ratcheting 

boundaries, and ratcheting occurs in the area above those lines. All lines have a similar trend to 

the ratcheting line proposed by Yamashita et al. If showing the ratcheting occurrence conditions 

in the frequency ratio (fr) as in Figure 2-22,  evident frequency-dependent characteristics can be 

found among the lines. Loads with lower forcing frequencies, such as 0.5 fn and 1.0 fn, had 
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relatively smaller Y value. It means that in such a case, ratcheting occurred more easily, even 

with low amplitude accelerations.  

 

Table 2-3 Experimental conditions for ratcheting of beam models under SIN loads 

Case # 

Steady bending stress 

Natural 

frequency (Hz) 

Input 

Top 

additional 

mass (kg) 

X 
Frequency 

ratio 

Frequency 

(Hz) 

1 

0.245 0.3272 15.625 

0.5 7.81 

2 1.0 15.63 

3 1.5 23.43 

4 2.0 31.25 

5 

0.340 0.5121 11.718 

0.5 5.85 

6 1.0 11.72 

7 1.5 17.58 

8 2.0 23.44 

9 

0.530 0.7369 9.375 

0.5 4.69 

10 1.0 9.38 

11 1.5 14.06 

12 2.0 18.75 

13 

0.805 1.0623 8.790 

0.5 4.39 

14 1.0 8.79 

15 1.5 13.16 

16 2.0 17.58 
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Figure 2-21 Ratcheting diagram of experiments with four different forcing frequencies (0.5, 1.0, 1.5 and 2.0 fn) 

 

 

Figure 2-22 Frequency-dependent characteristics in experimental results 
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2.2.2 Numerical results of the beam model under SIN loads 

The analysis conditions for SIN input accelerations are summarized in Table 2-4. There were 

eight different top masses with different X values. The forcing frequencies varied from 0.5 fn to 

2.0 fn for each X value. 

 

Table 2-4 Analysis conditions for ratcheting of the beam model under SIN loads 

Case No. 

Steady bending stress 
Natural 

frequency (Hz) 

Input frequency (Hz) 

Top additional mass 

(kg) 
X Frequency ratio 

Exact value 

(Hz) 

1 

0.000 0.218 59.600 

0.5 29.800 

2 0.75 44.700 

3 1.0 59.600 

4 1.5 89.400 

5 1.75 104.300 

6 2.0 119.200 

7 

0.050 0.394 36.185 

0.5 18.092 

8 0.75 27.138 

9 1.0 36.185 

10 1.5 54.277 

11 1.75 63.323 

12 2.0 72.369 

13 

0.080 0.500 30.815 

0.5 15.408 

14 0.75 23.111 

15 1.0 30.815 

16 1.5 46.223 

17 1.75 53.927 

18 2.0 61.631 

19 

0.100 0.570 28.330 

0.5 14.165 

20 0.75 21.247 

21 1.0 28.330 

22 1.5 42.495 

23 1.75 49.577 

24 2.0 56.660 

25 

0.166 0.803 23.048 

0.5 11.524 

26 0.75 17.286 

27 1.0 23.048 

28 1.5 34.572 
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29 1.75 40.334 

30 2.0 46.096 

31 

0.223 1.003 20.277 

0.5 10.138 

32 0.75 15.207 

33 1.0 20.277 

34 1.5 30.415 

35 1.75 35.484 

36 2.0 40.553 

37 

0.279 1.201 18.342 

0.5 9.171 

38 0.75 13.757 

39 1.0 18.342 

40 1.5 27.513 

41 1.75 32.099 

42 2.0 36.684 

43 

0.336 1.401 16.850 

0.5 8.425 

44 0.75 12.637 

45 1.0 16.850 

46 1.5 25.275 

47 1.75 29.487 

48 2.0 33.700 

 

The ratcheting diagram for the SIN waves with the numerical method is shown in Figure 2-23. 

The collapse line and the ratcheting line of Yamashita et al. ’s model (it is called the “Yamashita 

line” later) are included for reference. The collapse line means the occurrence of the theoretical 

plastic collapse of the rectangular beam if the elastic stress reaches the 1.5 times of yield stress. 

Therefore, if one ratcheting boundary is close to the collapse line, the static load caused by the 

top mass creates 1.5 times of yield stress. This load is a load-controlled load according to the 

definition. The Yamashita line was also referred to in the ratcheting diagram. The secondary 

stress of Yamashita’s model was purely displacement-controlled stress; therefore, in the same X-

Y diagram, if one ratcheting boundary is close to the Yamashita line, the characteristic is close to 

the displacement-controlled stress.  

 

In Figure 2-23,  if the forcing frequency is relatively smaller, such as 0.5 fn, 0.75 fn, 1.0 fn, the 

ratcheting boundaries are close to the collapse line. According to the above description, those 

loads had load-controlled characteristics. In contrast, the waves with higher frequencies, such as 
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1.75 fn, are close to the Yamashita line. Therefore, those loads showed displacement-controlled 

characteristics. In conclusion, the characteristics of dynamic loads profoundly depend on their 

frequencies. 

 

 

Figure 2-23 Ratcheting diagram for the SIN accelerations in numerical analyses 

 

Lines in Figure 2-23 illustrate the ratcheting boundaries under loads with different forcing 

frequencies. Ratcheting occurs in the area above one particular boundary. It is evident that, with 

the same top mass, ratcheting occurred easily for the loads with lower forcing frequencies. This 

phenomenon was due to the phase delay between load and displacement (Figure 2-24). With 

lower forcing frequencies, the movement of the shaking table varied slowly; the displacement 

was generally in phase with the applied excitation. Therefore, there was a small delay, and the 

load was close to the static load, and more energy was transferred from the shaking table. In 

contrast, with a higher forcing frequency, the excitation quickly varied, and the displacement was 

almost of opposite phase relative to the applied excitation. Therefore, the delay was considerable, 

and energy could not be fully transferred to structures from the input vibrations. In addition, the 

occurrence of ratcheting was also strongly affected by the resonance effect. Sizeable plastic 

deformation was caused in the procedure of ratcheting occurrence. Due to the plastic 
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deformation, the beam model became moderate, and the resonance frequency shifted to the 

smaller value rather than the natural frequency in elastic conditions. Therefore, in Figure 2-23, 

due to the resonance effect, 0.75 fn is the lowest case, followed by 0.5 fn and 1.0 fn. In the case 

of the frequency higher than 1.0 fn, structures hardly responded to external acceleration due to 

the phase delay.  

 
 

 

 

 

Figure 2-24 The phase shift at 0.5 fn, 1.0 fn, and 1.5 fn respectively 
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Figure 2-25 shows the ratcheting occurrence conditions in the frequency ratio. The whole region 

is divided into two parts: the pseudo load-controlled region and the pseudo displacement-

controlled region. The word “pseudo” means that the loading vibrations are not purely load-

controlled or displacement-controlled loads. The boundary is decided to be 1.25 fn according to 

the slope of those curves. Before 1.25 fn, the curves increase slowly. In contrast, after 1.25 fn, a 

sharp growth appears. The resonance effect is not evident in the beam model since the plastic 

deformation occurred in most parts of the beam model. Figure 2-26 shows the typical 

deformation of the beam model after vibrations. 

 

 

Figure 2-25 Two parts of the beam model according to the frequency ratio 
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Figure 2-26 Deformation after vibrations 

 

2.2.3 Comparison between experimental and numerical analyses 

Four figures from Figure 2-27 to Figure 2-30 compare the numerical and experimental analysis 

results under SIN load waves with different frequencies. The trend of experimental results agrees 

well with FEA results. With the increment of X, Y decreases. This phenomenon means that the 

top mass contributed to the occurrence of ratcheting. In general, experimental results validated 

the FEM results under SIN excitations. 
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Figure 2-27 Experiment and numerical results under SIN acceleration waves at 0.5 fn 

 

 

Figure 2-28 Experiment and numerical results under SIN acceleration waves at 1.0 fn 
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Figure 2-29 Experiment and numerical results under SIN acceleration waves at 1.5 fn 

 

 

Figure 2-30 Experiment and numerical results under SIN acceleration waves at 2.0 fn 
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2.3 Beam models under SIN+SIN loads 

The experimental and numerical conditions for the beam models under SIN+SIN loads are 

shown in Table 2-5 and Table 2-6, respectively. 

 

Table 2-5 Experimental analysis conditions for ratcheting of beam models under SIN+SIN loads 

Case # 

Steady bending stress 

Natural 

frequency (Hz) 

Input functions 

(frequency ratio) 
Top 

additional 

mass (kg) 

X 

1 

0.245 0.400 Around 14.1 

0.5 + 0.75 

2 0.5 + 1.0 

3 0.5 + 2.0 

4 1.0 + 2.0 

5 

0.490 0.700 Around 9.6 

0.5 + 0.75 

6 0.5 + 1.0 

7 0.5 + 2.0 

8 1.0 + 2.0 

 

Table 2-6 Numerical analysis conditions for ratcheting of the beam model under SIN+SIN loads 

Case No. 

Steady bending stress 
Natural 

frequency (Hz) 

Input functions (frequency 

ratio) Top additional mass 

(kg) 
X 

1 

0.050 0.394 36.185 

0.5 

2 0.75 

3 1.0 

4 1.5 

5 1.75 

6 2.0 

7 0.5 + 0.75 

8 0.5 + 1.0 

9 0.5 + 1.5 

10 0.5 + 1.75 

11 0.5 + 2.0 

12 1.0 + 1.5 
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13 1.0 + 1.75 

14 1.0 + 2.0 

15 1.5 + 1.75 

16 1.5 + 2.0 

17 1.75 + 2.0 

18 

0.100 0.570 28.330 

0.5 

19 0.75 

20 1.0 

21 1.5 

22 1.75 

23 2.0 

24 0.5 + 0.75 

25 0.5 + 1.0 

26 0.5 + 1.5 

27 0.5 + 1.75 

28 0.5 + 2.0 

29 1.0 + 1.5 

30 1.0 + 1.75 

31 1.0 + 2.0 

32 1.5 + 1.75 

33 1.5 + 2.0 

34 1.75 + 2.0 

35 

0.223 1.003 20.277 

0.5 

36 0.75 

37 1.0 

38 1.5 

39 1.75 

40 2.0 

41 0.5 + 0.75 

42 0.5 + 1.0 

43 0.5 + 1.5 

44 0.5 + 1.75 

45 0.5 + 2.0 

46 1.0 + 1.5 

47 1.0 + 1.75 

48 1.0 + 2.0 

49 1.5 + 1.75 

50 1.5 + 2.0 

51 1.75 + 2.0 

52 0.5 
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53 0.75 

54 1.0 

 

2.3.1 Compare experimental and numerical results for ratcheting of beam models under 

SIN+SIN loads 

Figure 2-31, Figure 2-32, Figure 2-33, and Figure 2-34 display the experimental and FEA results 

for the ratcheting of beam models under different SIN+SIN loads. Both approaches had a similar 

trend with a relatively small difference. 

 

 

Figure 2-31 Comparison of experimental and numerical results (0.5 fn + 0.75 fn) 
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Figure 2-32 Comparison of experimental and numerical results (0.5 fn + 1.0 fn) 

 

 

Figure 2-33 Comparison of experimental and numerical results (0.5 fn + 2.0 fn) 
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Figure 2-34 Comparison of experimental and numerical results (1.0 fn + 2.0 fn) 

 

2.3.2 Numerical results and analyses for ratcheting of beam models under SIN+SIN loads 

Figure 2-35, Figure 2-36, and Figure 2-37 show the numerical results of ratcheting occurrence 

conditions with SIN+SIN loads. In each figure, the frequency ratio of one component was set as 

a constant. The ratcheting line of the SIN load with that frequency ratio is added to each figure. 

The other frequency ratio varied from 0.5 to 2.0. In order to distinguish the characteristics of 

SIN+SIN loads, the collapse line and the Yamashita line are also referred. It is evident that if the 

frequency of one component increases from 0.5 fn to 2.0 fn, the ratcheting boundaries move 

upside. This phenomenon means that if one component is at a lower frequency, the load is close 

to the load-controlled load. In contrast, when one component is at a higher frequency, the 

vibration wave is close to a pure displacement-controlled load. Therefore, the composite 

accelerations of lower frequencies need smaller accelerations and play a dominant effect in terms 

of the occurrence of ratcheting. 
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Figure 2-35 Ratcheting diagram of composite sinusoidal waves (0.5 fn series) 

 

 

Figure 2-36 Ratcheting diagram of composite sinusoidal waves (1.0 fn series) 
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Figure 2-37 Ratcheting diagram of composite sinusoidal waves (2.0 fn series) 

 

Figure 2-38 exhibits the deformation on the beam model after vibration—visible deformation 

distributed in the whole beam model. The displacement on the beam model’s right vertex of the 

beam models under two different SIN+SIN waves is shown in Figure 2-39. The frequency 

combinations of the upper curve are 0.5 fn and 1.0 fn (Case 1); similarly, the frequency 

combinations of the lower curve are 0.5 fn and 2.0 fn (Case 2). After vibrations, the accumulated 

displacement of Case 1 was relatively larger compared to that of Case 2. This phenomenon can 

also verify that the composite acceleration of lower frequency contributes more to the occurrence 

of ratcheting. 

 

 

Figure 2-38 Deformation after vibrations 
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Figure 2-39 Displacement on the beam model’s right vertex of the beam models in the two cases 

 

The energy transferred from loading vibrations to beam models was calculated by the integration 

of the product of the external force and response velocity, as shown in Equation 2-13  (Figure 

2-40). Figure 2-41 compares the transferred energy between SIN and SIN+SIN (0.5 fn series) 

vibrations. The forcing frequency of SIN loads varied from 0.5 fn to 2.0 fn. For SIN+SIN loads, 

the frequency of one component was fixed to be 0.5 fn. The second frequency varied from 0.75 

fn to 2.0 fn. It is evident that if one more component of lower frequency (0.5 fn) was added to 

the loading vibrations, more energy would be transferred to the beam model. 

 

 

 Work rate = −𝑚𝑥̈𝑒 × 𝑥̇ Equation 2-13 
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Figure 2-40 Energy transferred from loading vibrations to beam models (2.0 fn) 

 

 

Figure 2-41 Comparison of the transferred energy between SIN and SIN+SIN (0.5 fn series) vibrations 
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2.4 Results and analyses for ratcheting of beam models under seismic loads 

The experimental and numerical analysis conditions for ratcheting of beam models under seismic 

loads are shown in Table 2-7 and Table 2-8, respectively. 

 

Table 2-7 Experimental analysis conditions for ratcheting of beam models under seismic loads 

Case # 

Steady bending stress 

Natural 

frequency (Hz) 

Input functions 

(frequency ratio) 
Top 

additional 

mass (gram) 

X 

1 
245 0.400 Around 14.1 

0.5 

2 1.0 

3 
490 0.700 Around 9.6 

0.5 

4 1.0 

 

Table 2-8 Numerical analysis conditions for ratcheting of the beam model under seismic loads 

Case No. 

Steady bending stress 
Natural 

frequency (Hz) 

Input functions (frequency 

ratio) Top additional mass 

(kg) 
X 

1 

0.05 0.39 36.2 

0.5 

2 1.0 

3 1.5 

4 

0.10 0.57 28.4 

0.5 

5 1.0 

6 1.5 

7 

0.20 0.92 21.4 

0.5 

8 1.0 

9 1.5 

10 

0.3 1.27 17.8 

0.5 

11 1.0 

12 1.5 
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2.4.1 Compare experimental and numerical results for ratcheting of beam models under 

seismic loads 

Figure 2-42 and Figure 2-43 compare the experimental and numerical results under seismic 

accelerations waves at 0.5 fn and 1.0 fn. The trend of experimental and FEA results is similar to 

each other, with a relatively smaller difference. It means that the experiments can validate the 

FEA results. 

 

 

Figure 2-42 Experimental and numerical results under seismic accelerations at 0.5 fn 
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Figure 2-43 Experimental and numerical results under seismic accelerations at 1.5 fn 

 

2.4.2 Numerical results and analyses for ratcheting of beam models under seismic loads 

In the ratcheting diagram for seismic loads, the Yamashita line and the collapse line are also 

referred to in the ratcheting diagram to recognize the characteristics of the seismic excitations 

(Figure 2-44). The analytical results of seismic excitations have a reasonable correlation with 

that of SIN excitations (Figure 2-23) due to the relatively narrow sensitive region of the seismic 

wave. It means that it is reasonable to use simple SIN waves instead of the complicated seismic 

wave to judge the occurrence of ratcheting if the major frequency of the seismic wave is the 

same as the SIN wave. 
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Figure 2-44 Ratcheting diagram for seismic loads 

 

2.5 Conclusions of ratcheting research of beam models 

This chapter focused on the ratcheting research of beam models under different loading waves. 

The lower frequency load has a relatively lower Y value, which means ratcheting was highly 

possible to occur in such a case. With lower frequency input, the load acts like a load-controlled 

load. With higher frequency input, the load acts like a displacement-controlled load. The whole 

region is divided into two parts: the pseudo load-controlled region and the pseudo displacement-

controlled region according to the frequency ratio. The resonance effect is not evident in the 

beam model since the plastic deformation occurred in most parts of the beam model. In addition, 

it is meaningful to use simple SIN waves instead of the complicated seismic wave to judge the 

occurrence of ratcheting if the major frequency of the seismic wave is the same as the SIN wave.  
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Chapter 3. Ratcheting of Piping Models 

Excessive vibrations are frequently encountered in piping, which is one of the most basic 

structures in nuclear power plants. Excessive vibrations can lead to ratcheting until the plastic 

collapse of the structure occurs. Collapse is usually considered as the failure mode under severe 

seismic loads in the seismic probabilistic risk assessment. However, this assumption is not 

appropriate when considering the best estimation for countermeasures against beyond design 

basis accidents. In this chapter, seismic ratcheting occurred due to the combined effect of 

constant external compressive force and dynamic cyclic vibrations. Experimental and numerical 

analyses were performed on round bent solid bars, which represented piping. Differences 

between round bent solid bars and pipes had small influences on conclusions because the interest 

of the current research was the relative strength. The solid bent bar was simple compared to a 

real complex piping system, but it also contained two elbow parts and three straight parts. 

Therefore, the solid bent bar was enough to present a real piping system in this research. 

Characteristics of seismic loads between load-controlled and displacement-controlled properties 

were studied from the viewpoint of the frequency ratio of the forcing frequency to the natural 

frequency of the piping model. The effect of supports on the occurrence of ratcheting was also 

considered.  

 

3.1 Methods for ratcheting analyses of piping models 

Experimental and numerical investigations on ratcheting of piping were conducted with round 

bent solid bars made of lead alloy to clarify the occurrence conditions of ratcheting under the 

beyond design level seismic loads. 

 

3.1.1 The experimental method of the piping model 

The purposes of the shaking table tests (experiments) were to observe the failure behavior of 

piping under excessive dynamic inputs and to validate the numerical analyses.  
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Similar to the beam model analyses, due to the limitation of the shaking table at the authors’ 

laboratory and safety concerns, the material of the piping specimens was also lead alloy (Table 

3-1). The experiment set is shown in Figure 3-1 with geometrical parameters shown in Figure 

3-2. There was one mass (10 kg) attached to one end of the piping model and moved with the 

model. This mass did not provide the force of gravity since the shaking table supported it. The 

other end was fixed with the shaking table. 

 

Table 3-1 Material parameters of piping models 

Pb 99%- Sb 1%  Symbol Unit Value 

Young’s Modulus E MPa 19150 (23℃) 

Poisson's ratio ν - 0.36 

Yield stress σy MPa 8.5 (23℃) 

Mass density ρ kg/m3 11,340 

 

 

Figure 3-1 Piping model (10-S) after vibrations. One strain gauge was attached to the elbow part 
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Figure 3-2 Geometrical parameters of the piping model (Piping-N) 

 

There were two types of loads applied to the piping model. The first one was the external 

compressive force at the ends of the piping model, which acted as the load-controlled force and 

caused primary bending stress. The second load was cyclic accelerations from the shaking table, 

acting as the source of alternating dynamic loads. The alternating dynamic load exhibited either 

load-controlled or displacement-controlled characteristics according to the frequency ratio, as 

discussed in the next sections. The amplitude and frequency of input vibrations were adjusted to 

determine the onset of ratcheting at various load conditions.  

 

Figure 3-3 shows four models in experiments. The piping models were divided into two 

categories. The first type was the piping model without additional supports such as a and c in 

Figure 3-3; this type was called “Piping-N” in this research. The other type was the piping model 

with three additional supports in the medium part, such as b and d in Figure 3-3, and this type 

was called “Piping-S” in this research.  
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a. 0-N  b. 0-S  

  

c. 10-N  d. 10-S 

Figure 3-3 Four models in experiments. Piping-N (a and c) did not contain three additional supports in the medium 

part.  In contrast, there were three additional supports in the medium part of Piping-S (b and d). 

 

The naming method was according to the external force and the supports (Table 3-2). For 

example, if one model had three additional supports with the external force equal to 10 N, it was 

named as “10-S”. Similarly, the model “10-N” meant that the external force was 10 N, and this 

model contained three more supports.  
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Table 3-2 Naming method of models 

Model Name  External force # of additional supports 

Unit N - 

0-N 0 None 

0-S 0 3 

10-N 10 None 

10-S 10 3 

15-N 15 None 

15-S 15 3 

 

Occurrence conditions of ratcheting were observed for loads with different frequencies. “fn” 

used in this study meant the first natural frequency of the piping model. “2.0 fn” meant that the 

frequency of the input load was twice the natural frequency of the piping model, and the 

frequency ratio was “2.0”.  

 

3.1.2 The numerical method for the piping model 

 

Figure 3-4 The nonlinear stress-

strain curve used in the FEA of the piping model. Both kinematic and isotropic hardening rules were included. 
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In numerical analyses, similar to the studies in the beam model, FINAS/STAR [54] did the finite 

element analyses with the aid of the mesh generation by FEMAP [55]. The nonlinear stress-

strain curve of the Pb99%-Sb1% alloy (Figure 3-4), which was from the tensile test at room 

temperature at the authors’ laboratory, was applied in numerical analyses. The combined line is 

the material stress-strain relationship from tensile tests. Both kinematic and isotropic hardening 

rules were included in this study.  

 

  

a. The piping model without three external supports 

(Piping-N). 

b. The piping model with three external supports 

(Piping-S). 

Figure 3-5 Two types of piping models in FEM 
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Same as the experimental method, the piping models in FEM were also divided into two 

categories, as shown in Figure 3-5: the piping model without additional supports (Piping-N) and 

the piping model with three supports in the medium part (Piping-S). The naming rule is the same 

as that in the experimental method. 

 

3.1.3 Verification of the constitutive equation 

The finite element analysis of the loading test of one element (0.167 mm × 0.167mm), shown in 

Figure 3-6, was conducted using the stress-strain data from the material tensile tests at the 

authors’ laboratory (Figure 3-4) to verify the constitutive equation. One sinusoidal cycle load 

was applied to the element (Figure 3-7 and Figure 3-8).  

 

 

Figure 3-6 Loading test of one element in FEMAP 
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Figure 3-7 One sinusoidal cycle load (0.1 mm) 

 

 

Figure 3-8 One sinusoidal cycle load (0.4 mm) 
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The responses of the one-element model under loads with two different amplitudes were shown 

in Figure 3-9 and Figure 3-10. The results indicated that the stress-strain performance in FEM 

had a good correlation with the material test results. 

 

 

Figure 3-9 Loading results (0.1 mm) 

 

 

Figure 3-10 Loading results (0.4 mm) 
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3.1.4 Input waves 

Understanding the response of structures to sinusoidal excitations provides insight into how the 

system responds to seismic loads. Figure 3-11 shows one example of input sinusoidal 

accelerations. There were 50 sinusoidal waves with external five gradual increasing cycles at the 

beginning and five gradual decreasing cycles in the end.  

 

Figure 3-11 One example of input sinusoidal accelerations 

 

3.1.5 Criteria for ratcheting 

To draw the ratcheting diagram, a criterion was needed to judge the occurrence condition of 

ratcheting. For the piping model, it was determined to be a 0.5% plastic strain at the extrados of 

the elbow accumulated during 50 sinusoidal cycles. 

 

3.1.6 Natural frequencies and sweep tests 

Piping supports are usually applied to stop vibrations at the supports. It is well known that 

whenever the frequency of excitation coincides with one of the natural frequencies of the system, 

resonance occurs and can lead to the failure of the system. Thus, in any system, resonance 

conditions must be avoided. Therefore, it is necessary to check the natural frequencies of the 

piping to prevent resonance. Table 3-3 shows the first three natural frequencies of the two types 

of piping models in this research, which had similar results as the sweep excitation test in 

experiments. From the table, it is clear that the three external supports increased the natural 
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frequencies of piping. In the current research, only the first natural frequency was considered. 

The participation factor of the rest frequencies was negligible since they were much larger than 

the first natural frequency. 

 

Table 3-3 Natural frequencies of the piping model in numerical analysis 

Parameters Unit Piping-N Piping-S 

Natural frequencies  

(FINAS/STAR) 

 

Hz 

4.6 12.8 

36.2 78.0 

55.7 140.8 

 

Sweep excitation tests were conducted to measure the natural frequency in experiments. Figure 

3-12 shows the sweep excitation test of 0-N, and the primary natural frequency was 4.9 Hz, 

which had a good correlation with that in FEM (4.6 Hz). 

 

 

Figure 3-12 Sweep test of 0-N. The input acceleration amplitude is 2 m/s2 
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Table 3-4 compares natural frequencies in FEM and experiments. The natural frequencies 

measured before experiments matched well the that in FEM. However, after experiments, natural 

frequencies decreased a little, especially in Piping-S. This phenomenon was due to the large 

plastic deformation around supports (Figure 3-13).  

 

Table 3-4 Comparison of natural frequencies in FEM and experiments 

Natural frequencies Unit Piping-N Piping-S 

FINAS/STAR Hz 4.6 12.8 

Before the experiment Hz 4.9 11.5 

After the experiments Hz 4.4 8.5 

 

 

Figure 3-13 Sizeable plastic deformation around supports after vibrations 
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3.1.7 Influences of supports to piping models 

Piping supports are designed to transfer the load from the piping to the supporting structures. 

Piping supports can provide functions such as anchoring, guiding, absorbing shock, supporting 

loading, and so on. Usually, the supports increase the natural frequencies of piping and prevent 

easy-to-vibrate modes forming in the piping. If a section of piping is not restrictively supported, 

there may be vibration modes with low natural frequencies associated with it. Therefore, this 

section of piping is susceptible to vibrate. The vibration control standard [45] requires that piping 

supports should have enough stiffness to stop vibration at the support and warn about the use of 

hangers, guides, etc.  

 

On the other hand, piping and the attached supports should be designed in a way to make them 

flexible enough for thermal movements. However, such a flexibility and support scheme should 

not strongly reduce natural frequencies and make the piping vulnerable to vibrations. Electric 

Power Research Institute (EPRI) initiated a testing program to determine how piping and 

associated components should be analyzed for safe construction. The testing program showed 

that piping and components would withstand seismic events better if the design of the support 

permits adequate flexibility [59]. ASME Section Ⅲ Code rules also suggested allowing plants to 

be designed without the use of an excessive number of snubbers and heavy restraints for 

significant cost savings and safer plant inspection.  

 

The results in Chapter 2 showed that the component subjected to lower forcing frequency loads 

had higher probabilities in terms of the ratcheting occurrence. Therefore, the effect of supports 

on the reliability of piping, especially the occurrence of ratcheting, should also be considered. 
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3.2 Comparison between experimental and numerical results of piping models under 

sinusoidal loads 

In this part, the comparison was conducted between experimental and numerical results under 

sinusoidal loads, with the forcing frequency equal to 8.0 Hz. The analysis conditions for 

ratcheting of piping models under sinusoidal vibration waves are shown in Table 3-5. 

 

Table 3-5 Analysis conditions for ratcheting of the beam model under sinusoidal vibration waves 

Case # Model 

name 
External force (N) 

Natural 

frequency (Hz) 

Forcing 

frequency (Hz) 
Input sine waves 

1 0-N 0 4.9 

8 5 + 50 + 5 

2 0-S 0 11.5 

3 10-N 10 4.9 

4 10-S 10 11.5 

5 15-N 15 4.9 

6 15-S 15 11.5 

 

3.2.1 Experimental results of piping models  

In experiments, the frequency of input sinusoidal wave was 8.0 Hz, which intermediated between 

the natural frequency of Piping-N (around 4.9 Hz) and Piping-S (around 11.5 Hz) measured by 

sweep tests. Results show that the external force increased the accumulated strain in the extrados 

(Figure 3-14 and Figure 3-15). Besides, adding three supports increased the strain in most cases 

(Figure 3-16, Figure 3-17, and Figure 3-18). Therefore, when the forcing frequency was 8.0 Hz, 

ratcheting was possible to occur in Piping-S.  
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Figure 3-14 Strain increment in experiments (Piping-N) 

 

Figure 3-15 Strain increment in experiments (Piping-S) 
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Figure 3-16 Strain increment in experiments (0 N) 

 

 

 

Figure 3-17 Strain increment in experiments (10 N) 
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Figure 3-18 Strain increment in experiments (15 N) 

 

Figure 3-19 compares the specimens before and after vibrations. Evident deformation 

concentrated on the support regions or the elbow part, and the plastic region did not extend in the 

straight parts. 
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Figure 3-19 Comparison of specimens before and after vibrations 

 

It is interesting to notice that the overall deformation of Piping-N (10-N) was larger than Piping-

S (10-S). Since the lead was soft, the gravity of the bar itself played an important role in the 

deformation. Piping-N did contain three supports in the medium part; therefore, the overall 

deformation was larger than Piping-S. However, this study focused on the accumulated strain, 

which was proportional to the curvature. The curvature of Piping-S was larger than Piping-N 

(Figure 3-20).  
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Figure 3-20 The curvature of the elbow part 

 

3.2.2 Numerical results of piping models 

The same loading conditions were also applied to numerical analyses. The frequency of the input 

sinusoidal wave was also 8.0 Hz. The numerical method was discussed in Section 3.1.2. Though 

the strain increment was not the same in the two methods, the conclusions were the same as the 

experiments: the external force increased the accumulated strain in the elbow part (Figure 3-21 

and Figure 3-22); the existence of the external supports increased the strain in most cases (Figure 

3-23, Figure 3-24, and Figure 3-25). Therefore, when the forcing frequency was 8.0 Hz, 

ratcheting was easier to occur in Piping-S.  
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Figure 3-21 Strain increment in numerical analyses(Piping-N) 

 

 

Figure 3-22 Strain increment in numerical analyses (Piping-S) 
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Figure 3-23 Strain increment in numerical analyses (0 N) 

 

 

Figure 3-24 Strain increment in numerical analyses (10 N) 
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Figure 3-25 Strain increment in numerical analyses (15 N) 

 

3.3 Numerical results and analyses for ratcheting of piping models under sinusoidal 

loads 

The numerical conditions analyses for ratcheting of piping models under sinusoidal vibration 

waves are shown in Table 3-6 and Table 3-7, respectively. 

 

Table 3-6 Numerical analysis conditions for ratcheting of the Piping-N under sinusoidal vibration waves 

Case # Model 

name 
External force (N) 

Natural 

frequency (Hz) 

Frequency 

ratio 

1 

5-N 5 4.6 

0.5 

2 0.75 

3 0.99 

4 1.0 

5 1.25 

6 1.5 

7 1.74 

8 2.0 
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9 2.5 

10 

10-N 10 4.6 

0.1 

11 0.5 

12 0.75 

13 0.99 

14 1.0 

15 1.25 

16 1.5 

17 1.74 

18 2.0 

19 2.5 

20 

15-N 15 4.6 

0.1 

21 0.5 

22 0.75 

23 0.99 

24 1.0 

25 1.25 

26 1.5 

27 1.74 

28 2.0 

29 2.5 

30 

20-N 20 4.6 

0.5 

31 0.75 

32 0.99 

33 1.0 

34 1.25 

35 1.5 

36 1.74 

37 2.0 

38 2.5 

39 

60-N 60 4.6 

0.5 

40 0.75 

41 0.99 

42 1.0 

43 1.25 

44 1.5 

45 1.74 

46 2.0 

47 2.5 
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Table 3-7 Numerical analysis conditions for ratcheting of the Piping-S under seismic loads 

Case # Model 

name 
External force (N) 

Natural 

frequency (Hz) 

Frequency 

ratio 

 

10-S 10 12.8 

0.1 

 0.5 

 0.625 

 0.75 

 0.95 

 1.0 

 1.25 

 1.5 

 1.75 

 2.0 

 

15-S 15 12.8 

0.1 

 0.5 

 0.625 

 0.75 

 0.95 

 1.0 

 1.25 

 1.5 

 1.75 

 2.0 

 

20-S 20 12.8 

0.5 

 0.625 

 0.75 

 0.95 

 1.0 

 1.25 

 1.5 

 1.75 

 2.0 

 

40-S 40 12.8 

0.5 

 0.625 

 0.75 

 0.95 

 1.0 

 1.25 

 1.5 

 1.75 
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 2.0 

 

150-S 150 12.8 

0.5 

 0.625 

 0.75 

 0.95 

 1.0 

 1.25 

 1.5 

 1.75 

 2.0 

 

3.3.1 Ratcheting occurrence conditions in the frequency ratio 

Figure 3-26 and Figure 3-27 show the ratcheting boundaries for the two types of models, 

respectively. The abscissa is the frequency ratio, which is the ratio of the frequency of the input 

vibration to the natural frequency of the piping model. The ordinate is the amplitude of input 

sinusoidal loads. The lines are the ratcheting boundaries, and ratcheting occurs in the areas above 

the lines. It is evident that the existence of the external force made the occurrence of ratcheting 

more easily. The lowest cases, which mean the highest possibility of the occurrence of ratcheting, 

are a little smaller than 1.0 fn: 0.99 fn for Piping-N and 0.95 fn for Piping-S. Some models (10-

N,15-N, 10-S, and 15-S) contain the results at 0.1 fn, and the ratcheting boundary before 0.5 fn is 

relatively flat. 
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Figure 3-26 Ratcheting boundaries in frequency ratio (Piping-N) 

 

 

Figure 3-27 Ratcheting boundaries in frequency ratio (Piping-S) 
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Figure 3-26 and Figure 3-27 show evident frequency-dependent characteristics in the occurrence 

of ratcheting. Chapter 2 has shown that seismic loads have both load-controlled and 

displacement-controlled characteristics. To prevent catastrophic accidents, it is necessary to 

clarify the characteristics of seismic loads for the piping model. In the previous chapter on the 

ratcheting occurrence conditions of beam models, authors divided the sinusoidal excitations into 

the pseudo load-controlled load and the pseudo displacement-controlled load according to the 

frequency ratio. In this chapter, the whole region was divided into three parts: the pseudo load-

controlled region, pseudo resonance region, and pseudo displacement-controlled region (Figure 

3-28). The region “pseudo load-controlled region” means that the seismic load in this region has 

more load-controlled characteristics. However, it is not purely a load-controlled load. Similar to 

Figure 2-25 for the beam model, the boundary was also decided according to the slope of those 

curves. The resonance effect was not evident in the beam model; however, it was evident in the 

piping model. The main reason is that the plastic deformation occurred continuously in most 

parts of the beam. However, in the piping model, due to the horizontal arrangement of system 

structure, large strain concentrated on the elbow parts and the regions around supports; the 

plastic region did not extend in the straight parts, as shown in Figure 3-19.  

 

Figure 3-28 Three parts according to the frequency ratio 
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Figure 3-29 shows the deformation by the end of vibrations in Model 15-N and 15-S, 

respectively. It is evident that considerable deformation concentrated on the regions around 

supports. In terms of strain, as shown in Figure 3-30, in Piping-N, plastic strain focused on the 

elbow part. In Piping-S, plastic strain concentrated on the elbow part and the region around 

supports. Therefore, the damping effect was not dominant in the piping model. 

 

  

15-N, 1.0 fn, 0.41 m/s2 15-S, 1.0 fn, 3 m/s2 

Figure 3-29 Deformation after vibrations 
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Figure 3-30 Strain distribution after vibrations  

 

3.3.2 Ratcheting occurrence conditions in the frequency  

In order to check the influence of supports, numerical analysis results are shown in the forcing 

frequency (Figure 3-31 and Figure 3-32). The lines also mean ratcheting boundaries. At the 

lower frequency (smaller than 7.8 Hz), ratcheting was easier to occur in Piping-N. In contrast, at 

the higher frequency (larger than 7.8 Hz), ratcheting occurred easily in Piping-S. This 

phenomenon was due to the difference in frequency ratio. Supports increased the natural 

frequency of piping and decreased the frequency ratio. Therefore, the sinusoidal load had 

different characteristics between Piping-N and Piping-S. From the two figures, it is evident that, 

in terms of the occurrence of ratcheting, providing more supports does not increase the safety of 

piping in some cases. It is essential to point out that the results cannot be used to prove that the 

application of supports increases the possibility of failure of the piping. Supports may help to 

avoid other failure modes. However, those failure modes are beyond the scope of this thesis. 
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Figure 3-31 Ratcheting boundaries in frequency (F = 10 N) 

 

 

Figure 3-32 Ratcheting boundaries in frequency (F = 15 N) 
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3.3.3 Ratcheting occurrence conditions in the X-Y diagram 

In Chapter 2, the ratcheting occurrence conditions of the beam model were shown in the non-

dimensional X-Y diagrams. For the convenience of comparison, it is better to show the 

ratcheting occurrence conditions of the piping model in the X-Y diagram. Similar to the beam 

model, the X and Y in the piping model are also the ratios of the bending stress to the yield stress.  

 

 

where 𝜎𝑠 and 𝜎𝑎  are the bending stress due to the external force and vibration, respectively.  

 

𝜎𝑠 was calculated elastically at the elbow part with the neglection of vibrations. The relationship 

between X and external force is shown in Figure 3-33. X increased with force linearly due to the 

elastic calculation according to the definition.  

 

 X =
𝜎𝑠

𝜎𝑦
 Equation 3-1 

 Y =
𝜎𝑎

𝜎𝑦
 Equation 3-2 
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Figure 3-33 X with external compressive force 

 

Similarly, 𝜎𝑎 was calculated elastically at the elbow part from the static equilibrium to maximum 

accelerations with the neglection of the external compressive force provided by the spring. The 

relationship between Y and constant vibration acceleration is shown in Figure 3-34. Y also 

increased with force linearly.  
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Figure 3-34 Y with constant vibration amplitudes 

 

The X-Y diagrams of Piping-N and Piping-S are shown in Figure 3-35 and Figure 3-36, 

respectively. The elastic boundary and the collapse line are also added for reference. The 

collapse line means the occurrence of the theoretical plastic collapse of the rod with a circular 

cross section, which occurs when the elastically calculated stress at the surface point reaches 1.7 

times of yield stress of the material for the circular section. It is worthwhile to notice that 1.0 fn 

line is below the elastic boundary. This phenomenon is due to the concentration of plastic 

deformation around elbow parts and supports in the piping model. The plastic region did not 

extend in the straight parts. Therefore, the damping effect due to plasticity was relatively smaller, 

and the resonance effect became evident.  

 



 

101 

 

 

Figure 3-35 Ratcheting diagrams in X-Y for Piping-N 

 

 

Figure 3-36 Ratcheting diagrams in X-Y for Piping-S 
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If comparing the ratcheting occurrence conditions of the Piping-N and Piping-S in one X-Y 

diagram, as shown in Figure 3-37, the difference between the two types of piping models is 

negligible. However, it is necessary to notice that the X-Y diagram cannot show the influence of 

the natural frequencies of the two types of models, which is discussed in Section 3.3.2. 

 

 

Figure 3-37 Comparison of ratcheting occurrence conditions between the two types of models in one X-Y diagram 

 

3.3.4 Energy consumption and phase delay 

The energy dissipated by damping is defined as the area enclosed by the inelastic stress-strain 

curve. Figure 3-38, Figure 3-39, and Figure 3-40 show the stress-strain curves of Model 15-S 

with the forcing frequency equal to 0.5 fn, 1.0 fn, and 1.5 fn, respectively. By calculating the 

area enclosed by the curves, the energy lost in the elbow part of the curved rod is shown in 

Figure 3-41. It is evident that more energy was consumed with lower forcing frequency. This 
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phenomenon was due to the phase delay, which is the time by which the response lags behind the 

force. The loading force and related response (strain) of the extrados of the elbow in Model 15-S 

with different loading frequencies are shown in Figure 3-42, Figure 3-43, and Figure 3-44. If the 

forcing frequency is 0.5 fn, the excitation slowly varied, and the displacement was generally in 

phase with the applied excitation. At 1.5 fn, the excitation quickly varied, and the displacement 

was almost of opposite phase relative to the applied excitation. The phase delay caused the 

difference in energy transferred to the piping, therefore with 0.5 fn, more energy was dissipated. 

 

 

Figure 3-38 Inelastic stress-strain curve of 15-S with forcing frequency equal to 0.5 fn 
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Figure 3-39 Inelastic stress-strain curve of 15-S with forcing frequency same as the natural frequency of the system 

 

 

Figure 3-40 Inelastic stress-strain curve of 15-S with forcing frequency equal to 1.5 fn 
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Figure 3-41 Accumulated energy in all 60 cycles of Model 15-S with 0.5 fn, 1.0 fn, and 1.5 fn 

 

 

Figure 3-42 Force and the related response of the extrados of the elbow in Model 15-S with forcing frequency 

equal to 0.5 fn 
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Figure 3-43 Force and the related response of the extrados of the elbow in Model 15-S with forcing frequency the 

same as the natural frequency of the system 

 

 

Figure 3-44 Force and the related response of the extrados of the elbow in Model 15-S with forcing frequency 

equal to 1.5 fn 
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3.4 Conclusions of ratcheting research of piping models 

In this chapter, finite element analyses and experiments were conducted to obtain the ratcheting 

occurrence conditions of piping. At higher natural frequency, ratcheting was easier to occur in 

the piping with external supports because additional supports increased natural frequencies and 

decreased frequency ratio. The vibration with a lower frequency ratio showed load-controlled 

characteristics. In contrast, the vibration with a higher frequency ratio had displacement-

controlled characteristics. The whole region was divided into three parts according to the 

frequency ratio: the pseudo load-controlled region, pseudo resonance region, and pseudo 

displacement-controlled region. The resonance effect was evident in the piping model compared 

with the beam model due to the limited plastic area in the piping model. 
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Chapter 4. Comparison among four models 

Table 4-1 compares the primary and secondary stresses among the cylinder model in the Bree 

diagram [43], the beam model in the Yamashita diagram [44], the beam model in Chapter 2, and 

the piping model in Chapter 3. Since both the second and third models are beam models, to avoid 

confusion, the beam model in Yamashita et al.’s research would be called the Yamashita model, 

and the ratcheting boundary of the Yamashita model would be called the Yamashita line in this 

chapter.  

 

Table 4-1 Comparison of stresses among four models 

Model Source of X Property Source of Y Property 

Cylinder model 

(the Bree diagram) 

Pressure stress 

(Membrane stress) 

load-

controlled 
Cyclic thermal stress 

displacement-

controlled 

Beam model (the 

Yamashita diagram) 

Bending stress due to 

distributed force 

load-

controlled 

Bending stress due 

to lateral deflection 

displacement-

controlled 

Beam model 

(in Chapter 2) 

Bending stress due to 

gravity 

load-

controlled 

Bending stress due 

to vibrations 
Both 

Piping model 

(in Chapter 3) 

Bending stress due to 

spring force 

load-

controlled 

Bending stress due 

to vibrations 
Both 

 

The four models are shown in Figure 4-1. Both the Bree diagram and the Yamashita diagram 

focused on the thermal ratcheting. The Bree diagram concentrated on the pressurized cylinder 

subjected to cyclic thermal stresses (Figure 4-1, a). Enhanced creep strains in the elastic region 

(E), shake-down regions (S), plastic cycling (P), and ratcheting (R) were estimated 

conservatively in that work (Figure 4-2, a). However, conventional ratcheting models of the 

pressurized cylinder cannot explain the ratcheting mechanism of bellows, which was the model 

in the Yamashita diagram. The ratcheting of bellows occurred under the interaction of bending 

moments between the root and the crown of the bellow. Yamashita et al. proposed a rational-

analysis model by using a beam model (Figure 4-1, b). They applied the perfect elastic plasticity 

with a minimal work-hardening coefficient in the bilinear stress-strain relation and proposed a 

non-dimensional failure mode map, which had many similarities to the Bree diagram (Figure 4-2, 

b). 
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a. Cylinder model in the Bree diagram b. Beam model in the Yamashita diagram 

 

 

c. Beam model in Chapter 2 d. Piping model in Chapter 3 

Figure 4-1 Comparison among four models  
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Stress regime Cylinder behavior 

R1 and R2 Ratcheting 

S1 and S2 Shakedown after first half-cycle 

P Plastic cycling 

E Elastic 
 

Stress regime Beam behavior 

R1 and R2 Ratcheting 

S1 and S2 

(S1
′  and S2

′ ) 
Shakedown after first half-cycle 

E Elastic 
 

a. The Bree diagram in non-dimensional form b. The Yamashita diagram in non-dimensional form 

Figure 4-2 Comparison between the Bree diagram and the Yamashita diagram 
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This research focused on vibration ratcheting. Two models were considered: the bean model 

(Figure 4-1, c) and the piping model (Figure 4-1, d). The ratcheting occurrence conditions were 

different between the two models. Seismic ratcheting occurred in the beam model due to the 

combined effect of load-controlled load (gravity) and alternative cyclic accelerations. In contrast, 

for the piping model, ratcheting occurred due to the combined effect of constant external 

compressive force and dynamic cyclic vibrations.  

 

4.1 The Bree diagram and the Yamashita diagram 

It is interesting to notice that in the Bree diagram, the ratcheting boundary intersects with the X-

axis at 1.0, at which the static collapse occurs. However, in the Yamashita diagram, the 

Yamashita line intersects with the X-axis at 1.5. This phenomenon is due to the difference in 

model shapes. Therefore, it is meaningful to consider the shape factor, which is the ratio of the 

plastic moment to the yield moment. For the model with the rectangular cross section, the shape 

factor is 1.5. Then the Yamashita line matches well with the Bree diagram, as shown in Figure 

4-3. In this figure, the definitions of X’ and Y’ are shown below: 

 

 

 𝑋′ =
𝑋

𝑆ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟
 Equation 4-1 

 𝑌′ =
𝑌

𝑆ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟
 Equation 4-2 
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 Figure 4-3 Ratcheting boundaries of the Bree diagram and the Yamashita diagram considering the shape factor  

 

4.2 The Yamashita model and the beam model 

Frequency-dependent characteristics were the main topic in this research. In addition, since 

seismic loads have both load-controlled and displacement-controlled characteristics, the 

recognition according to the frequency is also necessary to prevent related failure modes. The 

beam model is applied in both the Yamashita model and this research in Chapter 2; therefore, it 

is meaningful to refer to the Yamashita line to clarify the characteristics of seismic loads. The 

bending stress due to lateral deflection in the Yamashita model was the displacement-controlled 
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stress. Therefore, if the ratcheting boundary is close to the Yamashita line in the non-dimensional 

X-Y diagram, the seismic load is close to the displacement-controlled load. The analyses of the 

ratcheting occurrence condition of the beam model in Chapter 2 contains such comparison. For 

convenience, the ratcheting diagram of numerical results under the SIN accelerations (Figure 

2-23) is repeated here. The analogy between the Yamashita line and the ratcheting boundary of 

1.75 fn proves that the load at 1.75 fn had displacement-controlled characteristics. 

 

 

Figure 4-4 Ratcheting diagram of the beam model under the SIN accelerations 

 

If considering the shape factor, it will be interesting to find that all ratcheting boundaries 

intersect with the X-axis at 1.0, as shown in Figure 4-5. The Yamashita line is also added 

neglecting the influence of shape and matches well with the 1.75 fn. 
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Figure 4-5 Revised ratcheting diagram of the beam with the neglection of shape effect 

 

4.3 The piping model in X’-Y’ diagram 

The shape factor of the piping is not easy to calculate since the piping model is complex, and the 

work hardening should also be included. Instead, the collapse load was calculated to clarify the 

occurrence conditions of collapse. Figure 4-6 and Figure 4-7 show the load parameters against 

the deformation parameters of two different piping models. According to the ASME B&PV 

Code Section VIII Division 2 Appendix 4 [50] [60], the collapse load is defined by using the 

Twice Elastic Slope (TES) criterion for a characteristic load-deformation curve. As shown in the 

two pictures, TES lines are then drawn from the origin with the slope as twice the slope of the 

initial elastic response relative to the load axis. The collapse load is the load corresponding to the 

intersection of the TES line and the load-deformation curve. 
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Figure 4-6 The load-deformation curve for Piping-N 

 

Figure 4-7 The load-deformation curve for Piping-S 
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Then the ratcheting diagrams of the piping model are shown in Figure 4-8 and Figure 4-9 with 

the consideration of shape factors, work hardening, etc. The parameter X’ is defined as the ratio 

the spring load to the collapse load, and Y’ is adjusted accordingly. Similar to the Beam model, 

the Yamashita line is still very close to the 1.75 fn line, especially for the piping without external 

supports. All ratcheting boundaries intersect with the X-axis at around 1.0. 

 

 

Figure 4-8 Revised ratcheting diagram of Piping-N  
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Figure 4-9 Revised ratcheting diagram of Piping-S  

 

If we compare the two piping models in the X’-Y’ diagram, the difference between the two types 

of piping models is also negligible as shown in Figure 4-10, which is similar to Figure 3-37 since 

X’ and Y’ are converted from X and Y with the same ratio.  
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Figure 4-10 Comparison of ratcheting occurrence conditions between the two types of piping models in the X’-Y’ 

diagram 

 

4.4 Normalized vibration ratcheting diagram 

In Chapter 3, the ratcheting analyses were to extend the realistic, intricate piping. The beam 

model and the piping model are closely connected; therefore, it is meaningful to compare the 

phenomenon between the two models. For example, the apparent frequency-dependent 

characteristic was found in both models. On the other hand, the resonance effect was not evident 

in the beam model; however, it was evident in the piping model (Figure 4-11). This difference 

was due to the distribution of plastic deformation, which caused the difference in the damping 

effect in the two models. In addition, the plastic deformation decreased the system's natural 

frequency, especially the beam model. Therefore, in the beam model, the lowest Y values were 

around 0.75 fn. In contrast, for the piping model, the lower Y values occurred around 1.0 fn due 

to smaller plastic deformation.  
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a. Two parts in the beam model, according to the frequency ratio. 

 

b. Three parts in the piping model, according to the frequency ratio. 

Figure 4-11 The difference in the frequency-dependent characteristics among the beam and the piping models in 

this research 
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Figure 4-12 compares the ratcheting occurrence conditions of the Yamashita model, the beam 

model in Chapter 2, and the piping model in Chapter 3. This figure is called the “normalized 

vibration ratcheting diagram” since the ratcheting occurrence conditions with different materials 

and shapes can be displayed in one non-dimensional diagram. Since the ratcheting diagrams of 

Piping-N and Piping-S are similar to each other, for conciseness, Figure 4-12 only contains 

ratcheting boundaries of Piping-N. The Yamashita line agrees well with both the beam model 

and the piping model at higher forcing frequencies, which means that the two models have 

displacement-controlled characteristics with higher frequencies. All ratcheting boundaries 

intersect with the X’-axis at around 1.0 since this point means the occurrence of static collapse. 

At lower X’ values, the beam model and the piping model have some differences mainly due to 

the shape. In the complex piping model, plastic deformation concentrated on the parts of the 

elbow and around the supports. Therefore, even at lower X’ values, some ratcheting boundaries 

of the piping elbow part are below the collapse line. In contrast, plastic deformation distributed 

continuously in the whole beam; therefore, ratcheting boundaries of the beam root parts are 

higher than those of the piping elbow parts. Another important factor is the resonance effect. The 

plastic region of the piping model was smaller than the beam model. Therefore, the resonance 

effect was stronger in the piping model. With the increase of the plastic deformation, the 

resonance effect became weaker. Therefore, the ratcheting boundaries were close to the beam 

model at larger X’ values. 
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Figure 4-12 Normalized vibration ratcheting diagram 
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Chapter 5. Conclusions 

This research focused on the vibration ratcheting of the beam and the piping model. The 

mechanism is clarified as follows: 

 

Vibration ratcheting occurred under the combination of constant loads, such as gravity or 

external force, and cyclic vibration loads. There were evident frequency-dependent 

characteristics for the occurrence of vibration ratcheting. The seismic load had both natures of 

load-controlled and displacement-controlled types. It was close to the load-controlled type in the 

region lower than the natural frequency of the structure, and near the displacement-controlled 

type in the high-frequency region. This phenomenon could be identified using the frequency 

ratio, which was the ratio of the frequency of loading vibrations to the system's natural frequency. 

Besides, ratcheting occurred easily with a lower frequency ratio in both beam and piping models. 

 

It was meaningful to use the simple SIN wave instead of the complicated seismic wave to judge 

the occurrence of ratcheting if the frequency of the SIN wave was close to the major frequency 

of the seismic wave. 

 

In the piping model, supports increased the natural frequency of piping and decreased the 

frequency ratio. Therefore, in terms of the occurrence of ratcheting, providing more supports 

sometimes did not mean increasing the safety of piping. 

 

Since there were many consistent mechanisms in the beam and piping models, it was meaningful 

to compare ratcheting occurrence conditions of the Yamashita model, the beam model in Chapter 

2, and the piping model in Chapter 3 in one normalized diagram. This non-dimensional diagram 

was called the “normalized vibration ratcheting diagram” in this research, which accounted for 

the effect of material and shapes. Comparing to the Yamashita line, loading waves with lower 

frequency had load-controlled characteristics, and the waves with higher frequencies were close 

to the displacement-controlled loads. All ratcheting boundaries intersected with the X’-axis at 1.0 

since this point meant the occurrence of static collapse. At lower X’ values, they had some 
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differences mainly due to the difference in plastic deformation, which caused differences in the 

resonance effect. If the damping due to the plastic deformation became larger, the resonance 

effect reduced. In this situation, the ratcheting behavior of the piping model was closer to the 

beam model.  

 

Further study for countermeasures against ratcheting 

In terms of the countermeasures against the occurrence of ratcheting, from the conclusions of 

this research, decreasing the system’s natural frequency and increasing the forcing frequencies 

can help to increase the frequency ratio. Then the system under such vibrations would have 

displacement-controlled characteristics. Decreasing the load-controlled load (e.g., gravity or 

external force) helps to decrease the X value. Therefore, ratcheting would be more difficult to 

occur. In addition, controlling the natural frequencies of the system can also avoid resonance 

under external excitations. The stiffness of the system is one important factor in altering the 

natural frequencies.  Introducing a damping or energy-dissipating mechanism can help to control 

vibrations. Vibration isolation can also be applied to reduce the undesirable effects of vibrations 

[61]. 
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Nomenclature 

FEA Finite element analyses 

FEM Finite element method 

BDBEs Beyond design basis accidents 

DBEs Design basis events 

DECs Design extension conditions 

DiD  Defence in depth 

PRA Probabilistic risk assessment 

P  Probability 

C  Consequent damage 

fn  Natural frequency 

fi  Forcing frequency 

fr  Frequency ratio 

SIN excitations Sinusoidal excitations 

SIN+SIN excitations Superposition of two sinusoidal acceleration excitations 

Pb-Sb  Lead-antimony 

A  Amplitude of input acceleration 

E  Young’s modulus 

ν  Poisson's ratio 

σp  Pressure stress 

σt  Thermal stress 

σy  Yield stress 

σg  Bending stress caused by the gravity of the top mass 

σi  Bending stress caused by the peak floor acceleration 

Mg  Moment caused by gravity  

Mi  Moment caused by inertia force 
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Z  Section modulus 

l, d, h, lmass, lrod, l1, l2, Geometrical parameters of the beam model 

a  Acceleration amplitude 

X  Non-dimensional primary stress parameter 

Y  Non-dimensional secondary stress parameter 

Piping-N the piping model without additional supports 

Piping-S the piping model with three supports in the medium part 

ρ  Mass density 

TES  Twice Elastic Slope 
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