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RESPONSE TO REQUEST FOR ADDITIONAL INFORMATION 

03/29/2013 

US-APWR Design Certification 

Mitsubishi Heavy Industries 

Docket No. 52-021 

RAI NO.: NO. 960-6709 REVISION 0 

SRP SECTION: 03.07.02 – Seismic System Analysis 

APPLICATION SECTION: 3.7.2 

DATE OF RAI ISSUE: 09/24/2012 

 

QUESTION NO. 03.07.02-220: 

Sections 4.3 and 4.4 of MHI’s TR MUAP-12002 (R0), "Sliding Evaluation and Results," 
describe the development of the finite element models and the lumped-mass stick model 
(LMSM). To assist the staff in evaluating whether the LMSM is equivalent to the more 
detailed finite element model, the staff requests the applicant to provide the following 
additional information: 

a) Section 4.3.1 of the TR states, “There are two FE models for the R/B Complex 
considered: one detailed FE model which is used to validate the dynamic model; and one 
dynamic FE model, which is used for dynamic analyses in ANSYS, and these two models 
have correlation with each other. The dynamic FE model is the basis for correlation with the 
LMSM. Contact (or sliding) elements and a rigid basemat are added to the dynamic FE 
model for nonlinear sliding analyses. The dynamic FE model customized for sliding analyses 
is referred to herein as the FEM.” 

From this information, it appears to the staff that there are three models – 2 finite element 
models (FEMs) and 1 LMSM. The applicant is requested to provide a clear description (with 
figures, modal frequencies, and corresponding modal participation factors for the two 
horizontal and one vertical motions) of all the three models referred to in the above quoted 
paragraph, and clearly indicate the differences between them. 

b) In addition, the applicant is requested to provide information which demonstrates that the 
LMSM is equivalent to the design basis seismic SSI model. This should include similar model 
information as described in Item a) above. 

c) Section 4.2.1 of the TR appears to indicate that a static friction coefficient (μs) of 0.7 will 
be used and a kinetic friction coefficient of (μk) equal to 0.5 will be used. However, Section 
4.5 of the TR indicates that one of the conclusions for the methodology is: “Use of the kinetic 
friction coefficient under static conditions (before initiation of sliding).” From the above, it is 
not clear which coefficient of friction values are used in the analyses. Therefore, the 
applicant is requested to clarify and provide a technical basis and justification whether both 
the static and kinetic coefficient of friction values will be used or if only the kinetic coefficient 
of friction will be used. 
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d) The applicant is requested to describe the specific ANSYS friction element type that will 
be used and define the quantitative values for the various parameters for this element. 

e) To verify that the development of the LMSM is appropriately based on the first modes in 
the horizontal directions and the development of an equivalent fundamental frequency in the 
vertical direction from the FEM, the staff requests that the applicant provide a table showing 
the results of the modal analysis for the finite element model. The table should include for 
each mode the frequency, direction, effective mass, and percentage effective mass (of the 
total). The selection of the modes for matching in the LMSM should be shown to capture 
sufficient effective mass when compared to the total mass. 

f) To confirm that the final (calibrated and fine-tuned) LMSMs for the Reactor Building (R/B) 
and Turbine Building (T/B) are adequate, the staff requests that the applicant provide a 
comparison of overall seismic demands predicted by the LMSMs and the detailed finite 
element models. The comparison should include the two shear forces, vertical (axial) force, 
and the two over-all bending moments at the base of the models, for a fixed base case with 
flat response spectral input. 

g) To assist the staff in evaluating whether the base shear force from the LMSM for each of 
the 5 input motions is equivalent to the more detailed finite element model, the staff requests 
that the applicant compare the maximum forces at the base of the LMSMs with those from 
the SASSI soil-structure interaction (SSI) analyses used to develop each of the 5 input 
motions for the sliding stability analyses. In this study, sliding and lift off needs to be 
prevented in the LMSM analyses, for comparison to the SASSI results. 
 

ANSWER: 

This answer revises and replaces the previous MHI answer that was transmitted by Letter 
UAP-HF-12292 (ML12356A069). 

a) The text referred to in the question is now in Section 4.2.1 of Technical Report MUAP-
12002, Rev. 1, and it was modified as follows: 

“There are two finite element (FE) models for the R/B complex, a Detailed FE 
model which is used to validate the dynamic model; and one Dynamic FE model, 
which is used for dynamic analyses in ANSYS (Reference 11) and ACS SASSI 
(Reference 12).  For the Dynamic FE model, there are two types of concrete 
sections (i.e., cracked and uncracked) in order to capture variations of the 
material properties of the structural members due to concrete cracking.  
Correlation between these two models is documented in Reference 5.  The 
Dynamic FE model is the basis for nonlinear sliding analysis and for correlation 
with the lumped mass stick model.  Contact (or sliding) elements and a rigid 
basemat are added to the Dynamic FE model for nonlinear sliding analyses.” 

The two models used in the sliding analysis are the dynamic finite element (FE) model 
and the lumped mass stick model.  The detailed FE model is only used to validate the 
dynamic FE model, using comparisons between modal frequencies and corresponding 
modal masses for the two horizontal and one vertical direction.  This validation is 
described in Technical Report MUAP-10006, Rev. 3.  The lumped mass stick model is 
discussed in the response to parts b) and e) of this Question. 
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b) Nonlinear sliding analysis was performed using the dynamic FE model, for both the 
reactor building (R/B) complex and the turbine building (T/B).  The dynamic FE model 
was modified for sliding (and termed “FE model”) as described in Technical Report 
MUAP-12002, Rev. 1, Sections 5.2.2 and 5.3.2, for the R/B complex and the T/B, 
respectively.  Two lumped mass stick models were developed for the R/B complex (one 
for the cracked section and one for the uncracked section properties) and used to screen 
the most representative cases to be analyzed with the FE model.  These lumped mass 
stick models were also used for a series of sensitivity analyses, described in Appendix B 
of Technical Report MUAP-12002, Rev. 1.  Therefore, the lumped mass stick model was 
not used for calculating seismic induced sliding for the R/B complex.  All sliding analyses 
for the T/B were performed using the FE model and therefore no lumped mass stick 
model was developed for this structure. 

For a comparison between the lumped mass stick model and the dynamic FE model in 
terms of modal frequencies and corresponding effective modal masses in all three 
directions, please refer to the response to part e) of this Question.  A comparison in 
terms of mode shapes between the lumped mass stick model and the Dynamic FE 
model is not possible since the lumped mass stick model is a very simplified 
representation of the FE model (for example, one single stick with lumped masses 
represents an entire group of structures consisting of the R/B, auxiliary building (A/B), 
and the East & West power source buildings (PS/Bs) - see Figure 4.3.1-1 of Technical 
Report MUAP-12002, Rev.1).  Due to these differences, one single mode of the lumped 
mass stick model represents an entire group of vibration modes of the FE model, as 
explained in Appendix A of the Technical Report MUAP-12002, Rev. 1. 

c) The sentence “The kinetic friction coefficient, k = 0.50, is conservatively used 
throughout the nonlinear sliding analyses” is included in Section 4.4 of Technical Report 
MUAP-12002, Rev. 1.  The use of a higher value, i.e., higher than 0.50, for the friction 
coefficient results in smaller displacements as described in Appendix B of the Technical 
Report. 

d) The following explanation is included in the third paragraph of Section 4.3.2 of Technical 
Report MUAP-12002, Rev. 1: 

“The contact elements used for both the FE model and the LMSM in the ANSYS 
analyses are CONTA173 elements (Reference 11).  The only material property 
prescribed for these elements is the coefficient of friction, µ = 0.5 (the kinetic 
friction coefficient).  The stiffness of the contact elements is controlled through 
the real constant FKN, and is calculated for each structure from the condition to 
avoid spurious rigid body vibrations [the method for calculating necessary 
stiffness of the contact elements is explained in the 4th paragraph of Section 
4.3.2 of the Technical Report – MHI Note].  The contact elements are placed at 
the bottom of the structure basemat.  There is a target surface representing the 
subgrade, where the input acceleration time histories are prescribed via a pilot 
node.  TARGE170 elements are used in the ANSYS analyses for the target 
surface.  The TARGE170 elements do not require any material properties or real 
constants.” 

e) The development and calibration of the lumped mass stick model for the R/B complex 
are presented in Appendix A of Technical Report MUAP-12002, Rev. 1.  The lumped 
mass stick model was calibrated based on the FE model by matching the dynamic 
properties (i.e., mass, mass distribution in elevation, stiffness, modal masses and 
frequencies of the first vibration modes in three directions) for each component of the 
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lumped mass stick model.  The results of modal analysis for the FE model and the 
lumped mass stick model are compared in terms of first mode frequencies in three 
Cartesian directions, corresponding effective modal masses, and total modal masses, as 
follows:  

- Table A.2.1-2 - for the basemat 

- Table A.2.2-6 - for the prestressed concrete containment vessel (PCCV) 

- Tables A.2.3-6 and A.2.3-8 for the containment internal structures (CIS) 

- Tables A.2.4-6 and A.2.4-8 for the group of structures consisting of the R/B, A/B, and 
East & West PS/Bs 

The calibrated lumped mass stick model was subsequently fine-tuned to match the 
sliding analysis results of the FE model.  In this process, the mass and mass distribution 
of the lumped mass stick model was not modified.  Only the stiffness properties were 
modified, therefore the modal frequencies of the fine-tuned (validated) lumped mass stick 
model are different from the calibrated lumped mass stick model.  The basis for fine 
tuning was matching of target sliding values developed in the FE model analyses for a 
wide range of subgrade profiles and acceleration time histories. 

f) A comparison of overall seismic demands predicted by the final calibrated and fine-tuned 
lumped mass stick model and the FE model of the R/B complex is presented in Table 1 
for both cases: cracked and uncracked section.  The comparison is provided in terms of 
two shear forces (FX and FY), vertical reaction (FZ), and two overall bending moments at 
the base of the models (MX and MY).  All of these reactions are calculated for a fixed 
base case, with flat response spectral input, with intensity of 0.3g applied simultaneously 
in all three directions.  As observed in Table 1, the results in terms of base shear 
obtained with the lumped mass stick model and with the FE model are within 3 percent of 
each other.  Larger differences are calculated for the vertical reactions and bending 
moments.  These differences are due to the fact that the lumped mass stick model is a 
very simplified representation of the FE model, with single sticks with concentrated 
masses placed at one point on the basemat (in the lumped mass stick model) 
representing a structure or group of structures whose masses are distributed over the 
area of the basemat (in the FE model).  These differences between the lumped mass 
stick model and the FE model in mass distribution and structure contact with the 
basemat, lead to differences in vertical reactions induced by the response spectrum input 
in horizontal directions.  Since the magnitude and distribution of the vertical reactions are 
the basis for the magnitude of the moment reactions, these quantities also exhibit 
differences between the FE model and the lumped mass stick model.  The maximum 
differences for vertical and moment reactions are still within 20-percent. 

The sliding analysis of the T/B was performed in Technical Report MUAP-12002, Rev. 1, 
using the FE model, and no lumped mass stick model was developed for the T/B.  
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Model  FX (kips)  FY (kips)  FZ (kips)  MX (kips-ft)  MY (kips-ft)

Cracked  FEM  3.4962E+05 3.4787E+05 5.5451E+05 1.1388E+08  -8.3543E+07
Validated 

LMSM 
3.5811E+05 3.5632E+05 4.6330E+05 9.1127E+07  -7.5592E+07

Difference  2.43%  2.43%  -16.45%  -19.98%  -9.52% 

Uncracked  FEM  3.4757E+05 3.4617E+05 5.4188E+05 1.1086E+08  -8.1664E+07

Validated 
LMSM 

3.5821E+05 3.5690E+05 4.5995E+05 9.0009E+07  -7.5505E+07

Difference  3.06%  3.10%  -15.12%  -18.81%  -7.54% 

 

Table 1. Comparison between lumped mass stick model (LMSM) and FE model of the 
R/B complex in terms of overall seismic demands 

g) In order to verify that the lumped mass stick model is equivalent to the more detailed FE 
model used in the soil-structure interaction (SSI) analyses, a comparison is presented 
between the maximum forces at the base of the lumped mass stick model obtained from 
seismic analysis with a base prevented from sliding with the corresponding accelerations 
obtained in the SSI analyses that are described in the Technical Report MUAP-10006,  
Rev. 3.  

Comparisons are presented in Table 2 for 60 cases (six subgrade profiles times five time 
histories times two types of concrete sections) in terms of differences between maximum 
base shears (Fshear) and between maximum vertical base reactions (Fz) calculated 
with the lumped mass stick model - using ANSYS, and with the FE model - using the 
results from SASSI.  The percent differences are calculated as:  

(%)100
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F  

where F is either maximum base shear (Fshear)  or maximum vertical base reaction (Fz). 

The root mean square differences for all cases analyzed range between 6 and 9 percent 
for the maximum base shears and are approximately 5 percent for the maximum vertical 
reactions.  Time histories of base reactions for the cases with the poorest match are 
plotted in Figures 1 through 4 in Attachment 4.  Even for these cases, where the 
maximum base reactions are not very close, the time histories show consistency 
between SASSI and lumped mass stick model. 

The mean values of differences between base reactions calculated with the lumped 
mass stick model and with the FE model are shown in the last line of Table 2.  It is 
noticeable that maximum base shears calculated with the lumped mass stick model are, 
on average, larger than maximum base shears calculated with the FE model, and 
maximum vertical reactions calculated with the lumped mass stick model are, on average, 
smaller than maximum vertical reactions calculated with the FE model.  As base shear is 
proportional to the driving sliding forces and the vertical reaction is proportional to the 
forces resisting sliding, this indicates that the lumped mass stick model is expected to 
produce sliding results that are, on average, more conservative i.e., larger sliding, than 
the results obtained with the FE model. 
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The details of dynamic analyses using the lumped mass stick model are presented in 
Attachment 4. 

Impact on DCD 

There is no impact on the DCD. 

Impact on R-COLA 

There is no impact on the R-COLA. 

Impact on S-COLA 

There is no impact on the S-COLA. 

Impact on PRA 

There is no impact on the PRA. 

Impact on Technical/Topical Report 

There is no impact on the Technical/Topical Report. 
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Table 2.  Base Reaction Result Comparison between lumped mass stick model and FE 
model 

Note (*): See Attachment 4, Section A4.4 for notations 

This completes MHI’s response to the NRC’s question. 
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ATTACHMENT 4 - Base Reaction Comparison between the FE Model and the LMSM 

For RAI 960-6709, Question 03.07.02-220(g) 

A4.1 Objective and Scope 
This attachment presents the methodology to calculate base reaction forces (base shear and 
vertical reaction) computed with the Lumped Mass Stick Model (LMSM) used for sliding 
analysis of the R/B Complex.  The calculations are performed for six different subgrade 
profiles (SPs) that are described in Technical Report (TR) MUAP-10006, Rev. 3.  Five sets of 
acceleration time histories (ATHs) developed to the CSDRS for nonlinear sliding analysis 
(see TR MUAP-12002, Rev. 1, Section 4.1) are used for each SP.  Both cracked and 
uncracked concrete section properties are considered for the R/B Complex.  Sliding and up-
lift are prevented in the LMSM analyses for comparison with the SASSI results 

A4.2 Assumptions 

1. The effects of variability of ground motion over the basemat area are considered 
negligible for the purpose of this linear analysis. 

2. The static and dynamic lateral earth pressures are not included in the seismic analyses 
for the LMSM.  This assumption is discussed below. 

A4.3 Loads 

 Dead Loads and Live Loads - included through the mass of the model defined at the 
material property level and by applying gravity in the FE analyses.  The Live Loads 
considered in the LMSM analysis correspond to the Live Loads used in the SSI 
analysis. 

 Buoyancy forces corresponding to the GWL at one foot below plant grade and applied 
as upward uniform pressure acting at the bottom of the basemat - this pressure affects 
the resulting vertical reaction. 

 Seismic ground accelerations compatible with the CSDRS, are applied to the subgrade 
as translational and rotational acceleration time histories, as explained in Section 4.5.2 
of the TR MUAP-12002, Rev. 1. 

Static lateral earth pressures acting on opposite walls are not included in the analysis, as 
the R/B Complex is embedded on all four sides and the static earth and water pressures 
balance each other on opposite sides.  Since sliding is prevented (applied for compatibility 
with the SSI analyses) prohibits reaching the active or passive state, and the earth pressure 
at rest can be assumed to act on all four sides.  

The dynamic soil and water pressures act on either side of the basement (changing 
direction during the earthquake) and have variable intensity, between zero and a maximum 
value.  This maximum value was estimated in Section 5.2.1.3 of the TR MUAP-12002, Rev. 
1 to be about 50,000 kips, representing about 8% to 10% of the maximum base shear 
calculated for the LMSM.  As the direction and magnitude of this force at each time instant 
is not known, this force could not be included in the seismic analysis with the LMSM.  
Dynamic pressures are, however, modeled in the SSI analyses that assume full contact 
between basement walls and surrounding backfill.  Therefore, the differences between the 
LMSM and the SSI results in terms of maximum base shear may be partly due to this 
modeling inconsistency. 
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A4.4 Notations 
The following notations are used for labeling results based on the time history, subgrade 
profiles, and concrete section properties used: 

 

Time Histories 

 Chi Chi – CC 

 Darfield – DR 

 Hector Mine – HM 

 Nahanni – NH 

 Northridge – NR 

Subgrade Profiles 

 270-500 – 25 

 270-200 – 22 

 560-500 – 55 

 900-200 – 92 

 900-100 – 91 

 2032-100 – 21 

Concrete Section Properties 

 Cracked Section – CR 

 Uncracked Section – UC 

Example Case: NH92CR: Nahanni time history, 900-200 subgrade profile, cracked concrete 
section. 

A4.5 Analysis Method 
The base shears in the X and Y directions, and the vertical reaction at the base are 
calculated at each time instant as follows: 

- In the SSI analyses, the base shear in each direction is the sum of all inertia forces 
acting in that direction, and the vertical reaction is the sum of all vertical inertia 
forces plus the buoyant weight of the structure. 

- In the LMSM analyses the base shears and the vertical reaction are output by 
ANSYS as base node reactions. 

The comparison of the base shear forces is performed in terms of “maximum resultant 
shear force”, which is defined for the LMSM as the vector sum of base shears in the x and y 
directions:  
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The comparison of vertical reactions is performed in terms of the maximum vertical force, 
defined for the LMSM as: 
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where )(tFix , )(tFiy  and )(tFiz are the time histories of reaction forces at base node i 

in the X, Y and Z-directions, respectively.  The base nodes are all the nodes at the 
basement-subgrade interface.  The maximum resultant forces are calculated for all five sets 
of acceleration time histories and for all six subgrade profiles. 

A4.6 Analysis Results 
Resultant base shears and vertical reactions are calculated for 60 cases (2 concrete section 
types, 6 subgrade profiles, and 5 time histories).  The results are summarized in Table 6.1-1 
in terms of percent differences between maximum results obtained with the LMSM and with 
the FE model used in the SSI analyses.   

Figures 1 through 4 present selected cases where the percentage differences listed in Table 
1 are relatively large.  The figures show that the time history plots appear to be consistent. 

 

Figure 1 Base Shear Time History Comparison (Fshear) – Case NR25CR 
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Figure 2 Base Shear Time History Comparison (Fshear) – Case NH92UC 

 

Figure 3 Vertical Reaction Time History Comparison (Fz) – Case HM21CR 
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Figure 4 Vertical Reaction Time History Comparison (Fz) – Case NH21UC  

0

200,000

400,000

600,000

800,000

1,000,000

1,200,000

1,400,000

1,600,000

0 2 4 6 8 10 12 14 16 18

Time (sec)

V
er

ti
ca

l 
R

ea
ct

io
n

 (
ki

p
)

FEM

LMSM


