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In the 2007 Niigataken Chuetsu-oki earthquake, soil settlement, considered to be a result of the relative displacement between the soil and the structure, occurred alongside buildings at Kashiwazaki–Kariwa nuclear power plant. The objective of this study is to evaluate accurately the influence of the nonlinear behavior of the soil-structure interface on the response of the reactor building using a three-dimensional finite element model. To achieve this, we modeled the separation and sliding from sidewalls during a severe earthquake using joint elements, and evaluated the effect on the horizontal response of the structure. Through the soil-structure interaction analyses based on the recorded seismic data on the foundation for unit 7 reactor building using the three-dimensional finite element model, it was confirmed that the simulated horizontal responses of the building corresponded to the recorded seismic data. In addition, the comparison of the cases with and without separation and sliding revealed that the separation and sliding of soil from sidewalls reduces the embedment effects of the structure and that the reduction causes an occurrence of the foundation uplift. Moreover, in this study, it was clarified that the increase of the foundation uplift affected both the soil pressure characteristics beneath the foundation and along the sidewalls, and the maximum acceleration response of structures. In this study, the separation and sliding of soil from sidewalls had only a limited influence on the structural responses; however, under severe seismic excitation, it is expected that the embedment effects will be significantly reduced due to the separation and sliding of soil. Therefore, a precise response evaluation of the building including the nonlinear behavior due to separation and sliding should be considered in the seismic response analyses under severe seismic excitation.
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INTRODUCTION
During the Niigataken Chuetsu-oki earthquake (MJMA = 6.8 according to the Japanese Meteorological Agency, MW = 6.6) that occurred at 10:13 local time on July 16th, 2007, seismic motion with a maximum acceleration close to 1 g was observed in the ground at ground level (G.L.) −255 m of the Kashiwazaki–Kariwa nuclear power plant (NPP) (Hijikata et al., 2010). As a result of this earthquake, the Kashiwazaki–Kariwa NPP shut down automatically the operating reactor. A number of strong acceleration records exceeding the design values obtained using the design ground motion were observed at the reactor buildings (RBs), which are the most important building for seismic safety of the NPP (International Atomic Energy Agency (IAEA), 2007a; International Atomic Energy Agency (IAEA), 2007b). Although it was confirmed by field investigations conducted after the earthquake that important buildings, such as the RBs, were undamaged or only slightly damaged, the surface soil settlement shown in Figure 1 occurred alongside the buildings (Tokyo Electric Power Company Holdings Inc., 2007; Yee and Tokimatsu, 2011; IAEA, 2013). The soil settlement occurring alongside to the buildings is a nonlinear behavior at the soil-structure interface, which is accompanied by the separation of the soil moving away from the sidewalls and sliding of the soil that sinks from the sidewalls due to the relative displacement of the soil and structure. Therefore, it is considered that the separation and sliding of soil from the sidewalls have a significant influence on buildings with embedment. In ASCE/SEI4-16 (ASCE, 2017), it is also indicated that the response may increase at some frequencies because of additional rocking motions. For this reason, a detailed evaluation of the influence of soil-structure interaction (SSI) considering soil separation and sliding on structural responses is required for embedded buildings.
[image: Figure 1]FIGURE 1 | Example of cracks occurring alongside NPP building due to soil settlement below the building (Tokyo Electric Power Company Holdings, Inc., 2007).
It has been previously confirmed that the maximum shear strain did not exceed 0.25 × 10−3, which is a guideline value for shear cracking of reinforced concrete (RC) shear walls for cases such as the Kashiwazaki–Kariwa NPP Unit 7 RB during the 2007 Niigataken Chuetsu-oki earthquake. These assessments were based on simplified SSI analyses using the typical design sway-rocking model including the embedment effect (Watanabe et al., 2008). A more accurate three-dimensional (3D) soil separation, sliding, and embedment effect model considering soil nonlinearity and a lumped-mass stick model (LMSM) for Unit 7 RB was used in a SSI analysis by Hijikata et al. (2011). Also, Hijikata et al. (2011) showed that the SSI results considering the nonlinearity behavior due to the separation and sliding of soil from sidewalls using joint elements could sufficiently explain the recorded seismic data. Kikuchi et al. (2012) focused on the vertical motion induced by the rocking motion due to the horizontal motion at the observation points, and clarified that the vertical motion of Unit 6 RB becomes larger than that of the other RBs from the results of simulation analysis from Units 5 to Unit 7 RBs. However, such studies typically included an additional simplification of representing the structure by a LMSM, which does not fully consider the effects of SSI for simultaneous three directional inputs in two horizontal and one vertical directions on the local responses of the maximum acceleration responses in the structure. Additionally, these studies did not evaluate the effect of nonlinearity of the soil-structure interface on the soil pressure characteristics beneath the foundation and along sidewalls caused by separation and sliding of soil from sidewalls.
Some studies have improved on this. IAEA's Kashiwazaki–Kariwa Research Initiative for Seismic Margin Assessment (KARISMA) benchmark exercise (IAEA, 2013) and studies based on the KARISMA benchmark exercise (Turpin et al., 2012; Moore et al., 2013; Alves Fernandes et al., 2017; Gatti et al. (2018a); Ichihara et al., 2021) attempted to evaluate more accurately the SSI response characteristics by using 3D finite element method (FEM) models of the RB. The 3D FEM models used in the KARISMA benchmark exercise are shown in Figure 2. Almost 20 teams from over 10 countries and areas joined the KARISMA benchmark exercise conducted between 2009 and 2012. A total of three phases were conducted as follows (Wang and Rambach, 2013):
• Phase I: Modeling, static and modal analyses, soil column analyses
• Phase II: Response analyses of the structure and equipment during the Niigataken Chuetsu-oki earthquake (including the “Reference analyses” and “Best estimate analysis”)
• Phase III: Assessment of the seismic margin by multiplying the seismic level
[image: Figure 2]FIGURE 2 | 3D FEM models used in KARISMA benchmark exercise (IAEA, 2013).
However, the results varied widely among the participating teams. It was also found that the benchmark exercise results shown in the “Best estimate analysis” of the Phase II for the maximum acceleration responses and acceleration response spectra at the locations with installed seismometers typically overestimated the recorded seismic data. Therefore, it was not clear how accurately the simulation models could reflect the actual response characteristics. Moreover, the KARISMA benchmark exercise report (IAEA, 2013) did not explain clearly whether the soil separation and sliding were appropriately considered in the 3D FEM models shown in Figure 2. If the soil and structure are fully and rigidly connected using node sharing, the design stresses acting on beneath the foundation and sidewalls may well be underestimated (Saxena and Paul, 2012).
Studies considering the effects of the separation and sliding of soil from sidewalls by a 3D FEM that models the soil and structure three-dimensionally are extremely important for appropriately evaluating the seismic safety of the embedded structure. From these seismic response analyses, it is necessary to further elucidate the actual nonlinear behavior including the separation and sliding from the information on the actual soil and the actual structure. Therefore, the objective of this study is to evaluate accurately the influence of the nonlinear behavior of the separation and sliding of soil from sidewalls using detailed SSI analyses based on the actual soil, actual structure, and recorded seismic data. From these analyses, the validity of the seismic response analysis models and method used in this study is clarified. Additionally, this study demonstrates how separation and sliding of soil from sidewalls can influence the maximum acceleration response of the structure and soil pressure characteristics beneath the foundation and along the sidewalls. This is achieved by utilizing the following two analytical models:
• Model A: 3D FEM model with an equivalent linear soil and a linear structural model, in which the soil and the structure are fully and rigidly connected.
• Model B: 3D FEM model with an equivalent linear soil and a linear structural model, with a nonlinear soil-structure interface.
In this paper, “Structural Modeling and Seismic Response Analysis Method Considering Soil–Structure Interaction” Section describes the structural modeling and seismic response analysis method considering SSI. The building is the advanced boiling water reactor type of Kashiwazaki–Kariwa NPP Unit 7 RB, and the soil is the actual soil based on the IAEA (2013). Two types of the soil-structure boundary are assumed: Model A, in which the soil and structure are fully and rigidly connected, and Model B, with a nonlinear soil-structure interface by joint elements. The seismic motion developed based on the waveform recorded at the building site during the main shock of the 2007 Niigataken Chuetsu-oki earthquake is inputted to these models. “Soil–Structure Interaction Analysis by 3D FEM Model and Local Response Characteristics of Structure and Soil Pressure” Section clarifies the analysis accuracy of the seismic response analysis method and models used in this study. Moreover, the effects of soil separation and sliding on the maximum response acceleration and the local response of soil pressure beneath the foundation and along the sidewalls are clarified.
STRUCTURAL MODELING AND SEISMIC RESPONSE ANALYSIS METHOD CONSIDERING SOIL–STRUCTURE INTERACTION
Structural Modeling
Figure 3A shows the key plan and key cross section of the analyzed building. The building is the advanced boiling water reactor type of Kashiwazaki–Kariwa NPP Unit 7 RB, which was the subject of the KARISMA benchmark exercise. The building was considered as a stand-alone structure, with no consideration for interaction with the adjacent buildings. The main structure of the RB is made of RC, which also includes some secondary steel framed RC structures and some secondary steel structures. The building has four floors above the G.L. and three basement levels. The roof is flat and consists of a steel structure supported by roof trusses. The overall building plan dimensions are 56.6 m (north-south (NS) direction) by 59.6 m (east–west (EW) direction), while the height from the bottom of the foundation to the top of the roof slab is 63.4 m. The height above G.L. is 37.7 m. The reinforced concrete containment vessel (RCCV) is located in the central part of the building, and is supported on a 5.5 m thick RC foundation. In the figure, 7-R1 and 7-R2 indicate the locations of seismometers in the building used for recording the earthquake signals. 7-R1 indicates the location of the seismograph installed on the 3rd floor (3F), and 7-R2 indicates the position of the seismograph installed on the 3rd basement floor (B3F). The T.M.S.L values shown in the figure are relative to the Tokyo Mean Sea Level.
[image: Figure 3]FIGURE 3 | Depiction of structural model. (A) Key plans and key cross section of the building. (B) Detailed structural model.
Table 1(A) list the properties of structural materials, which were adopted from the IAEA report (2013). The properties of RC and steel are assumed to be linear for consistency with the previous studies (Watanabe et al., 2008; IAEA, 2012).
TABLE 1 | Specifications of structural model. (A) Structural material properties. (B) Floor level and weight distribution of LMSM and 3D FEM model.
[image: Table 1]Table 1(B) shows the weight and floor level of the building. The weight of the building in the 3D FEM model was adjusted by changing the mass at each floor level to match the weight distribution of the LMSM used in the IAEA report (2013).
Figure 3B shows the model of the building. The foundation was modeled using solid elements, floor slabs and walls as shell elements, columns and beams as beam elements and diagonal members, and struts and horizontal braces (representing roof slabs) as rod elements that carry axial loads only. For the wall-to-foundation connection, the shell elements of the wall were embedded into the bottom foundation to ensure the continuity of rotational deformation between the shell elements and solid elements. The mesh size was set to 2.0 m as a guide so that the space between the grid lines on the plan and the space between the vertical floors would be divided into four or five sections. The wall and floor openings were only included in the structural model when their size was 2.0 m2 or more. The large pieces of equipment inside the RCCV were not explicitly modeled, but their weight was accounted for as a uniform load applied onto the particular floor slab where the equipment was located. FINAS/STAR software (ITOCHU Techno-Solutions Corporation, 2017) was used for building and analyzing the structural model.
As part of the model validation, the foundation of the model was fixed and an eigenvalue analysis based on the initial stiffness was carried out (Figure 4). Figure 4A also presents the average values of the fixed-base fundamental frequencies and modal participating mass ratios from the IAEA study (2013) as a reference. The fundamental frequencies and modal participating ratios obtained in our analysis show some differences compared to the average values of the IAEA study (2013), but the shapes of the fundamental modes are almost the same in both NS and EW directions. In UD direction, there is a more significant difference between fundamental frequencies. However, it is considered that this is because in the current structural model the response in the out-of-plane direction in which the floor slabs on the roof floor (RF) and crane floor (CF) are coupled is the first-order vertical mode, whereas the average of the IAEA study (2013) is the response of the roof slab on the RF alone as the fundamental vertical mode. As shown in Figure 2, the modeling of the RF varied among the participants of the IAEA study (2013). Therefore, only the fundamental frequency in UD direction is compared for the reference.
[image: Figure 4]FIGURE 4 | Result of eigenvalue analyses for fixed-base model. (A) Fundamental frequency and modal participating mass ratios. (B) Fundamental vibration mode shapes.
The damping of the building was modeled using the Rayleigh damping. The damping was employed in which 5% for concrete and 2% for steel were established for the average of the fundamental modes in the NS (4.18 Hz) and EW (4.81 Hz) direction, and the fundamental mode in the UD (11.74 Hz) directions.
Soil Modeling
The soil was assumed as equivalent to that adopted in the IAEA study (2013) and its properties are shown in Figure 5A. Figure 5B shows the soil model used for consideration of SSI. The soil was modeled as horizontal layers with plan dimensions of approximately five times the foundation width using solid elements. The mesh size was assumed up to T.M.S.L. −90.0 m (H = 102.3 m) as ranging from 1.0 to 7.125 m depending on the shear wave velocity, Vs, in the vertical direction so that the maximum frequency of the surface layer was approximately 15 Hz, referring to Bolisetti et al. (2018). Here the free-field ground surface of the actual soil is at T.M.S.L. −155 m, however, in order to reduce the computational load of the 3D FEM soil and structural model, it was modeled only up to T.M.S.L. −90.0 m, which is consistent with the previous study by Hijikata et al. (2011). In contrast, Gatti et al. (2018b) pointed out the influence of the possible uncertainty of the soil layering below T.M.S.L. −100 m based on the interferometric analysis of the main shock and aftershocks of the 2007 Niigataken Chuetsu-oki earthquake recorded in the borehole array at the service hall of Kashiwazaki–Kariwa NPP and the borehole array at the Unit 5 RB. Therefore, before adopting the T.M.S.L. −90.0 m soil model, we performed a parametric study using an SSI model which modeled the soil layer up to the free-field ground surface (T.M.S.L. −155 m) and confirmed that the influence of the soil layering on the acceleration time histories and acceleration response spectra at the observation points of the building was small in the seismic input using 2007 Niigataken Chuetsu-oki earthquake records to be described in “Seismic Input Using 2007 Niigataken Chuetsu-oki Earthquake Records” Section.
[image: Figure 5]FIGURE 5 | Depiction of soil model. (A) Soil properties (IAEA, 2013). (B) Soil model considering SSI.
The side boundaries of the soil model were assumed as periodic (cyclic) boundaries by assuming that the translational displacements of the nodes on the opposite sides were the same, and the bottom boundary was assumed to be viscous. Moreover, the viscous boundary of the bottom of the soil model is connected to the half-space at the lower end of the model through dashpots having a viscous coefficient determined from the soil properties (IAEA, 2013) shown in Figure 5A. An acceleration time history waveform obtained from the method described in “Seismic Input Using 2007 Niigataken Chuetsu-oki Earthquake Records” Section is input from the bottom of the soil model by outcrop motion. At this time, the equations of motion of the entire system are solved by combining the equations of motion expressing the vibration of the soil above the half-space and the basic equations of viscous boundary.
The SSI analyses in this study used the equivalent linear analysis results of the soil obtained in the IAEA study (2013). The equivalent linearization method used here was a one-dimensional wave propagation analyses available in SHAKE, which ignores the nonlinear characteristics of the soil depending on the time change. Although this is a simplistic assumption, it is one of the most commonly adopted analysis methods for seismic analysis of NPP facilities and it can significantly reduce the computational effort required to analyze 3D FEM soil and structural models. Therefore, this method was adopted in this study. It should be noted that it was confirmed by a nonlinear analysis considering the soil nonlinearity for the Niigataken Chuetsu-oki earthquake that the maximum shear strain in the support rock of the Nishiyama layer was approximately 0.1% and the maximum shear strain in a part of sand of the surface soil layer was approximately 1.0% (Hijikata et al., 2011). Therefore, in this paper, the soil is considered to be applicable the equivalent linear analysis, and is modeled using the equivalent stiffness and equivalent damping. Figure 6 shows the distribution diagram of the equivalent shear wave velocity and equivalent damping ratio. An eigenvalue analysis of the 3D FEM model, including SSI effects, was then carried out.
[image: Figure 6]FIGURE 6 | Distribution of equivalent shear wave velocity and damping ratio.
The soil damping was also modeled using the Rayleigh damping model, and was set so that the average of the fundamental frequencies in the NS (1.21 Hz) and EW (1.21 Hz) directions of the coupled soil-structure system, and the fundamental frequency in the UD (11.74 Hz) direction of fixed-base model had the equivalent damping ratio of each soil layer.
Soil–Structure Interface Modeling
In order to reduce the computationally load for the 3D FEM soil and structure model, the soil-structure interface of Model A was simply modeled by assuming the common nodes belonged to both the soil and the structure. However, in Model B, the nonlinearity of the interface had to be considered by the joint elements between the soil and the structural nodes. Figure 7A shows the depiction of the soil-structure interface modeling of joint elements. Model B connects the nodes between the soil and structure with joint elements in three directions, and this modeling evaluates the nonlinear SSI arising from the separation and sliding of soil from sidewalls. Figure 7B shows the response characteristics of nonlinear SSI of the separation and sliding of soil from sidewalls by using joint elements.
[image: Figure 7]FIGURE 7 | Depiction of SSI model. (A) Joint elements at soil-structure interface. (B) Response characteristics of nonlinear SSI of the separation and sliding of soil from sidewalls by joint elements. (C) Nonlinear properties of joint elements. (D) Spring constants of side soil from B3F to 1F level obtained from the method by Novak et al. (1978).
In order to simulate the separation and sliding behavior of the soil-structure interface in the 3D FEM model, the joint elements used in this study had a high compression stiffness in the normal direction but zero tension stiffness. Figure 7C shows the nonlinear properties of the joint elements.
It is desirable that the joint element in the normal direction is sufficiently rigid, but if it is unconditionally set to a significant value, spike-like noises may occur in the numerical analysis results. Therefore, in this study, sensitivity analyses were performed in advance with the stiffness in the normal direction as a parameter with reference to the modeling method of joint elements proposed by Nakamura et al. (2007). Hence, the initial stiffness was set to be 1,000 times the spring constant of the side soil obtained from the method by Novak et al. (1978), as a value with small numerical noise. Figure 7D shows the spring constants of the side soil from B3F level to 1st floor (1F) level obtained from the method by Novak et al. (1978). The initial stiffness of the joint element is determined by multiplying the spring constant shown in Figure 7D by 1,000 and then distributing the values according to the node-dominated area of the joint element. The initial stress of the joint element was set based on the initial stress due to the static soil pressure of the side soil calculated from the self-weight analysis. The dynamic friction coefficient, μd, in the shearing direction was set to 0.35 in consideration of the waterproof layer on the sidewalls with reference to Yabuuchi et al. (2019).
Seismic Input Using 2007 Niigataken Chuetsu-Oki Earthquake Records
The seismic input was concurrently applied in the two horizontal and the vertical direction at the bottom of the soil model from the waveforms recorded at the building site during the main shock of the 2007 Niigataken Chuetsu-oki earthquake. Since the actual seismic data was not recorded in the soil surrounding the building, following the study by Hijikata et al. (2011), the input waveforms in the three directions were calculated at the bottom of the soil model such that the seismic data recorded on the foundation of the B3F matched the response waveform of 3D FEM model. This was done by first assuming the input waveforms in the three directions at the bottom of the soil model shown in Figure 5B. These input waveforms at the bottom of the soil model were then changed iteratively using the transfer functions in three directions until their foundation acceleration time histories and acceleration response spectra matched the actual recorded seismic data and spectra.
Seismic Analysis Method
All 3D FEM simulations used the Newmark-β method (β = 1/4, γ = 1/2) to obtain the response time histories. A linear analysis was carried out for Model A and a nonlinear analysis for Model B, respectively. The tangential stiffness matrix was used in the nonlinear analysis and convergence was sought for up to three iterative steps. If the convergence was not obtained after three steps, the residual forces were carried over to the next analysis step. The time step of the analysis was 0.01 s for the linear analysis of Model A and 0.001 s for the nonlinear analysis of Model B, respectively. The duration of the analysis was 14 s, from 30 to 44 s of the seismic input wave, representing the main seismic motion.
SOIL–STRUCTURE INTERACTION ANALYSIS BY 3D FEM MODEL AND LOCAL RESPONSE CHARACTERISTICS OF STRUCTURE AND SOIL PRESSURE
Comparison of Simulated and Recorded Seismic Data
In this section, the seismic analysis model shown in Figure 5B was used to carry out the SSI analysis of the recorded seismic data, and the analysis accuracy of the seismic response analysis method and models used in this study was examined. We compared the results of Model A, which does not consider soil separation and sliding, with those of Model B, which does, and clarify the effects of separation and sliding of soil from the sidewalls on the horizontal responses of the structure near the observation point on the 3F.
In this study, the output of the nodes near the seismometer positions shown in Figure 3A was used for comparison with the recorded seismic data. Figures 8, 9 show a comparison of acceleration time histories and acceleration response spectra. In the figures, the solid red lines show the recorded seismic data, the dash black lines show the results of Model A, and the dash-dotted blue lines show the results of Model B. In this study, since the input waveform at the bottom of the soil model was adjusted to match the recorded seismic data on the foundation at B3F, the recorded seismic data on the foundation and the response waveform of each model were almost the same.
[image: Figure 8]FIGURE 8 | Comparison of acceleration time histories at (A) 7-R2 on B3F and (B) 7-R1 on 3F.
[image: Figure 9]FIGURE 9 | Comparison of acceleration response spectra at (A) 7-R2 on B3F and (B) 7-R1 on 3F.
First, the response characteristics of the acceleration time histories are discussed. Figures 8A,B are comparisons of the B3F and 3F of acceleration time histories, respectively. The numbers in the figures indicate the maximum acceleration of each of recorded seismic data, Model A and Model B. For both models, the simulated waveforms, maximum acceleration and the recorded seismic data of the 3F tend to agree well and it can be seen that the effects of the soil separation and sliding on the acceleration responses are small.
Next, the response characteristics of the acceleration response spectra are discussed. Figures 9A,B are comparisons of the B3F and 3F of acceleration response spectra. For both models, the simulated response of 3F around the dominant period (NS: around 0.4 s, EW: around 0.3 s) is slightly lower than that of the recorded seismic data, but it tends to agree well with the recorded seismic data, again indicating that the effects of soil separation and sliding are small. The response characteristics of the horizontal acceleration response spectra at the 3F observation points agreed very well with the results of the previous SSI analyses of Phase II “Best estimate analysis” in the KARISMA benchmark exercise for the Kashiwazaki–Kariwa NPP Unit 7 RB under the 2007 Niigataken Chuetsu-oki earthquake scenario (IAEA, 2013).
From the above results, the horizontal acceleration waveforms and acceleration response spectra tend to agree well with the 3F recorded seismic data in both Model A and Model B, and there were no significant differences due to consideration of separation and sliding. From this, it is considered that the inclusion of separation and sliding of soil from sidewalls had only a limited effect on the horizontal responses near the 3F observation points under the 2007 Niigataken Chuetsu-oki earthquake, which was the subject of this study.
Effect of Separation and Sliding of Soil From Sidewalls on Local Response Characteristics of Structure and Soil Pressure
Here, we clarified the effects of separation and sliding of soil from sidewalls during the 2007 Niigataken Chuetsu-oki earthquake on the maximum local accelerations and the soil pressure characteristics both beneath the foundation and along sidewalls.
Figures 10A,B show the maximum acceleration response contours in the NS and EW directions for Models A and B, respectively, that were concurrently input in three directions. The contours in the figure show the maximum acceleration of each node of the external walls on the north side and the west side, where the response was most significant. From Figure 10, the maximum acceleration tends to increase in the structure above the G.L. with the embedment part as the boundary, and even within the same wall, there is difference in the maximum value for each node. It can also be seen that the response in the out-of-plane direction increases near the center and openings of each floor.
[image: Figure 10]FIGURE 10 | Maximum acceleration contours in (A) NS direction for line R7 external walls (north) and (B) EW direction for line RA external walls (west).
Comparing the results of Model A with those of Model B, it can be seen that the difference in the maximum acceleration response due to the soil separation and sliding is typically small. However, in the basement of the north external wall and near the 1F of the west external wall, a limited difference in the local maximum acceleration is observed because of soil separation and sliding. These differences indicate a decrease in response at the basement of the north external walls, but an increase in response locally at the edge of the external walls on the west side of 1F. This increase in response at the 1F is considered to be affected by the separation and sliding of the surface soil and may influence the local response of the structure. This will be further discussed using the maximum acceleration response contours on the 1F.
Figure 11 shows the maximum EW direction acceleration response contour on the 1F. It can be seen that the difference in the maximum acceleration is locally large around the external walls, especially at the edge (line R1 side and line R7 side) in the west direction. This difference can be seen not only the west side but also on the east side soil-structure interface. The reason why the degree of influence of separation and sliding on the maximum acceleration on the west side and the east side is considered to be the effects of the foundation uplift that occurs on the east side of the foundation edge, which will be discussed later. In other words, it is considered that the separation and sliding of soil from sidewalls in Model B reduces the embedment effect of the structure, and this causes the entire structure to rise in the UD direction and increase of the foundation uplift behavior on the east side of the foundation edge. For this reason, it is considered that a contact force due to the soil separation and reattachment acts between the west side of the 1F and surrounding soil of Model B, and this results in a local increase of the maximum acceleration.
[image: Figure 11]FIGURE 11 | Maximum acceleration contours in EW direction for 1F.
Figures 12, 13 show the soil pressure characteristics when the maximum tension occurs on the side of the structure and the ratio (sliding resistance ratio) of the soil pressure to frictional resistance pressure in the shear direction (vertical direction), respectively. The dash line in the figure represents the results of Model A and the solid line represents those of Model B. The average of the lateral soil pressure of each finite element in the horizontal direction is connected by a straight line in the height direction. The lateral soil pressure in Figure 12 was calculated by adding the tensile dynamic soil pressure (positive) to the static compressive soil pressure (negative) acting on the surface of the sidewalls. Therefore, the side soil pressures in this figure are positive in Model A where the soil-structure boundary is fully connected, tension may occur, and phenomena such as separation and sliding of soil from sidewalls may occur. On the other hand, Model B, in which the joint elements are used to model the soil-structure interface, shows zero values indicating soil separation and sliding during tension. The sliding resistance ratio shown in Figure 13 is the sliding resistance ratio of the lateral soil pressure in the shear direction (vertical direction) to the frictional resistance pressure (which is obtained by multiplying the lateral soil pressure acting normal to the sidewalls with the dynamic friction coefficient μd). Therefore, the sliding resistance ratio shown in the figure is ≥1.0 for Model A, and sliding may occur from the sidewalls in the vertical direction. For Model B, the sliding resistance ratio is 1.0, indicating sliding from the sidewalls in the vertical direction. It should be noted that the sliding resistance ratio uses the lateral soil pressure acting normal to the sidewalls, which fluctuates depending on the dynamic soil pressure, as the denominator. Therefore, in Model A, the sliding resistance ratio becomes infinite at the time when the lateral soil pressure becomes zero, and the evaluation becomes impossible. To avoid this, in this study, the time when the lateral soil pressure became zero was excluded from the evaluation. However, at times when the lateral soil pressure is close to zero, the denominator still shows a negligible value; therefore, the sliding resistance ratio with respect to these times tends to be significant.
[image: Figure 12]FIGURE 12 | Soil pressure characteristics at time of maximum tension acting on sidewalls.
[image: Figure 13]FIGURE 13 | Soil pressure characteristics of sliding resistance ratio acting on sidewalls (A) Ratio from 0 to 350. (B) Ratio from 0 to 20.
From Figure 12, it can be seen that there is a separation occurred in the sand layer on the surface soil from the lateral soil pressure at the time of maximum tension. Moreover, the lateral soil pressure of the east sidewall is zero or less even in the Nishiyama layer that is deeper than the sand layer, and it can be considered that separation occurs locally in the soil rather than sand layer. Comparing Model A with Model B, a difference in the distribution characteristics of the lateral soil pressure is observed because of soil separation and sliding. In particular, a large difference can be seen from Yasuda layer on the east side to the upper part of the Nishiyama layer, and the effects of separation and sliding can be confirmed.
From Figure 13, it can be seen that vertical sliding occurred from the sand layer to the Nishiyama layer along all sidewalls in all models. Comparison of the sliding resistances of the north, south, east, and west sidewalls of Model A showed that the degree of sliding is greater on the east and west sides than on the north and south sides. This observation is consistent with the increase in the maximum acceleration response on the 1F on the east and west sides of the structure due to the occurrence of the foundation uplift (as shown in Figure 11). Comparing the results of Model A with those of Model B, the sliding resistance of Model B indicates 1.0, which represents sliding of soil from sidewalls, caused by separation and sliding. From this, it can be considered that the behavior of the structure sliding in the vertical direction is induced by considering the soil separation and sliding, and the behavior of entire uplift in the UD direction is increased. Moreover, it can be considered that such a difference in soil pressure characteristics is due to the reduction of the embedment effect of the structure caused by the separation and sliding of soil from sidewalls, and occurrence of the foundation uplift on the east side of the foundation edge. This will be discussed hereinafter in more detail.
Figure 14 shows the soil pressure characteristics when the maximum tension occurred beneath the foundation. In the figure, the dash line represents the results of Model A and the solid line represents those of Model B. The soil pressure beneath the foundation acted on the result of main grid lines in the NS and EW directions is connected by straight lines with different symbols. The maximum value of soil pressure was calculated by adding the maximum value of tensile dynamic soil pressure (positive) to the self-weight compressive pressure (negative) acting on the foundation. Therefore, when the soil pressure shown in the figure becomes positive, tension is generated, which causes foundation uplift.
[image: Figure 14]FIGURE 14 | Soil pressure characteristics at time of maximum tension acting beneath foundation.
From Figure 14, it can be seen that in Model A the soil pressure beneath the foundation is compressive over the entire main grid lines and the possibility of foundation uplift is small. In addition, it can be seen that the distribution of the soil pressure of Model A corresponds to the elastic contact pressure distribution under rigid foundation, in which the soil pressure in the central part of the foundation is relatively small and increases as it approaches the edges. On the other hand, the soil pressure of Model B is mainly compressive on the main grid line, but compared to Model A, it is distributed on the tension side and rises in the UD direction. Moreover, at the end of the EW cross section there is a numerical tension value indicating foundation uplift. Since this difference in soil pressure characteristics is particularly noticeable at the edge of the east side of the foundation, it is considered that in Model B foundation uplift occurs at the eastern edge. However, since there is limited difference in the soil pressure characteristics in the central part of the foundation in Model A, it is considered that the effect of the foundation uplift on the soil pressure is local.
The above comparison of the analytical results with and without soil separation and sliding based on the recorded seismic data clarified that the separation and sliding of soil from sidewalls causes the reduction of the embedment effect of structure, and this reduction results the increase of entire structure to rise in the UD direction and occurrence of the foundation uplift at the eastern edge. In addition, it was also clarified that the reduction appeared as a local difference in the maximum acceleration response, and the soil pressure characteristics on both the sidewalls and beneath the foundation.
CONCLUSIONS
This study had the objective of accurately evaluating the influence of the nonlinear behavior of the separation and sliding of soil from sidewalls and conducted detailed SSI analyses based on the actual soil, actual structure, and the recorded seismic data of the Kashiwazaki–Kariwa NPP Unit 7 RB under the 2007 Niigataken Chuetsu-oki earthquake. The conclusions of this study are summarized as follows:
1) Comparison of simulated and recorded seismic data
• Input waveform at the bottom of soil model was iteratively corrected to match the recorded seismic data on the foundation of the B3F. Therefore, the horizontal acceleration time histories and acceleration response spectra at the positions of the seismometer installed at the 3F agreed well with the actual recorded seismic data. From this, it is considered that the seismic analysis method and models used in this study have sufficient analysis accuracy that can simulate the phenomenon generally well for the main shock of the 2007 Niigataken Chuetsu-oki earthquake.
• Compared to Model A, which did not consider separation and sliding, in Model B there was a slight difference in the low period around 0.1 s in the NS direction. However, the difference was limited and no significant effect on the acceleration response spectrum was observed from the inclusion of soil separation and sliding. Therefore, it is considered that the effect of separation and sliding of soil from sidewalls under the 2007 Niigataken Chuetsu-oki earthquake input on the horizontal responses of equipment and components near the observation points on 3F is limited.
• The characteristics of the acceleration response spectra at the observation points on 3F agreed very well with the results of the previous SSI analyses of Phase II “Best estimate analysis” in the KARISMA benchmark exercise for the Kashiwazaki–Kariwa NPP Unit 7 RB under the 2007 Niigataken Chuetsu-oki earthquake (IAEA, 2013).
2) Effect of separation and sliding of soil from sidewalls on local response of the structure and soil pressure
• There was almost no effect on the maximum acceleration response due to the cases with and without soil separation and sliding, except in the basement of the north external wall and near the 1F of the west external wall. Although the maximum acceleration in the basement of the north external wall tended to decrease, a local increase in the maximum acceleration was observed on the 1F. It is considered that this is because the embedment effect of the structure was reduced because of the separation and sliding, and the reduction caused the entire structure to rise in the UD direction and the occurrence of the foundation uplift at the eastern edge of the foundation. Therefore, it is probable that this appeared as an increase in the maximum acceleration on the 1F.
• When soil separation and sliding were considered, it can be seen that they did not affect the distribution of the lateral soil pressure on the north, south, east, and west sides evenly, but their impact was found to concentrate rather on the east side. This is considered to be caused by the occurrence of the foundation uplift at the eastern edge; therefore, the effect on the structure did not occur evenly on each side, but rather caused a general increase of lateral soil pressure along the east sidewall. Furthermore, the sliding resistance ratio in the shear direction (vertical direction) was affected by soil separation and sliding on all sides, and soil sliding was seen on all sidewalls. From this, it is considered that the behavior of the structure sliding in the vertical direction is induced by the soil separation and sliding, and the behavior of entire uplift in the UD direction is increased.
• The difference in the distribution of the soil pressure beneath the foundation tended to rise slightly in the UD direction as a whole because of the soil separation and sliding. Although the effect was limited at the center of the foundation, it appeared as a clear difference at the edge of the foundation, and the soil pressure indicating foundation uplift in EW direction was confirmed. This difference was particularly significant at the edge of the east side of the foundation. Therefore, it is considered that soil separation and sliding have a great influence on the distribution characteristics of the soil pressure along sidewalls and maximum acceleration response.
FUTURE CHALLENGES
In this study, the effects of separation and sliding of soil from sidewalls on the maximum acceleration response and the soil pressure characteristics both along the sidewalls and beneath foundation were relatively small. However, if a severe seismic excitation is assumed, it can be expected that the embedment effects will be further reduced because of soil separation and sliding. This reduction of the embedment effects will cause the increase of entire structure to rise in the UD direction and increase of the foundation uplift. Therefore, it is considered necessary to evaluate the response of the soil-structure interface in consideration of not only the soil nonlinearity but also the effects of soil separation and sliding in the SSI analyses using 3D FEM model under severe seismic excitations. As of this moment, the severe seismic excitation that exceed the 2007 Niigataken Chuetsu-oki earthquake and the information on the actual soil and actual structure of NPP that experienced it are not published as open data. However, when this information will be published in the future, it is expected that the effects of soil separation and sliding on the SSI analyses of 3D FEM models will be quantitatively evaluated from the seismic response analyses for these severe earthquakes. Furthermore, in this study the soil nonlinearity was only approximately considered using the equivalent stiffness and damping from the equivalent linear analysis of the soil. In future, it is expected to carry out a more detailed nonlinear analysis that will consider the interplay between of soil nonlinearity and separation and sliding.
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Foundation 29,000 12,100 020 235
Structure 31,300 13,100 020 240
Steel reinforcement 205,000 - - 770
Structural steel 205,000 79,000 030 770
(B)
RB RCCV
Floor Elevation Weight (kN) Floor Elevation Weight (kN)
TMSL. (m) TMS.L. (m)
LMSM 3D FEM model LMSM 3D FEM model

RF 49.70 49.70-43.95 39,760
CF 38.20 43.95-34.95 80,820
4 31.70 34.95-27.60 86,110 4 31.70 34.95-27.60 93,200
3F 2350 27.60-20.80 86,400 3F 2350 27.60-20.80 158,100
2F 18.10 20.80-15.20 56,460 2F 18.10 20.80-15.20 104,900
1F 12.30 15.20-8.55 82,650 1F 12.30 15.20-8.55 203,200
BIF 480 8.55-1.55 81,700 BIF 480 855-1.55 126,500
B2F -1.70 1.55 10 -4.95 82,900 B2F -170 1.55 to -4.95 139,500
B3F -8.20 -495 10 -10.95 349,000
Base -13.70 -1095 to ~13.70 220,300

Total 1,991,700
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