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ABSTRACT  

This technical report presents the development of appropriate structural stiffness and damping 
values for the Containment Internal Structure (CIS) of the US-APWR standard plant.  These 
stiffness and damping values will be used for modeling the dynamic behavior of the CIS while 
conducting: (i) soil-structure interaction (SSI) analysis of the reactor building (R/B) complex, 
and (ii) subsequent structural analysis for calculating design force demands.  
 
The report develops two sets of stiffness and damping values that are intended to capture the 
potential range of stresses and associated cracking levels in each of the different concrete 
structure types (or categories) in the CIS, including various reinforced concrete (RC) structures 
and the steel-concrete (SC) primary and secondary shielding walls.  The first set of values 
represents the limited concrete cracking and higher stiffness anticipated for seismic loading 
during normal plant operations, and the second set of values represents the significant 
reduction in stiffness associated with extensive concrete cracking under seismic loading 
coupled with accident thermal conditions.  The category-specific stiffness and damping values 
identified for each of these two conditions are based upon stress levels calculated in the basic 
design analyses.  Appropriate values for the extent of cracking indicated by these stress levels 
are then assigned to the RC structures (and other structures deemed to behave like RC) in 
accordance with available codes and regulatory guidance.  The values assigned to the SC 
structures are based on experimentally verified stiffnesses that are similar in magnitude to 
those codified for RC structures, with small variations that are directly attributable to 
experimentally observed differences in SC behavior. 
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EXECUTIVE SUMMARY 

The US-APWR CIS is a complex structure that includes six different structure categories:  
(1) steel-concrete (SC) composite walls with thickness less than or equal to 56 in., (2) SC-type 
walls with thickness greater than 56 in., (3) SC-type primary shield structure with three steel 
plates and thickness from 10-15 ft, (4) reinforced concrete slabs, (5) massive reinforced 
concrete structures, and (6) steel structures with non-structural concrete filling.  

A significant portion of the CIS consists of 48 in. thick SC walls.  Some small portions of the 
CIS utilize thicker (58 – 67 in.) SC walls.  The primary shield structure supporting the reactor 
vessel is an SC-type structure consisting of three steel plates (one on each surface and one in 
the middle) and about 10 – 15 ft. overall thickness.  All the floor slabs are made from 
conventional reinforced concrete.  Towards the base of the CIS, the refueling cavity, the steam 
generators, and the reactor coolant pumps are supported on massive reinforced concrete 
infills.  Additionally, the CIS involves some steel structures (e.g., floor grids) with plain concrete 
infill for radiation shielding.  

This report presents the approach for estimating the structural stiffness and damping values of 
the various structure categories of the CIS, and modeling them using linear elastic finite 
element (LEFE) models to determine: (i) the in-structure response spectra for equipment 
design and qualification, and (ii) seismic and structural force demands for design.  

The stiffness and damping values are commensurate with the level of concrete cracking 
expected to occur in the various structure categories of the CIS.  The extent of concrete 
cracking depends on the (ACI 349) loading combinations for designing the CIS.  Two basic 
loading combinations dominate: (A) seismic plus operating thermal, and (B) seismic plus 
accident thermal loading.  These are referred to as condition “A” and condition “B”, 
respectively, in the report.  

The report presents the stiffness and damping values for all the structure categories of the  
CIS while accounting for the extent of concrete cracking associated with loading conditions “A” 
and “B”.    

It is important to note that the Category 1-3 SC-type walls are similar to reinforced concrete 
(RC) walls conventionally used in safety-related nuclear facilities. They both consist of thick 
concrete walls that are reinforced by steel.  In SC walls, the concrete is reinforced with steel 
faceplates that are anchored to the concrete using shear studs and connected to each other 
using steel tie bars.  In RC walls, the concrete is reinforced with orthogonal grids of deformed 
steel rebars that are embedded into the concrete will clear cover, and arranged to provide 
curtains of steel reinforcement close to each wall surface.  

The behavior of SC-type walls is similar to that of equivalent RC walls.  The extent of concrete 
cracking and its influence on the structural stiffness and damping will also be similar.  However, 
some aspects of SC specific behavior can cause slight deviations from RC behavior.  For 
example: (i) The SC steel plates provide additional in-plane shear stiffness due to their 
continuous nature. (ii) The bond between SC steel plates and concrete will be intermittent 
(discontinuous) at shear connector locations. (iii) The steel reinforcement ratios for SC walls 
are much higher (about 2-4%).  
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The behavior of SC walls subjected to in-plane and out-of-plane forces and thermal loading 
has been studied experimentally in Japan and the US.  Based on these experimental 
evaluations, some SC specific equations have been developed to represent their in-plane 
shear and flexural stiffness before and after cracking.  The development of these equations 
and their correlation with experimental data has been presented in this report for reference.  

However, more importantly, the report includes comparisons of the stiffness values calculated 
using SC specific equations and those estimated using RC behavior.  These comparisons are 
very important because they demonstrate that in spite of SC specific behavior, the deviations 
from RC behavior are quite small and easily justifiable.  They also verify the adequacy of using 
RC wall stiffness equations published in ASCE 43-05 for SC walls specific to the US-APWR 
CIS.  The US-APWR project chose to use the SC specific stiffness and damping values for the 
Category 1 walls because they capture SC wall behavior more appropriately and are 
experimentally verified for the range of material and geometric parameters in use.  

The table below summarizes the SC specific stiffness equations for the Category 1 SC walls.  
It also includes the corresponding RC wall stiffness equations.  It is evident from the equations 
that the RC wall equations do not account for the steel reinforcement ratio, or the special 
composite behavior of SC walls. 

Loading Condition A Loading Condition B 

(Ess + To) (Ess + Ta) Structure  
Category Shear  

Stiffness 
Flexural  
Stiffness 

Damping
Shear  

Stiffness 
Flexural  
Stiffness 

Damping

1 
SC specific 

Uncracked 
SC 

GcAc + GsAs 

Cracked-SC
EcIct  

4% 
Cracked SC 

 ssGA
42.05.0 

Cracked-SC
EcIct  

5% 

1 
RC wall 

Uncracked     
GcAc 

Uncracked    
EcIg 

4% 
Cracked    
0.5GcAg 

Cracked      
0.5EcIg 

7% 

For the reinforcement ratios (1.8-4.2%) used in the US-APWR project, this limitation does not 
have a significant influence.  This is demonstrated in the following table, which includes the 
calculated stiffness values for the typical US-APWR SC wall with 48 in. thickness, 0.5 in. thick 
steel plates (2% reinforcement ratio), and 4000 psi concrete strength.  
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As shown, for condition “A”, the SC specific in-plane shear stiffness and axial stiffness are 
within 13% of the corresponding RC values, and the SC specific flexural stiffness is 67% of the 
corresponding RC value.  The slightly lower flexural stiffness is due to the fact that SC walls 
tend to crack early in flexure due to locked in shrinkage strains and lower degree of composite 
action. For condition “B”, the SC specific in-plane shear and axial stiffness are within 16% of 
the corresponding RC values, and the SC specific flexural stiffness is about 34% larger than 
the corresponding RC values. The slightly higher flexural stiffness is due to the higher 
reinforcement ratio (2%) in SC walls.  

The most important comparisons in the table above are those related to the in-plane shear 
stiffness, because they dominate the lateral load (seismic) behavior of the CIS. As shown the 
in-plane shear stiffness calculated using SC specific equations were within 13-16% of the 
corresponding RC values. This further verifies the adequacy of using either the SC specific or 
the RC wall stiffness equations published in ASCE 43-05 for SC-type walls specific to the US-
APWR project (reinforcement ratios 1.8-4.2%). 

Based on this discussion, for Category 2 and 3 SC-type walls, the stiffness and damping 
values are based on those of RC walls published in ASCE 43-05, and summarized as follows: 

Loading Condition A Loading Condition B 

(Ess + To) (Ess + Ta) Structure  
Category Shear 

Stiffness 
Flexural 
Stiffness 

Damping
Shear 

Stiffness 
Flexural 
Stiffness 

Damping

2 
Uncracked RC 

GcAc 
Uncracked RC

EcIc 
4% 

Cracked RC 
0.5 GcAc 

Cracked RC 
0.5 EcIc 

7% 

3 
Uncracked RC 

GcAc 
Uncracked RC

EcIc 
4% 

Uncracked RC
GcAc 

Uncracked RC 
EcIc 

4% 

The Category 2 SC-type walls are demonstrated in this report to remain effectively uncracked 
for loading condition “A”.  They are assumed to be fully cracked for loading condition “B”.  The 
Category 3 primary shield structure SC-type walls are demonstrated to remain uncracked for 
both loading conditions “A” and “B” in the report.  For loading condition “B” (accident thermal), 
the primary shield structure remains uncracked due to significant restraint from the 
surrounding massive RC structure, and its large thickness.  

The stiffness and damping values for category 4 and 5 RC structures are based on values 
published in ASCE 43-05, and summarized as follows.  

Loading Condition A Loading Condition B 

(Ess + To) (Ess + Ta) Structure  
Category Shear 

Stiffness 
Flexural 
Stiffness 

Damping
Shear 

Stiffness 
Flexural 
Stiffness 

Damping

4 
Uncracked RC 

GcAc 
Uncracked RC

EcIc 
4% 

Uncracked RC
GcAc 

Cracked RC 
0.5 EcIc 

7% 

5 
Uncracked RC 

GcAc 
Uncracked RC

EcIc 
4% 

Uncracked RC
GcAc 

Uncracked RC 
EcIc 

4% 
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The Category 4 RC slabs are demonstrated in this report to remain effectively uncracked for 
loading condition “A”.  They are assumed to be cracked in flexure for loading condition “B”.  
The Category 5 massive RC structures are assumed to remain uncracked for both loading 
conditions “A” and “B” in the report due to their significant size, thermal inertia, and thickness.  

The stiffness and damping values for Category 6 steel structures with non-structural concrete 
infill are based on the stiffness of the steel structure alone.  The mass associated with the non-
structural concrete infill is included directly in the models, but the concrete is not accorded any 
structural stiffness. 

Thus, the stiffness and damping values for the different structure categories of the CIS are 
based on experimental results, understanding of structural behavior, good engineering 
judgment, and deliberate use of reinforced concrete standards and codes endorsed by the US-
NRC.  The development of these stiffness and damping values are presented in more 
technical detail in the report. 
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1.0 INTRODUCTION 

1.1 Purpose 

The purpose of this report is to define appropriate stiffness and damping values for use in 
structural analysis of the US-APWR Containment Internal Structure (CIS).  Within the overall 
CIS design and validation methodology presented in Technical Report MUAP-11013 
(Reference 1), this report presents the basis for the structural properties assigned to the finite 
element (FE) analysis models that support Task 1-A, “Dynamic Soil-Structure Interaction (SSI) 
Analysis”; and Task 1-B, “Seismic Analysis for Structural Design”, both of which are described 
in Reference 1.  

1.2 Objectives 

The fundamental goal of the Task 1 analyses is to accurately characterize the seismic 
demands on the structural members of the CIS and the critical equipment they support, 
including the reactor and the reactor coolant system (RCS).  As both Tasks 1-A and 1-B will 
employ linear elastic finite element (LEFE) models to achieve this goal, it is necessary to 
calculate effective stiffness values that reflect the extent of concrete cracking anticipated in the 
CIS during the seismic response.  Once the cracked stiffness values are ascertained, 
appropriate damping values are assigned that reflect the energy dissipation capability of the 
cracked members. 

As explained in MUAP-11001 (Reference 2), the finite element models used for the SSI and 
subsequent structural analyses will be three-dimensional (3D) LEFE models.  They will not be 
lumped mass stick models due to the limitations of such models.  Assessing the effects of 
concrete cracking on stiffness of the 3D LEFE models is not straightforward because the CIS 
is made up of different structure categories that have varying response levels under applied 
loads and thermal conditions.  For example, an overall percentage-type stiffness reduction 
would not be appropriate because of the varying responses of different structure categories 
under applied loads and thermal conditions.  Similarly, the 1/10th scale test of a related CIS 
structure presented in MUAP-11005 (Reference 3) cannot be used to estimate the stiffness for 
the 3D LEFE models because: (1) It measures and provides only the overall (lumped) stiffness 
of the structure, not the stiffness of the individual members (walls etc.) of different categories.  
(2) The test structure had some deviations from the US-APWR CIS, which further limit the use 
of the overall structure stiffness.  And, (3) the 1/10th scale test does not include the combined 
effects of three spatial earthquake components, or the effects of thermal conditions on the 
overall stiffness.  Therefore, the approach for defining stiffness values for the CIS must meet 
the following objectives: 

1. Best-estimate stiffness values must be calculated for each of the structure categories 
in the CIS (as described in Section 2.0 below), based on their unique behavioral 
characteristics. 

2. The stiffness values estimated for each category must account for the range of 
concrete stresses and resulting concrete cracking levels anticipated for the seismic 
loading conditions to which the structure may be exposed, including: 

o Seismic loading during normal operations 

o Seismic loading during Loss of Coolant Accident (LOCA) conditions. 
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The variation in stiffness values produced by these two conditions necessitates two 
separate analyses, and the results of these analyses must be enveloped.  

3. For structures in which the best-estimate stiffness values approach the uncracked or 
cracked values, a bounding analysis approach should be applied wherein the 
uncracked stiffness is used in the first analysis and the cracked stiffness is used in the 
second analysis.  This ensures that inherent uncertainties in the loading inputs and 
analysis methods do not result in underestimated demands.  The conservatism of this 
bounding approach must be verified by ensuring that the input motion dominant 
frequency does not fall within the range of fundamental frequencies produced by the 
uncracked and cracked stiffness estimates. 

4. The stiffness and corresponding damping values estimated for each of the two 
analyses should be applied consistently to the models supporting Tasks 1-A and 1-B.  
Damping values assigned to the SSI analysis model (Task 1-A) must be appropriate for 
generation of in-structure response spectra (ISRS), in accordance with Regulatory 
Guide 1.61 (see Reference 4). 

1.3 Approach and Report Overview 

The following steps were taken to meet the objectives stated above for characterizing the CIS 
stiffness and damping, and will be described in detail in this report: 

1. Define Structure Categories: Define the structure categories in the CIS in order to 
differentiate and group the walls and slabs based on their expected behavior.  This 
step is discussed in Section 2. 

2. Define Loading Conditions: In consideration of the design load combinations for the 
CIS, identify the basic loading conditions that must be considered to assess the 
potential range of concrete stresses and attendant cracking in each of the structure 
categories.  This step is discussed in Section 3. 

3. Define Category-Specific Stiffness and Damping: Define stiffness equations and 
damping values that are specific to each structure category.  These are obtained from 
available codes and/or regulatory guidance for RC structures and are based upon 
experimentally verified values for SC structures.  This step is discussed in Section 4. 

4. Evaluate Seismic + Normal Operating Condition: Estimate the extent of cracking for 
seismic loading during normal operating conditions and assign appropriate stiffness 
and damping values for each category.  This step is discussed in Section 5. 

5. Evaluate Seismic + Accident Condition: Estimate the extent of cracking for seismic 
loading combined with accident conditions and assign appropriate stiffness and 
damping values for each structure category.  This step is discussed in Section 6. 

6. Summarize Estimated Values: Summarize the stiffness and damping values assessed 
for the two loading conditions and evaluate the feasibility of assigning overall damping 
ratios for each of the two corresponding analyses that would be appropriate for both 
ISRS generation and structural design. This step is discussed in Section 7. 

7. Application: Apply the summarized stiffness and damping values to the analysis 
models.  Calculate equivalent material properties for each wall and slab geometry that 
will produce the required stiffness terms and assign the properties to the elements of 
the Task 1A and 1B LEFE models. This step is discussed in Section 8. 
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2.0 STRUCTURE CATEGORIES1 

As discussed above, the US-APWR CIS is comprised of a variety of structure types with 
significant differences in their construction and expected behavior.  The structures in the CIS 
are classified into six categories to enable the use of appropriate analysis models and design 
methodologies for each of the structure categories.  These six structure categories include 
three SC-type and three non-SC type categories, as explained in the following sub-sections.  
Figures 2-1 through 2-7 show several plan and elevation views of the US-APWR CIS that 
identify the six structure categories using a color-coded scheme.  These figures have been 
developed from the drawings provided in References 5 and 6. 

2.1 SC-type Structure Categories 

The composite stiffness and strength of SC walls have been thoroughly established in 
experiments involving walls with overall thickness less than or equal to 56 in.  Typical SC 
designs evaluated in these experiments consist of a single concrete core sandwiched between 
two steel faceplates, as shown in Figure 2-8. The steel faceplates are typically connected to 
the concrete core using headed stud anchors or embedded steel shapes, and the two steel 
faceplates are typically connected to each other using embedded steel shapes, tie bars, or 
web plates.  The steel faceplate reinforcement ratios () in the experimental database vary 
between 1.5% and 5.0%, with  defined as follows: 
 

 Equation (2-1) 
T

t2
ρ p
  

where tp is the single faceplate thickness and T is the thickness of the overall section. 

Most of the SC-type walls in the US-APWR CIS have material and geometric parameters that 
are within the range evaluated by the aforementioned experimental database.  However, some 
of the walls have overall thicknesses and/or steel plate geometries that exceed this range.  In 
these cases the fully composite stiffness cannot be assumed.  Hence, the SC-type walls in the 
CIS are divided into the following three categories: 

Category 1: SC Walls with thickness less than or equal to 56 in.  These SC walls have material 
and geometric parameters that are within the range of the experimental database.  This 
category includes the majority of the secondary shielding walls in the CIS.  The most common 
SC wall is 48 in. thick, with 0.5 in. thick steel faceplates.  

Category 2: SC Walls with thickness greater than 56 in. This category includes a relatively 
small portion of the CIS SC walls with thicknesses ranging from 58.5 in. to 67 in. 

Category 3: Primary Shield Walls.  The primary shield walls below elevation 35'-11" range in 
thickness from 9'-11" to 15'-4".  They have a multi-cellular arrangement comprised of two steel 
faceplates, a mid-thickness steel plate, and numerous transverse web plates.   

 

                                                 
1 The information in this section is also provided in Technical Report MUAP-11013 (Reference 1).  It is 
repeated in this report for clarity. 
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2.2 Non-SC Structure Categories 

The non-SC type walls in the CIS are classified into three additional structure categories: 

Category 4: RC slabs.  Standard RC floor slabs are used at various elevations throughout the 
CIS. 

Category 5: Massive reinforced concrete.  This category includes the thick reinforced concrete 
blocks at the base of the CIS that support the steam generators and reactor coolant pumps.  
These blocks are nominally 8 ft. to 32 ft. deep and are anchored to the basemat of the reactor 
building complex with steel reinforcement. 

Category 6: Steel structures with nonstructural concrete infill.  These structures consist of steel 
plates or steel shape grillages with nonstructural concrete provided for shielding purposes. 

The US-APWR CIS also includes steel members that support the elevated reinforced concrete 
slabs at elevations 50'2" and 76'-5", as well as extensive secondary framing provided for 
support of operating platforms at various elevations.  The columns that support the perimeter 
of the reinforced concrete slabs are explicitly modeled in the SSI and detailed design models 
in order to provide the correct vertical load path and boundary conditions for the slabs, but the 
rest of the secondary framing is included only as mass.  In either case, the relative contribution 
of the steel framing stiffness and damping to the dynamic response of the primary structure is 
considered insignificant, such that these members are not included in the major structure 
categories identified for evaluation in this report.  
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3.0 LOADING CONDITIONS FOR ASSESSMENT OF CRACKING 

Assessment of load-induced concrete cracking for the CIS originates with identifying the 
specific load cases that will cause stresses that exceed the cracking stress of concrete and the 
combinations of these load cases that must be considered per regulatory guidance.  

3.1 Design Load Combinations 

The factored design load combinations for the CIS are governed by US Nuclear Regulatory 
Commission (US NRC) Regulatory Guide 1.142 (Reference 7) which states that concrete 
structures within a containment structure may be designed in accordance with the strength 
design provisions of American Concrete Institute (ACI) 349-97 (Reference 8).  Regulatory 
Guide 1.142 approves the load combinations given in Section 9.2.1 of ACI 349-97, which are 
the same as those provided in the ACI 349-01 (Reference 9) code specified for use on the US-
APWR project.2  Several load factor modifications are required per the regulatory guide, which 
are included in the table of load combinations given in Table 3-1. 

The site-independent seismic design of the US-APWR sets the operating-basis earthquake 
(OBE) ground motion at one-third of the safe-shutdown earthquake (SSE).  This eliminates the 
requirement for performing explicit design analysis and load combinations containing OBE.  As 
a result, the design load combinations that contain seismic loading are condensed to 
combinations 4 and 8 in Table 3-1.  The evaluation of stiffness and damping for the CIS must 
address the extent of concrete cracking resulting from these two load combinations. 

Besides seismic loading (Ess), the most significant load cases in these two load combinations 
in terms of their potential to crack the thick concrete members of the CIS are the thermal loads, 
including operating thermal loads (To) and accident thermal loads (Ta). The results from 
analysis of the CIS prepared for basic design (see Reference 11) indicate that static dead (D), 
live (L), fluid (F), and accident pressure (Pa) loads result in minimal stress levels that will not 
cause significant concrete cracking in any of the CIS structures.  As a result, loading 
combinations 4 and 8 from Table 3-1 may be reduced to the following basic loading conditions 
for assessment of concrete cracking in the CIS: 

Condition “A”: Ess + To 

Condition “B”: Ess + Ta 

The following sections provide the details specific to the US-APWR CIS for each of the load 
cases in these two basic loading conditions. 
 
3.2 CIS Seismic Loading 

The CIS is a Seismic Category I structure to be evaluated for SSE seismic loading in 
accordance with Regulatory Guide 1.29 (Reference 12).  Due to the irregularity of mass and 
stiffness in the CIS structure and the supported Reactor Coolant Loop (RCL), a dynamic 
analysis is used to determine the load path characteristics of the CIS.  This analysis is 
performed using three-dimensional (3-D) finite element models developed for SSI analysis 
(Task  1A) and structural design (Task 1B). 

                                                 
2 It is noted that future revisions of the US-APWR Design Control Document (DCD) will reference the 
load combinations in Appendix C of the ACI 349-06 code (Reference 10).  These combinations are 
identical to those given in Reference 8 and Reference 9 for the loads applied to the US-APWR CIS. 
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A series of site-independent SSI analyses are performed for the reactor building complex 
using eight generic soil profiles.  These analyses are  performed with the ACS SASSI program 
using a coarse-meshed 3-D finite element model that includes the reactor building mat, the 
reactor building, the Prestressed Concrete Containment Vessel (PCCV) and the CIS (see 
Reference 13).  The dynamic properties of the CIS portion of the ACS SASSI model were 
derived from and validated against the detailed, refined mesh model developed in ANSYS for 
the CIS basic design (Reference 11).   

The inertial seismic loading is obtained from the site-independent SSI analyses in the form of 
ISRS at the base of the CIS that are used as input to response spectrum analyses in ANSYS 
for structural design.   ISRS are also obtained from the site-independent SSI analyses for 
design of equipment components and supports at various locations in the structure.  The 
design ISRS represent the broadened and enveloped spectra generated for eight generic soil 
profiles, as discussed in Reference 13.  The ACS SASSI analyses also provide enveloped 
time-history acceleration data at points throughout the CIS structure that are used to verify that 
the ANSYS response spectrum analyses sufficiently capture the accelerations resulting from 
the overall dynamic response of the soil-structure system. 

Both the SSI and detailed ANSYS analyses consider the hydrodynamic response of the 
refueling water to seismic base motion.  For purposes of assessing stiffness, the 
hydrodynamic response is computed for the operating condition, during which the refueling 
water is housed in the Refueling Water Storage Pit (RWSP).  The hydrodynamic response of 
the refueling water consists of the response of the impulsive mass acting rigidly with the walls 
of the RWSP, and the very low frequency convective or “sloshing” response of the convective 
mass.  The manner in which these masses were computed and included in the analysis 
models is further discussed in Reference 11. 
 
3.3 CIS Thermal Loading 

The two basic loading conditions identified for evaluation of CIS stiffness and damping are 
differentiated by the associated thermal conditions.  The design temperatures for the various 
compartments of the CIS during normal operating and accident thermal conditions are 
calculated in Reference 14 and summarized in the sections below. 

3.3.1 Normal Operating Thermal Loads 

The normal operating design temperatures in all of the CIS compartments except the reactor 
cavity are 105°F in the winter and 120°F in the summer.  Since the ambient temperatures in 
these secondary compartments are equal in magnitude at any point in time, the walls and 
slabs that form the compartments experience steady state, uniform through-thickness 
temperatures.  As a result, no significant concrete cracking is anticipated that would reduce 
the in-plane stiffness of the secondary compartment walls and slabs.  However, thermal 
growth due to the net increase from construction temperatures (70oF) to operating 
temperatures may cause flexural cracking wherever the growth is restrained.  A preliminary 
analysis of the CIS was performed to evaluate the extent of flexural cracking resulting from the 
50oF temperature increase caused by the summer operating condition.  The minimal stresses 
shown in the analysis results indicate that this condition will not cause significant flexural 
cracking in any of the walls and slabs of the secondary CIS compartments.  

The normal operating temperature in the reactor cavity is 150°F. This results in a linear 
temperature gradient through the thickness of the primary shield walls of 30oF during summer 
operations and 45°F during winter operations. These shallow linear gradients through the thick 
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primary shield walls will not cause significant concrete cracking.  Appendix 3 provides a 
detailed explanation for this assessment in which it is demonstrated that linear thermal 
gradients result in minimal changes to mechanical stresses caused by structural loads. 
 
Given the limited effects of the uniform temperatures applied to most of the CIS and the 
shallow linear gradients applied to the primary shield structure, the normal operating thermal 
load case is assessed to cause minimal concrete cracking in the CIS. As a result, the extent of 
concrete cracking for Condition ”A” will be taken as that induced by safe-shutdown seismic 
loading only.  This is consistent with the objective to treat Condition ”A” as a rational upper-
bound stiffness condition, to be considered in conjunction with the reduced stiffness 
associated with Condition ”B”. 

3.3.2 Accident Thermal Condition 

The design accident thermal loading condition for the CIS occurs as a result of the postulated 
pipe ruptures associated with a LOCA.  Time histories of the temperatures occurring in the 
compartments of the CIS following a high-energy pipe rupture in either the reactor cavity or 
steam generator compartments are calculated in Reference 14, and typical examples are 
presented in Figure 3-1.  As shown, the ambient temperature inside the compartment 
containing the ruptured pipe increases to 580°F immediately after the pipe rupture occurs.  
Because the CIS compartments are open to a common atmosphere, the ambient temperature 
in adjacent compartments immediately increases from the operating temperature to 200°F, 
and then to 300°F within ten seconds.   

As discussed in Section 6, these temperature time histories are input into heat transfer 
analyses to calculate the temperature gradients that form through the thickness of the walls 
and slabs of the CIS, and to determine the variation of these gradients with respect to time.  In 
general, the steep parabolic gradients that develop shortly after the accident occurs induce 
high membrane tensile stresses that exceed the concrete cracking stress.  In addition, the 
accident thermal condition causes a significant net temperature increase in the CIS walls and 
slabs, which results in significant thermal growth and flexural cracking where the growth is 
restrained.  Further discussion of the specific effects of the accident thermal loading on each 
structure category is provided in Section 6.  
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4.0 CATEGORY-SPECIFIC STIFFNESS AND DAMPING 

Before a detailed assessment can be made of the concrete cracking and associated stiffness 
reductions that result from the two loading conditions defined above, it is necessary to define 
generalized formulations for the stiffness and damping of each of the CIS structure categories.  
For the Category 1 SC walls, the stiffness and damping values are based on test results and 
verified models.  As explained earlier, these stiffness and damping values are subsequently 
compared with those for equivalent RC structures to demonstrate their proximity and 
reasonableness.  For the Category 2 and 3 SC walls, the stiffness and damping values of 
equivalent RC structures are used.  For the Category 4 and 5 RC structures, the values used 
are those given in available codes and regulatory guidance for RC structures.  The Category 6 
structures are not modeled with any stiffness or damping for the nonstructural concrete; only 
the stiffness of the steel members is included.  The following subsections provide further 
discussion of the basis for the individual stiffness and damping values considered for each 
structure category. 

4.1 Category 1 SC Wall In-Plane Shear Stiffness 

The in-plane shear stiffness of the Category 1 SC walls comprises the primary lateral load 
resisting mechanism for the US-APWR CIS and is therefore an essential component in the 
overall dynamic response of the structure.  Modal analysis performed for the basic design 
(Reference 11) showed that the fundamental natural frequencies for lateral response of the 
CIS are directly related to the in-plane shear stiffness of these walls.   

A reasonable characterization of SC wall in-plane shear stiffness must account for the 
significant contribution of the steel faceplates, both before and after cracking of the concrete 
core.  The in-plane shear behavior of SC walls differs from that of RC walls because the 
continuous steel faceplates have a direct contribution to the in-plane shear stiffness of the 
composite wall.  In RC walls, the reinforcing bars provide stiffness only in their axial directions 
and thus do not have a direct contribution to in-plane shear stiffness.  It is important to note 
that the steel faceplates of SC walls are connected to the concrete infill and to each other with 
shear studs and tie bars.  These connectors are typically designed to provide adequate 
composite action and strain compatibility between the steel plates and concrete infill as an 
engineering approximation.  The experimental data discussed in the following sections 
demonstrate that composite action and strain compatibility (from an engineering perspective) 
can be achieved with reasonable shear stud size and spacing. 

4.1.1 Uncracked In-Plane Shear Stiffness 

Prior to cracking of the concrete core, the in-plane shear stiffness is estimated as the 
summation of the elastic shear stiffnesses of the concrete and steel, as follows: 

 (Equation 4-1) ssccuncr AGAGK    

where Gc and Ac are the elastic shear modulus and cross-sectional area of the concrete core, 
respectively, and Gs and As are the corresponding values for the steel faceplates, per unit 
length of the wall.   

In-plane shear tests performed by Ozaki et al. (see Reference 15) demonstrate that 
Equation 4-1 provides an accurate estimate of uncracked stiffness for typical SC wall 
geometries.  As described in Appendix B, these tests used SC specimens with scaled 
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geometries similar to those of the US-APWR CIS Category 1 walls, including reinforcement 
ratios () between 2.3% and 4.5%, and anchorage stud pitch to faceplate thickness ratios (B/t) 
of 30 to 31. (Reinforcement ratios for the CIS Category 1 walls vary from 1.8% to 4.2%, and a 
maximum B/t ratio of 24 is to be provided).  Figure B.4A in Appendix B shows that the 
experimental in-plane shear stiffness values observed prior to cracking compared favorably to 
values calculated using Equation 4-1. 

4.1.2 In-Plane Shear Cracking Threshold 

As shown in Appendix A, uncracked in-plane shear stiffness is considered for the Category 1 
SC walls when applied in-plane shear forces are less than or equal to the cracking shear 
force: 

 (Equation 4-2) 







 s

c

s
ccck A

G

G
Af'2V  

where f’c is the specified compressive strength of concrete in pounds per square inch (psi).  
The threshold for in-plane shear cracking is thus defined as the shear force causing a stress of 
2f’c on the transformed area of the SC section.   

For reinforced concrete applications, concrete cracking is typically assumed to occur when the 
maximum principal stress (which is equal to the shear stress for pure shear) exceeds the 
concrete tensile strength, equal to 4f’c (see Reference 16).  As explained in Appendices A 
and B, the reduction of the cracking stress for SC sections to 2f’c is considered the result of 
locked-in tensile stresses in the concrete due to restraint of curing shrinkage by the steel 
faceplates.  Thus the cracking shear force for SC sections may also be defined as follows: 

(Equation 4-3) )A
G

G
A)(E( s

c

s
ccsh  cck f'4V   

where sh is the shrinkage strain in the concrete section and Ec is the modulus of elasticity of 
concrete in psi.  Since the tensile strength of concrete is itself highly variable and the 
magnitude of shrinkage strains is difficult to quantify, the experimental data for SC sections are 
seen as the most reliable indicator of the cracking threshold for in-plane shear.  As shown in 
Figure 4-1, Ozaki et al. originally calculated the cracking shear force (‘Qc’ in the nomenclature 
of Reference 15) in terms of a concrete stress of 4f’c (or approximately 0.33f’c for units of 
MPa).  However, the experimental results clearly indicate cracking occurred nearer to a stress 
of 2f’c (0.16f’c for units of MPa) as given in Equation 4-2. 

4.1.3 Cracked In-Plane Shear Stiffness 

After cracking of the concrete core due to applied in-plane shear forces, the concrete offers 
very little in-plane shear stiffness in the principal direction perpendicular to the plane of 
cracking.  However, the concrete does contribute resistance to the applied shears in the 
direction parallel to the plane of cracking, as explained in Appendix A.  This is referred to as 
cracked orthotropic behavior of the SC wall concrete core.  For the case of pure shear, the 
orthotropic stiffness of the concrete manifests as compression struts that form between the 
diagonally oriented shear cracks.  The formation of concrete compression struts is possible in 
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SC construction because the steel faceplates provide confinement to the struts as well as 
resistance of the tension tie forces in the idealized response of the wall as a truss. 

The post-cracking composite in-plane shear stiffness of SC walls is derived in Appendix A.  
The resulting bilinear shear-deformation relationship is shown in Figure 4-3.  The cracked 
tangent in-plane shear stiffness is equal to the sum of two terms representing the contributions 
of the steel faceplates (Ks) and the cracked concrete acting compositely with the steel plates 
(Ksc): 

 (Equation 4-4) scsn cr_ta K K K    

where: 

 (Equation 4-5) sss GAK   

 (Equation 4-6) 

ss

s

cc

sc

AE

)2(1

AE'

4
1

K



  

As presented in Appendix A, the post-cracking region of the bilinear shear-deformation curve 
terminates at the shear force that yields the steel faceplates according to the Von Mises yield 
criterion:   

 (Equation 4-7) ysFA



 ys2

sc
2

s

scs
n FA

K3K

KK
V   

wherein the following calibration parameters are defined: 

 (Equation 4-8) ρ5.161.11β   

 (Equation 4-9) 
cc

ys

Af'

FA
   

and Fy is the specified yield strength of the steel faceplates.  For the faceplate reinforcement 
ratios used in the CIS Category 1 SC walls, the in-plane shear strength (Vn) is approximately 
equal to the yield strength of the steel plates (i.e.  is approximately equal to 1 and  
Equation 4-7 reduces to Vn  AsFy).   

The theoretical composite response of SC walls to in-plane shear forces beyond the cracking 
threshold has been experimentally verified, both qualitatively and quantitatively.  In the in-
plane shear tests performed in Korea by Lee et al. (see Reference 17), removal of the steel 
faceplates from the specimens after testing revealed a grid of through-thickness cracks 
oriented at 45 degrees to the applied in-plane shear force, demonstrating the expected 
composite response and the formation of compressive struts (see Figure 4-2).  Furthermore, 
the ultimate shear strengths exhibited by the specimens were approximately equal to the yield 
strength of the steel plates.  This result is in accordance with Equation 4-7, given that these 
test specimens used similar reinforcement ratios to those specified for the US-APWR CIS.  In 
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addition, the values observed in the Ozaki tests for post-cracking shear stiffness and the 
yielding shear force were closely approximated by Equations 4-4 and 4-7, respectively, as 
shown in Appendix B, Figures B.4b and B.4d. 

For the linear elastic analyses to be performed in support of Tasks 1-A and 1-B, secant 
stiffness values must be assigned to the SC walls in order to obtain a reasonable assessment 
of the dynamic response for the anticipated level of cracking.  Secant stiffness values are 
calculated on the basis of the applied in-plane shear forces in the manner illustrated by 
Figure 4-3; i.e. the applied shear force is plotted on the bilinear shear-deformation curve and 
the secant stiffness is calculated for that point. 

As shown in Figure 4-4, the calculated secant stiffness values decrease rapidly for applied 
shear forces just beyond the cracking threshold, and then approach a relatively constant value 
for a large range of in-plane shear forces that are well beyond the cracking threshold.  Hence it 
is possible to define an empirical, best-fit formula that provides a reasonable approximation of 
the so-called “fully cracked” secant stiffness for the range of parameters included in the 
experimental investigations (that is, reinforcement ratios between 2% and 4.5% and shear 
stud b/t ratios less than or equal to 30) : 

(Equation 4-10) ss

0.42

cr AGρ0.5K 







  

wherein a normalized reinforcement ratio is defined as:  

 (Equation 4-11) 
cc

ys

Af'

FA
   

Further discussion of the basis for Equation 4-10 is provided in Appendix C.  Figure 4-5 
illustrates the calibration of Equation 4-10 to the fully cracked range of secant stiffness values 
for the typical 48”-thick Category 1 SC wall with ½”-thick faceplates.  Section 6 of this report 
discusses the applicability of this equation to the Condition “B” analyses. 
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4.1.4 Effective In-Plane Shear Stiffness 

As discussed in Section 5, the secant in-plane shear stiffness will be estimated for each of the 
Category 1 SC walls for Condition “A” on the basis of the seismic in-plane shear forces 
calculated from preliminary response spectrum analysis of the CIS.  These in-plane forces 
represent the maximum forces that are postulated to occur at any time throughout the duration 
of seismic shaking.  Therefore the secant stiffness calculated using these forces represents 
the minimum stiffness exhibited, and is only appropriate for the last portion of the largest 
response cycle.  The stiffness exhibited by the walls for all other response cycles will be higher 
than the calculated value, as shown in Figures 4-5 and 4-6.  

According to research prepared for reinforced concrete shear wall structures (see References 
18 and 19), an effective stiffness value should be calculated for use in equivalent linear 
analyses that represents the aggregate of the stiffness values exhibited for all response cycles.  
The referenced research defined a calibrated relationship between effective linear stiffness 
and minimum secant stiffness by matching the maximum drift results obtained from a series of 
equivalent linear time-history analyses to those obtained with nonlinear time-history analyses.  
As discussed in Reference 19, for minimum secant stiffness values in the range of 0.25 to 1.0 
times the initial stiffness, the calibrated relationship defined in the research can be 
approximated as follows:  

 (Equation 4-12)  1.0
K

K
1.25

K

K

init

sec

init

eff   

where Keff is the effective stiffness, Ksec is the minimum secant stiffness, and Kinit is the initial 
stiffness.  It is noted that this equation stipulates that the calculated effective in-plane shear 
stiffness must not exceed the initial stiffness, which is equal to the uncracked stiffness for 
Condition “A”.  Importantly, the initial stiffness for the thermal accident condition (Condition ”B”) 
is that induced by thermal cracking; it is not the uncracked stiffness.  Therefore the stiffness 
values for Condition “B” will not be increased beyond the values associated with the thermally 
cracked condition.   

Although the recommendations in the referenced research were specific to reinforced concrete 
shear walls, they are also considered appropriate for use with SC shear walls.  Reference 19 
acknowledges that the hysteresis loops for in-plane shear response of SC walls may be 
slightly less pinched than for reinforced concrete walls.  However, this difference in behavior is 
deemed to have very little effect on the effective stiffness calibration presented in the research.  
It is only considered pertinent to the calculation of hysteretic damping. 

4.1.5 Out-of-Plane Flexural Stiffness 

As explained in Appendix E, experiments on SC walls subjected to out-of-plane flexure 
indicate that the uncracked composite flexural stiffness is never exhibited.  Instead, the 
cracked composite stiffness is observed immediately upon application of loads that induce 
flexural stresses.  There are several reasons given for this behavior.  First, the concrete core 
of SC sections develops significant locked-in shrinkage stresses during casting.  These 
stresses reduce the applied stress required to crack the concrete core.  Also, the bond of the 
steel to the concrete in SC sections is not continuous as it is with deformed reinforcement in 
RC sections.  Instead, the steel-concrete bond is intermittent, with connections only at the 
individual anchorage stud and tie bar locations.  Since the anchorage studs have a certain 
degree of flexibility, a certain level of section rotation or slip is required to mobilize the steel 
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plate reinforcement.  In the presence of locked-in shrinkage stresses, this rotation is sufficient 
to crack the concrete core prior to engagement of the reinforcement.  Thus the uncracked 
composite stiffness of the SC section is never manifested. 

As shown in Appendix E, the cracked composite flexural stiffness of SC walls may be 
approximated as the cracked-transformed flexural stiffness of the section.  An empirical 
formula for the cracked-transformed stiffness is defined in Appendix E that distinguishes the 
steel and concrete stiffness contributions, as follows: 

 (Equation 4-13)  ccsscr_tr IEIEEI   

where: 

 (Equation 4-14) 0.100.48  '   

 (Equation 4-15) 
c

sp

E

E

T

2t
'  

The calibration of the parameter ‘’ to achieve the actual cracked-transformed stiffness values 
is illustrated in Appendix E.  It is noted that  varies from 0.16 to 0.26 for the reinforcement 
ratios used by the Category 1 walls in the US-APWR CIS. 

4.1.6 Axial Stiffness 

Although the axial stiffness of the Category 1 SC walls is not considered to be as critical to the 
dynamic response of the CIS as the in-plane shear stiffness or out-of-plane flexural stiffness, 
the effects of concrete cracking on axial stiffness must still be considered.  For the equivalent 
linear elastic analyses to be used for dynamic analysis of the CIS, the cracked axial stiffness 
assigned to the analysis models must try to capture both the reduced stiffness of the walls in 
tension and the gross stiffness of the walls in compression.  Since this behavior can not be 
modeled explicitly, it may be argued that an equivalent axial stiffness should be assigned that 
is equal to the average of the cracked and uncracked stiffness values: 

 (Equation 4-16)   
2

AE
AEAEAEAE

2

1
EA cc

ssccssssavg   

However, this approach is somewhat questionable, since the portion of the walls closer to the 
base of the structure will have dead load compressions that may not be overcome by seismic 
uplift forces, and since the axial force resultants in the walls due to overturning will not be of 
uniform magnitude across the plan of the structure. 

Given these uncertainties, the approach taken for modeling the axial stiffness of the Category 
1 SC walls utilizes the elastic modulus (E) and cross sectional area (A) generated by matching 
the effective in-plane stiffness (GA) and out-of-plane flexural stiffness (EI) defined for each 
analysis condition.  As will be further discussed in Section 8, this approach results in rational 
values of axial stiffness for both the uncracked analysis (Condition “A”) and the cracked 
analysis (Condition “B”). 
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4.1.7 Damping 

As summarized in MUAP-10002 (see Reference 20), the energy dissipation capability of SC 
walls was evaluated in the 1/10th scale test of a containment internal structure performed by 
Akiyama et al. (see also Reference 21).  An equivalent viscous damping factor for cracked SC 
walls was calculated from the observed hysteretic curves by equating the energy dissipated in 
the actual structure (i.e. the area enclosed by the hysteretic loop) to the energy dissipated in 
an equivalent viscous system.  The associated equation given in Reference 21 is as follows: 

 (Equation 4-17) 
W

ΔW

2π

1
heq    

where W is the area enclosed by the hysteretic loop and W is the strain energy for a 
complete cycle of the equivalent viscous system (see Figure 4-6).  The equivalent viscous 
damping ratio calculated in Reference 21 using this equation was approximately 5%.  This 
value is considered reasonable, given that it falls between the SSE damping values provided 
in Regulatory Guide 1.61 (Reference 4) for reinforced concrete and welded steel (7% and 4%, 
respectively). 

The energy dissipation characteristics of uncracked SC walls are considered to be similar to 
those of uncracked reinforced concrete walls, for which a 4% damping ratio is given in 
Reference 4. 

4.2 Stiffness and Damping of Category 2 and 3 Walls 

As discussed above in Section 2.1, the experimental database that fully confirms the 
composite stiffness characteristics of SC walls before and after cracking is limited to sections 
with overall thickness less than 56 in.  Some experimentation has been performed on the 
behavior of the primary shield structure (see Reference 22), but further study is required to 
ascertain that the composite behavior observed for this structure is fully consistent with that 
derived and experimentally verified for the Category 1 SC walls.  Therefore the additional 
flexural and in-plane shear stiffness contributions from the steel plates will not be considered 
for the Category 2 and 3 walls.  Instead, the stiffness and damping values for reinforced 
concrete will be used.  The sources referenced for these values are discussed below. 

4.3 Stiffness and Damping of Category 4 and 5 Reinforced Concrete Structures 

Stiffness and damping values for reinforced concrete structures are provided in the currently 
available nuclear standards.  Specifically, Table 3-1 of American Society of Civil Engineers 
(ASCE) 43-05 (Reference 23) provides out-of-plane flexure, in-plane shear, and axial stiffness 
values for RC walls and slabs.  These values are restated in Table 4-1 of this report.  It is 
noted that the code specifies the values to be used on the basis of anticipated cracking.  For 
out-of-plane flexural stiffness, cracked values are specified if the bending stress in the slabs or 
walls exceed the cracking stress.  Cracked in-plane shear stiffness values are specified when 
in-plane shear forces exceed the nominal concrete shear capacity. 

Regulatory Guide 1.61 (Reference 4) provides damping values for reinforced concrete 
structures that are intended for use in Operating Basis Earthquake (OBE) analyses and Safe 
Shutdown Earthquake (SSE) analyses.  The damping levels specified (4% for OBE and 7% for 
SSE) are based on the expectation of limited cracking during response to the OBE 
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accelerations, and extensive cracking associated with responses close to code stress limits 
under SSE loading.   

In keeping with the approach identified in these standards, stiffness and damping values will 
be assigned to the structures of the CIS for each of the two loading conditions considered on 
the basis of anticipated cracking.  The assessment of cracking for each condition is described 
in Sections 5 and 6. 

4.4 Category 6 Modeling 

As stated above, the Category 6 structures in the CIS consist of grillages of steel plates or 
shapes (e.g. wide-flange sections) that are filled with concrete for shielding purposes.  The 
concrete in these structures is nonstructural, as it is not detailed to act compositely with the 
steel.  Hence the CIS analysis models for Tasks 1A and 1B will include the stiffness of the 
steel members only.  The concrete infill will be considered only as lumped mass on the steel 
structures.   



C
on

ta
in

m
en

t I
nt

er
na

l S
tr

uc
tu

re
: S

tif
fn

es
s 

an
d 

D
am

pi
ng

 fo
r 

A
na

ly
si

s 
   

   
   

   
M

U
A

P
-1

10
18

-N
P

 (
R

0)
 

  M
its

ub
is

hi
 H

ea
vy

 In
du

st
rie

s,
 L

T
D

. 
 

4-
9 

                

F
ig

u
re

 4
-1

  C
al

cu
la

te
d

 v
s.

 E
xp

er
im

en
ta

l C
ra

ck
in

g
 S

h
ea

r 
F

o
rc

e 
A

s 
pr

es
en

te
d 

in
 R

ef
er

en
ce

 1
5;

 Q
c 

is
 d

ef
in

ed
 a

s 
th

e 
“c

ra
ck

in
g 

st
re

ng
th

” 
an

d 
is

 e
qu

al
 to

 th
e 

te
rm

 V
ck

 d
ef

in
ed

 in
 E

qu
at

io
n 

4-
2 

in
 th

is
 r

ep
or

t.)
 



C
on

ta
in

m
en

t I
nt

er
na

l S
tr

uc
tu

re
: S

tif
fn

es
s 

an
d 

D
am

pi
ng

 fo
r 

A
na

ly
si

s 
   

   
   

   
M

U
A

P
-1

10
18

-N
P

 (
R

0)
 

  M
its

ub
is

hi
 H

ea
vy

 In
du

st
rie

s,
 L

T
D

. 
 

4-
10

 

 
               

F
ig

u
re

 4
-2

  D
ia

g
o

n
al

 C
ra

ck
in

g
 P

at
te

rn
 in

 S
C

 P
an

el
 S

u
b

je
ct

ed
 t

o
 In

-P
la

n
e 

S
h

ea
r 

A
s 

sh
ow

n 
in

 R
ef

er
en

ce
 1

7.
  

T
he

 s
te

el
 f

ac
ep

la
te

 h
as

 b
ee

n 
re

m
o

ve
d 

to
 o

bs
er

ve
 t

he
 

co
nc

re
te

 c
or

e.
 



C
on

ta
in

m
en

t I
nt

er
na

l S
tr

uc
tu

re
: S

tif
fn

es
s 

an
d 

D
am

pi
ng

 fo
r 

A
na

ly
si

s 
   

   
   

   
M

U
A

P
-1

10
18

-N
P

 (
R

0)
 

  M
its

ub
is

hi
 H

ea
vy

 In
du

st
rie

s,
 L

T
D

. 
 

4-
11

 

 
 

F
ig

u
re

 4
-3

  B
ili

n
ea

r 
S

h
ea

r-
D

ef
o

rm
at

io
n

 R
el

at
io

n
sh

ip
 f

o
r 

S
C

 W
al

ls
 

 

   



C
on

ta
in

m
en

t I
nt

er
na

l S
tr

uc
tu

re
: S

tif
fn

es
s 

an
d 

D
am

pi
ng

 fo
r 

A
na

ly
si

s 
   

   
   

   
M

U
A

P
-1

10
18

-N
P

 (
R

0)
 

  M
its

ub
is

hi
 H

ea
vy

 In
du

st
rie

s,
 L

T
D

. 
 

4-
12

 

                 

F
ig

u
re

 4
-4

 S
ec

an
t 

S
ti

ff
n

es
s 

vs
. I

n
-P

la
n

e 
S

h
ea

r 
F

o
rc

e 
fo

r 
C

at
eg

o
ry

 1
 S

C
 W

al
ls

 
 

 
 

   
  T

he
 p

lo
t s

ho
w

s 
th

e 
ra

ng
e 

of
 n

or
m

al
iz

ed
 r

ei
nf

or
ce

m
en

t r
at

io
s 

us
ed

 in
 th

e 
U

S
-A

P
W

R
 C

IS
. 

   
   



C
on

ta
in

m
en

t I
nt

er
na

l S
tr

uc
tu

re
: S

tif
fn

es
s 

an
d 

D
am

pi
ng

 fo
r 

A
na

ly
si

s 
   

   
   

   
M

U
A

P
-1

10
18

-N
P

 (
R

0)
 

  M
its

ub
is

hi
 H

ea
vy

 In
du

st
rie

s,
 L

T
D

. 
 

4-
13

 

                 

F
ig

u
re

 4
-5

 C
o

m
p

ar
is

o
n

 o
f 

E
q

u
at

io
n

 4
-1

0 
vs

. F
u

ll
y 

C
ra

ck
ed

 S
ec

an
t 

S
ti

ff
n

es
s 

   
   

  F
or

 th
e 

ty
pi

ca
l 4

8”
-t

hi
ck

 C
at

eg
or

y 
1 

S
C

 w
al

l g
eo

m
et

ry
 w

ith
 ½

”-
th

ic
k 

fa
ce

pl
at

es
. 



C
on

ta
in

m
en

t I
nt

er
na

l S
tr

uc
tu

re
: S

tif
fn

es
s 

an
d 

D
am

pi
ng

 fo
r 

A
na

ly
si

s 
   

   
   

   
M

U
A

P
-1

10
18

-N
P

 (
R

0)
 

  M
its

ub
is

hi
 H

ea
vy

 In
du

st
rie

s,
 L

T
D

. 
 

4-
14

 

 

   

 

F
ig

u
re

 4
-6

  E
q

u
iv

al
en

t 
V

is
co

u
s 

D
am

p
in

g
 f

ro
m

 H
ys

te
re

ti
c 

L
o

o
p

 
(A

s 
gi

ve
n 

in
 R

ef
er

en
ce

 2
1)

. 



C
on

ta
in

m
en

t I
nt

er
na

l S
tr

uc
tu

re
: S

tif
fn

es
s 

an
d 

D
am

pi
ng

 fo
r 

A
na

ly
si

s 
   

   
   

   
M

U
A

P
-1

10
18

-N
P

 (
R

0)
 

  M
its

ub
is

hi
 H

ea
vy

 In
du

st
rie

s,
 L

T
D

. 
 

4-
15

 

 

M
em

be
r 

F
le

xu
ra

l R
ig

id
ity

 
S

he
ar

 R
ig

id
ity

A
xi

al
 R

ig
id

ity
 

E
cI

g 
G

cA
w
 

W
al

ls
 a

nd
 D

ia
ph

ra
gm

s-
-U

nc
ra

ck
ed

 
(f

b 
<

 f c
r) 

(V
<

V
c)
 

E
cA

g 

0.
5E

cI
g 

0.
5G

cA
w
 

W
al

ls
 a

nd
 D

ia
ph

ra
gm

s-
-C

ra
ck

ed
 

(f
b 

>
 f c

r) 
(V

>
V

c)
 

E
cA

g 

 
 

 
 

N
ot

es
: 

 
 

 

A
g 

=
 G

ro
ss

 A
re

a 
of

 th
e 

C
on

cr
et

e 
S

ec
tio

n 
 

 

A
w
 =

 W
eb

 A
re

a 
 

 
 

E
c 

=
 C

on
cr

et
e 

C
om

pr
es

si
ve

 M
od

ul
us

 
 

 

G
c 

=
 C

on
cr

et
e 

S
he

ar
 M

od
ul

us
 =

 0
.4

 E
c 

 
 

f b
 =

 B
en

di
ng

 S
tr

es
s 

 
 

 

f c
r =

 C
ra

ck
in

g 
S

tr
e

ss
 

 
 

 
V

 =
 W

al
l S

he
ar

 
 

 
 

V
c 

=
 N

om
in

al
 C

on
cr

et
e 

S
he

ar
 C

ap
ac

ity
 

 
 

 

T
ab

le
 4

-1
  E

ff
ec

ti
ve

 S
ti

ff
n

es
s 

V
al

u
es

 f
o

r 
R

C
 W

al
ls

 a
n

d
 S

la
b

s 
A

s 
gi

ve
n 

in
 A

S
C

E
 4

3-
05

 (
R

ef
er

en
ce

 2
3)

. 

  



Containment Internal Structure: Stiffness and Damping for Analysis         MUAP-11018-NP (R0) 
 
 

Mitsubishi Heavy Industries, LTD. 5-1

5.0 EVALUATION OF STIFFNESS AND DAMPING FOR LOADING CONDITION “A” 

As discussed in Section 3, the normal operating temperatures are not expected to cause 
significant cracking in any of the CIS structure categories.  Thus the extent of cracking for 
Condition “A” may be reasonably estimated by evaluating stresses resulting from SSE loading 
only.   

To facilitate this evaluation, response spectrum analysis was performed using the detailed 
ANSYS model prepared for basic design of the CIS (Reference 11).  For this evaluation, the 
analysis model used uncracked (full) stiffness values.  The inputs to the analysis were three 
translational acceleration response spectra generated at the base of the CIS in the SSI 
analysis of the reactor building (R/B) complex described in Reference 13.  In accordance with 
Regulatory Guide 1.92 (see Reference 19), the Lindley-Yow method was used to separate the 
rigid and periodic responses of the CIS for each direction of motion, and the periodic 
responses were combined using the Complete Quadratic Combination (CQC) method.  The 
rigid response was then calculated using the static zero-period acceleration (ZPA) method, 
and the periodic and rigid responses were combined by square-root-sum-of-the-squares 
(SRSS); i.e. Combination Method “B” was used.  The hydrodynamic response of the refueling 
water in the RWSP was also included in each of the directional response components, as 
described in Reference 11.  Finally, the three directional response components were 
combined by SRSS and added to the absolute value of the accidental torsion load case to 
obtain a total seismic load case representing the maximum earthquake-induced response of 
the CIS. 

The paragraphs below present the evaluation of cracking and associated stiffness reductions 
that were performed for each of the structure categories using the initial seismic analysis.  The 
evaluations are presented in the given order to simplify explanation of the approaches taken.  
The results of these evaluations are summarized in Section 7 and in the list of stiffness and 
damping values given in Table 7-1. 

5.1 Category 1 In-Plane Shear Stiffness Evaluation 

The following procedure was applied to determine appropriate values for the in-plane shear 
stiffness of the Category 1 SC walls under Condition “A”: 

1. Group the SC wall elements in the model into collections of elements that form 
individual walls in the structure.  This procedure was performed in ANSYS using 
element “components,” which can contain any selected set of elements and can be 
given an appropriate name.  The SC wall components were generally selected 
such that all elements in the component may be considered to act together as a 
wall that transfers in-plane shear from one floor to another in a given direction.  
Thus the components include elements with common cross-sectional properties 
and typically have boundary conditions comprised of a slab or mat at the bottom 
edge, a slab at the top edge, and transverse walls at either end.  The ANSYS plot 
in Figure 5-1 shows one example of the 96 components defined in this fashion. 

2. Calculate the uncracked in-plane shear stiffness for each wall component geometry, 
using Equation 4-1. 

3. Extract the seismic in-plane shear forces on each wall component and calculate the 
secant stiffness for the wall.  In order to automate this procedure, a routine was 
written in ANSYS that assumed the overall shear applied at the top of the wall is 
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distributed to the elements of the wall on a per-foot basis.  This assumption was 
deemed reasonable for the manner in which the elements were grouped in step 1, 
and was subsequently verified by hand calculations that considered the wall as a 
whole.  The ANSYS routine extracted the seismic in-plane shear force on each 
element and calculated the element secant stiffness using the bilinear shear 
deformation curve as described in Section 4.1.3.  The element secant stiffnesses 
were then averaged to obtain the secant stiffness of the wall. 

4. Compute the ratio of secant stiffness to uncracked stiffness using the results of 
steps 2 and 3. 

5. Compute the ratio of effective stiffness to uncracked stiffness using Equation 4-12, 
recalling that the initial stiffness is considered the uncracked stiffness for  
Condition “A”. 

The results of this procedure are shown in Table 5-1.  The calculated effective stiffness values 
are shown to be close or equal to the uncracked stiffness for a majority of the SC walls, which 
indicates that the seismic in-plane shear demands are relatively low for the thick wall 
geometries provided in the CIS.  In accordance with the third objective stated in Section 1.2, 
the tabulated results support the use of the composite uncracked in-plane shear stiffness for 
all of the Category 1 walls under Condition “A”, recognizing that the cracked in-plane shear 
stiffness is to be used for Condition “B” (as will be discussed further in Section 6).  This 
approach will capture the reduced stiffness values calculated for some of the walls in the 
present evaluation. 

As mentioned in Section 4.1, the out-of-plane flexural stiffness for the Category 1 SC walls is 
taken as that of the cracked-transformed section for all loading conditions.  Since the in-plane 
shear stiffness of these walls has a more significant impact on the CIS dynamic response, the 
uncracked damping ratio of 4% discussed in Section 4.1.7 is considered appropriate for the 
Category 1 walls under Condition “A”. 

5.2 Category 4 Out-of-Plane Flexural Stiffness Evaluation 

The primary dynamic response of interest for the Category 4 floor slabs is their out-of-plane 
(vertical) response.  Thus the results of the initial seismic analysis were also used to evaluate 
the extent of out-of-plane flexural cracking in each of the major floor slabs.  The following 
procedure was applied to determine appropriate stiffness values for the Condition “A” analyses, 
in accordance with ASCE 43-05 (Reference 23): 

1. Group the RC slab elements in the ANSYS model into components.  Five major 
reinforced concrete slabs were identified in the CIS structure, including slabs at top-
of-concrete elevations 25'-3", 37'-9", 50'-2", 76'-5", and 139'-6".  The locations of 
these slabs are shown in Figures 2-1 through 2-7. 

2. Combine the total seismic case with dead load to create two load cases: Dead 
Load + Seismic Load, and Dead Load - Seismic Load.  These two cases must be 
considered to include the flexural stresses due to the structure dead load and 
because the signs of the seismic stress resultants are lost in the SRSS procedures 
discussed above. 

3. For each element in a given slab, extract the out-of-plane moments MX, MY, and 
MXY for each of the two loading conditions. 
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4. Calculate the maximum principal moments in each element, for each loading 
condition.  The following formulas are used: 

 (Equation 5-1) 2
2

21 MXY
2

MYMX

2

MYMX
M,M 






 




  

 (Equation 5-2)  21max M,MmaxM   

5. Calculate the cracking moment for each slab geometry, using the formulas 
provided in ACI 349-01 Section 9.5.2.3 (Reference 9): 

 (Equation 5-3) 
t

gr
cr y

If
M   

 (Equation 5-4) cr f'7.5f    

where fr is the modulus of rupture of concrete, Ig is the moment of inertia of the 
gross section per unit width, and yt is half the thickness of the gross section. 

6. Compare the maximum principal moments in each element (from either load case) 
to the cracking moment, and calculate the percentage of elements that are cracked.   

The results of this procedure are shown in Table 5-2.  The computed maximum principal 
moments are shown to be less than the cracking moment for most of the elements in each of 
the five major slabs.  The slab with the most elements cracked in flexure is the operating floor 
at Elevation 76'-5", in which 12% of the elements are cracked.  The ANSYS contour plot 
shown in Figure 5-2 indicates that flexural cracking in this slab is limited to the region 
immediately adjacent to the secondary shield walls to which the slab is rigidly connected.  
Since most of the elements in each of the major slabs are uncracked, a bounding approach 
similar to that described for in-plane shear stiffness of the Category 1 walls is to be used for 
the RC slabs: the uncracked out-of-plane flexural stiffness is to be used for Condition “A”, 
recognizing that the cracked stiffness is to be used for Condition “B”.  This will ensure that any 
modification of dynamic response due to flexural cracking is sufficiently covered in the 
enveloped results. 

The Category 4 slabs do not carry significant in-plane shear forces under seismic loading.  
Thus the uncracked in-plane shear stiffness is assigned to the slabs for Condition “A”.  Given 
that both the flexural and in-plane shear stiffness of the slabs are considered uncracked for 
this condition, a 4% damping ratio is assigned in accordance with the intent of Regulatory 
Guide 1.61 (Reference 4). 

5.3 Evaluation of Concrete Stresses in Categories 2, 3, and 5 

5.3.1 Category 2 Walls 

As discussed in Section 4.2, the Category 2 walls are treated as reinforced concrete structures 
in terms of their stiffness and damping characteristics.  In accordance with ASCE 43-05 
(Reference 23), the in-plane shear stiffness of these walls was evaluated for Condition “A” by 
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determining the extent to which the applied seismic in-plane shear forces exceed the concrete 
in-plane shear strength, which is given in ACI 349-01 Section 21.6.5 (Reference 9) as: 

 (Equation 5-5) )f'(2AV ccvc    

where Acv is the cross-sectional area of the wall in the direction of the applied shear force.  

Figure 5-3 presents an ANSYS contour plot of the seismic in-plane shear forces (NXY) applied 
to the Category 2 walls that were modeled with shell elements, which includes the 67"-thick 
walls in the refueling canal area (this comprises a majority of the Category 2 walls).  As shown 
in the plot, the in-plane shear forces in excess of the concrete shear strength are limited to a 
small portion of the walls.  Therefore the uncracked in-plane shear stiffness is warranted for 
use with Condition “A”, given that the cracked stiffness is to be used for Condition “B”.  It is 
noted that the stiffness considered will be that of the concrete section only, as is customary for 
reinforced concrete sections. 

To evaluate the out-of-plane flexural stiffness of these walls, a procedure similar to that used 
for the reinforced concrete slabs was applied.  Figure 5-4 shows that the seismically induced 
maximum principal moments for the elements of the Category 2 walls were in all cases less 
than the cracking moment.  Thus the uncracked out-of-plane flexural stiffness given for RC 
sections is to be used for Condition “A”. 

Given that these walls are considered uncracked for both in-plane shear and flexural stiffness, 
they are assigned a damping ratio of 4% for Condition “A”, in accordance with the intent of 
Regulatory Guide 1.61 (Reference 4). 

5.3.2 Categories 3 and 5 

The Category 3 and 5 structures in the CIS are also treated as reinforced concrete when 
evaluating the effects of cracking on their stiffness and damping properties.  The Category 3 
primary shield walls are not anticipated to experience seismically induced in-plane shears or 
out-of-plane moments beyond the cracking threshold, given their large cross-sectional 
thickness, their rigid cylindrical arrangement, and the fact that they are confined by the 
Category 5 massive reinforced concrete over much of their height (see Figures 2-6 and 2-7).  
Likewise, the Category 5 sections themselves are not expected to experience seismically-
induced cracking in light of their rigid geometries.   

Both of these structure categories were modeled in ANSYS with three-dimensional solid 
elements.  Thus it is necessary to evaluate the stated assumption of limited stresses under 
seismic loading by comparing maximum principal stresses to the tensile strength of concrete.  
Figures 5-5 and 5-6 present ANSYS contour plots for the Category 3 and Category 5 
structures, respectively, of maximum principal stress due to a load case consisting of dead 
load plus total seismic load.  This case is considered because the signs of component 
stresses in the total seismic load case are all positive, such that the addition of the seismic 
load case to dead load maximizes tensile principal stresses in the output, while the dead load 
minus seismic load case results in more compressive principal stresses.  As shown in the 
figures, principal stresses in excess of the tensile strength of concrete (taken as 4f’c) are 
limited to small portions of both the Category 3 and Category 5 elements in the model.  
Therefore these structures are assigned uncracked RC stiffness and damping values for 
Condition “A”.  
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6.0 EVALUATION OF STIFFNESS AND DAMPING FOR LOADING CONDITION “B” 

The evaluation of seismically induced concrete stresses discussed in Section 5 rendered the 
assessment that all of the structure categories in the CIS are largely uncracked for 
Condition “A”.  As discussed in Section 3, the addition of accident thermal loading is 
anticipated to result in significant concrete cracking of the various walls and slabs of the CIS. 

6.1 Heat Transfer Analysis 

When the accident thermal temperatures shown in Figure 3-1 occur in the compartments of 
the CIS, nonlinear temperature gradients will form through the thickness of the walls.  In order 
to determine the magnitude and distribution of these temperature gradients with respect to 
time, heat transfer analyses were performed in support of the CIS basic design (Reference 11).  
These analyses utilized a finite difference approach wherein one-dimensional conduction was 
assumed through the thickness of the wall; i.e. the in-plane extents of the wall were 
considered infinite and uniform surface temperatures were assumed.  The analyses also 
assumed that the steel faceplates on the walls directly conduct the ambient compartment 
temperatures to the faces of the concrete core, and that the concrete material properties are 
constant and isotropic. 

Figure 6-1 shows the heat transfer analysis results for the 48”-thick Category 1 SC walls that 
are used extensively in the CIS.  The plot illustrates that steep, parabolic temperature 
gradients are formed initially through the thickness of the section, and that these gradients 
gradually decrease with time as heat is conducted into the concrete core.  In terms of concrete 
cracking, these temperature gradients are anticipated to have two major effects.  First, the 
steep initial gradients are expected to induce high in-plane tensile stresses in the concrete 
core that will result in through-thickness cracking.  Second, the net increase of the wall 
temperatures from the baseline operating temperatures are expected to cause significant 
growth of the overall section.  The restraint of this growth at supports, corners, and other 
structural discontinuities is expected to induce significant out-of-plane moments that may 
potentially cause flexural cracking. 

6.2 Category 1 Stiffness Evaluation 

To evaluate the in-plane stresses induced by the initial temperature gradients observed in the 
heat transfer analysis, a linear thermal stress analysis was conducted in ANSYS that 
considered the temperature gradient at 1000 seconds on the typical 48"-thick SC wall section.  
As shown in Figure 6-2, a three-dimensional model of a wall section was generated that 
utilized solid elements for the concrete core and shell elements for the steel faceplates.  The 
1000-second temperatures were then applied to the nodes to create the gradient, and 
boundary conditions were applied that permitted thermal expansion both in and out of the 
plane of the wall. 

The results of this analysis are presented in Figure 6-3.  The figure shows a sectional view of 
the concrete core in which the variation of vertical in-plane stresses through the thickness of 
the concrete can be seen.  It is observed that the parabolic thermal gradient puts the outer 
fibers of the concrete core into compression, while the central portion of the concrete thickness 
is put into tension.  The plot contours indicate that the tensile stresses greatly exceed the 
concrete tensile strength (taken as 4√f’c) over the majority of the section.  Thus it can be 
postulated that in the actual, nonlinear structure, the accident condition temperature gradients 
would result in through-thickness cracks at intervals along the length and height of the wall.   
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As illustrated in Appendix D, experiments performed in Japan have demonstrated that the 
accident thermal condition does cause thermal gradients similar to those predicted by the 
aforementioned heat transfer analysis, and that the gradients cause the postulated through-
thickness cracking in two orthogonal directions.  Importantly, these tests also evaluated the 
reduction in in-plane shear stiffness of SC sections caused by the thermally-induced cracking.  
As explained in Appendix D, the results indicated that the tangent in-plane shear stiffness 
under all applied shear forces was approximately equal to the post-cracking shear stiffness of 
the composite section, i.e. Ks + Ksc as given above by Equation 4-4.  Therefore the secant 
stiffness for the accident thermal condition may be estimated as that of the fully cracked 
section, as given by Equation 4-10. 

Recalling that the out-of-plane flexural stiffness for composite SC walls is taken as that of the 
cracked-transformed section for all loading conditions, the Category 1 walls are considered 
cracked for Condition “B” in both shear and flexure.  As a result, the cracked damping ratio of 
5% discussed in Section 4.1.7 is appropriate for Category 1 under this condition. 

6.3 Category 2 Stiffness Evaluation 

The in-plane cracking observed in the analysis and experiments for the Category 1 SC walls is 
also anticipated for the Category 2 walls, which are exposed to the same ambient 
compartment temperatures during the accident condition.  The Category 2 walls will also 
experience steep parabolic temperature gradients that result in extensive through-thickness 
concrete cracking.  In accordance with ACI 349.1R Section 1.4 (see Reference 25), the effect 
of this cracking may be addressed in linear elastic analysis models of RC structures by 
reducing the concrete modulus of elasticity by 50%.  This reduction is consistent with that 
specified in ASCE 43-05 (Reference 23) for cracked in-plane shear stiffness of RC walls.  It is 
also comparable to the reduction in secant stiffness applied to the Category 1 SC walls for this 
condition, as will be further discussed in Section 8. 

Flexural stresses induced by thermal loading in the various walls and slabs of the CIS were 
evaluated using the analysis of the accident thermal condition that was performed in support of 
the basic design (Reference 11).  The intent of this analysis was to assess the stresses 
induced by restraint of overall thermal growth of the structure.  Thus, the average increase in 
wall and slab temperatures at a given point in time, as given by the heat transfer analysis 
results specific to each member thickness, were applied to each component of the structure.  
The point in time considered in this analysis was selected as the point at which the average 
temperature of the 48”-thick SC walls was maximized, since these walls comprise a majority of 
the walls in the structure.  This was calculated to occur at four days after the postulated pipe 
rupture, using the thermal gradients given in Figure 6-1.  

The results of this analysis were combined with seismic loading and used to evaluate the 
extent of out-of-plane flexural cracking in the Category 2 walls for Condition “B”.  The 
procedure for this evaluation was similar to that used for Condition “A”; i.e. principal moments 
due to the Condition “B” loading were compared to the cracking moment for the section 
(calculated using Equations 5-3 and 5-4).  The principal moment contour plot given in Figure 
6-4 indicates that, as was expected, moments in excess of the cracking moment occur at the 
base of the walls and at other discontinuities.  The presence of significant cracking for this 
condition warrants the previously mentioned bounding approach for Category 2 flexural 
stiffness, wherein the uncracked stiffness is assigned for Condition “A” and the cracked 
stiffness is assigned for Condition “B”. 
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Since both cracked in-plane shear stiffness and cracked out-of-plane flexural stiffness are to 
be assigned for the Category 2 walls, a damping ratio of 7% is considered appropriate for 
these walls under Condition “B”.  This is in accordance with the guidance provided in 
Regulatory Guide 1.61 for reinforced concrete walls (Reference 4). 

6.4 Category 3 Stiffness Evaluation 

The Category 3 primary shield walls are irregular in terms of both their geometry and their 
exposure to thermal loading.  As such, evaluation of the response of these walls to accident 
thermal loading is not straightforward.  In terms of geometry, the walls are arranged in a very 
rigid, cylindrical shape with nominal thickness that varies from 10 feet to 15 feet.  In addition, 
the walls have an array of transverse and mid-thickness longitudinal steel plates that divide the 
concrete into numerous cells, and the walls have four large penetrations for fuel loading 
instrumentation and equipment.  In terms of exposure to thermal loading, Figures 2-6 and 2-7 
illustrate that the primary shield walls are encapsulated by the Category 5 massive reinforced 
concrete over more than half of their overall height.  The Category 5 concrete not only 
prevents exposure of the outer primary shield face to accident temperatures, but it also 
restrains any thermal growth of the primary shield walls.  Above the Category 5 concrete, the 
primary shield walls are also restrained on all sides by six different secondary shield walls that 
frame into the outer primary shield face (see Figure 2-2) and by the reinforced concrete slabs 
at elevations 25'-3" and 37'-9" (see Figure 2-6). 

Clearly the conditions assumed by the heat transfer analyses discussed for the Category 1 
and 2 walls are not at all applicable to the Category 3 walls.  In order to accurately assess the 
extent of cracking and attendant stiffness reductions induced in these walls by the Condition 
“B” loading, a detailed transient thermal analysis would be required, followed by application of 
seismic loading.  This analysis has not been performed to date.  Nevertheless, it is deemed a 
reasonable assumption that the walls will remain largely uncracked for this condition, given the 
low stress exhibited for seismic loading alone, the minimal exposure of the outer face of the 
walls to thermal loading, and the relatively uniform restraint of thermal growth applied by the 
surrounding structures.  The assumption of minimal cracking and reduction of stiffness for this 
condition will be reevaluated and verified as the CIS design progresses. 

6.5 Category 4 Stiffness Evaluation 

The Category 4 reinforced concrete slabs are generally exposed on both faces to the accident 
thermal temperatures shown in Figure 3-1.  As such, their response to thermal loading is 
assessed using the thermal analysis performed on the CIS for the basic design, as discussed 
above for the Category 2 walls.  Principal moments were calculated for each of the major slabs 
in the CIS under the 4-day accident thermal condition combined with seismic and dead loads, 
and then compared to cracking moments calculated using Equations 5-3 and 5-4. 

Figure 6-5 shows the results of this evaluation for the slab at Elevation 25'-3".  This slab is 
primarily 40" thick, with 51" thickness in certain areas as shown in the figure.  The slab is 
shown to experience significant thermally induced flexure due to its rigid connection to both 
the outer RWSP wall and the secondary shielding walls.  It is noted from the contours given in 
the figure that the calculated principal moments exceed the cracking moment in a majority of 
the slab elements.  The presence of significant out-of-plane cracking under this condition 
justifies use of cracked flexural stiffness and 7% damping for the Category 4 slabs under 
Condition “B”.  This establishes a bounding analysis approach for the primary dynamic 
response of interest for these slabs, given that uncracked flexural stiffness and 4% damping is 
to be used for Condition “A”.   
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6.6 Category 5 Stiffness Evaluation 

As shown in Figures 2-6 and 2-7, the massive reinforced concrete sections in the CIS are 
founded on the thick R/B complex mat.  As a result, exposure to elevated temperatures 
following a postulated pipe rupture is generally limited to the top faces and some of the vertical 
inside faces of these structures.  Since all of the Category 5 structures are extremely thick 
(both horizontally and vertically), this limited exposure to the accident temperatures is not 
expected to cause significant reductions of stiffness due to concrete cracking.  Therefore 
uncracked stiffness and damping values are considered the best estimate for Category 5 
under Condition “B”. 
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7.0 SUMMARY OF STIFFNESS AND DAMPING VALUES FOR ANALYSIS 

A summary of the stiffness and damping values defined above is provided in Table 7-1.  For 
each of the six major structure categories, the table presents the in-plane shear stiffness, out-
of-plane flexural stiffness, and damping ratios that have been deemed appropriate for the two 
analysis cases (Condition “A” and Condition “B”).  In general, the table shows that the 
structure is to be considered as largely uncracked for Condition “A” and cracked for 
Condition “B”.  In several cases, the tabulated values reflect the decision to apply a bounding 
approach when the assessment of stresses indicated the given structure category was mostly 
uncracked for Condition “A” and significantly cracked under Condition “B”.  Such is the case 
for the in-plane stiffness of the Category 1 and Category 2 walls and for the flexural stiffness of 
the Category 4 slabs.  However, a bounding analysis approach was not imposed for all 
structure categories, in the interest of obtaining realistic dynamic responses from both the 
Condition “A” and Condition “B” analyses.  For example, both the Category 3 and Category 5 
structures are anticipated to remain mostly uncracked under either loading condition and so a 
bounding approach is not warranted for these structures.  Likewise, the flexural stiffness of the 
Category 1 SC structures is best approximated by the cracked-transformed stiffness under 
either loading condition. 

In terms of damping, the category-specific damping ratios provided in the table could be 
applied to each of the various structures in the CIS for each of the two dynamic analyses.  
However, examination of the individual values given in the table suggests that constant 
damping ratios may be used.  For Condition “A”, 4% damping is identified for all of the 
structure categories, such that 4% damping is clearly appropriate as an overall, constant 
damping ratio.  For Condition “B”, the individual values range from 4% for the uncracked 
reinforced concrete structures to 7% for the cracked reinforced concrete structures, with 5% 
assigned to the Category 1 SC walls.  Since the Category 1 walls are the primary lateral load 
resisting members in the structure and their response dominates the amplified range of the 
overall structure response, 5% damping is deemed an appropriate constant damping ratio for 
the Condition “B” analyses.  In accordance with the guidance given in Regulatory Guide 1.61 
(Reference 4), this value is considered appropriate both for generation of forces for structural 
design and for generation of in-structure response spectra for equipment design, since it 
represents the best estimate of energy dissipation with the cracking levels identified for this 
condition.  It is noted that the 5% value is somewhat conservative for the cracked reinforced 
concrete slabs and the cracked Category 2 walls.  Damping is not expected to have a 
significant impact on the seismic response of the relatively rigid structures of Categories 3 and 
5, regardless of the values assigned to these structures. 
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8.0 APPLICATION 

As mentioned previously, the dynamic response of the CIS will be analyzed using 3-D LEFE 
models.  These models explicitly account for the 3-D geometry of the structure including the 
extents of each individual wall and slab, using finite elements with linear elastic, isotropic 
material properties.  Thus the geometry of each wall and slab will be modeled using either 3-D 
solid elements or shell elements.  The linear elastic material properties (elastic modulus E and 
Poisson’s ratio ) and the thickness (t) of these elements will be calibrated to match the 
effective in-plane shear stiffness and out-of-plane flexural stiffness values given for each 
structure category in Table 7-1.  As stated in the fourth objective in Section 1.1, the calibrated 
properties will be assigned consistently to the elements of both the ACS SASSI dynamic FE 
model and the ANSYS detailed design FE model.  The primary purpose of this section is to 
illustrate the manner in which these material and section properties are calculated.  In addition, 
the axial stiffness terms that result from this calibration approach are evaluated, and finally the 
complete set of stiffness values assigned to the Category 1 SC structures are compared to 
those recommended in the available nuclear standards for RC structures. 

8.1 Calculation of Equivalent Material Properties for Category 1 Walls 

The analysis models for both the SSI analysis and the detailed design will use single-layer 
shell elements with isotropic material properties to model the composite Category 1 SC walls.   
The procedure presented below is used to calculate equivalent values of section thickness (t’) 
and elastic modulus (E’) to match the composite in-plane shear and out-of-plane flexural 
stiffness values given in Table 7-1.   

1. Calculate the in-plane shear stiffness of the section using Equation 4-1 for 
Condition  “A” or Equation 4-10 for Condition “B”: 

(Equation 4-1)  ssccuncruncr AGAGKGA   

(Equation 4-10)   ss

0.42

crcr AGρ0.5KGA


   

2. For both Conditions “A” and “B”, calculate the cracked transformed flexural stiffness for 
the section using Equation 4-13: 

  (Equation 4-13)  ccsscr_tr IEIEEI   

3. Setting   12/3tE EI  ,   )]1(2/[  tEAG  and  = c, solve two equations and two 
unknowns to obtain E' and t' that provide the correct values for GA and EI calculated in 
steps 1 and 2: 

(Equation 8-1)    )cruncrc

cr_tr

GA or (GA12

12EI
t'


   

(Equation 8-2)     
 

'

)

t1in

GA or (GA12
E' cruncrc







 
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4. Calculate the equivalent density to maintain the correct unit weight with the calculated 

equivalent thickness: 

(Equation 8-3)   
 

t'1in
ss

A
cc

A







 '  

 
Appendix G provides the complete set of calculations that follow this procedure for each of the 
Category 1 wall geometries.  The appendix also provides property calculations for all other 
structure categories in the CIS for input to the analysis models.  
 
8.2 Discussion of associated axial stiffness 

As mentioned in Section 4.1.6, the Category 1 SC wall axial stiffness values implicitly obtained 
with the E’ and t’ values calculated in the manner described above must be evaluated for each 
of the two loading conditions.  The equivalent axial stiffness is calculated per unit width as: 

 
(Equation 8-4)  t'E'(EA)'   

 
For the upper bound stiffness of Condition “A”, the equivalent axial stiffness is evaluated by 
comparing it to the actual uncracked composite stiffness, which is calculated as follows: 
 

(Equation 8-5)  ccssuncr AEAEEA   

 
For the lower bound stiffness of Condition “B”, the equivalent axial stiffness is compared to the 
average of cracked and uncracked composite axial stiffnesses, defined previously in 
Equation 4-16: 

(Equation 4-16)   
2

AE
AEAEAEAE

2

1
EA cc

ssccssssavg   

These comparisons are performed in the calculations given in Appendix G.  The axial stiffness 
terms calculated with the equivalent material and section properties for Condition “A” are 
shown to be within 2.6% of the actual uncracked stiffness for all of the Category 1 wall 
geometries.  For Condition “B”, the equivalent properties render axial stiffness values that are 
somewhat softer than the average of the cracked and uncracked composite stiffnesses given 
by Equation 4-16; the equivalent values range between 60% and 76% of the average values.  
In light of the extensive through-thickness cracking anticipated for Condition “B”, these 
equivalent axial stiffness values provide a rational lower bound for the Category 1 walls.  This 
assessment is further confirmed in view of the axial stiffness values prescribed for RC walls 
under accident thermal conditions, as discussed below.  

8.3 Comparison of SC and RC Stiffness Values 

Table 8-1 compares stiffness values for the common 48-in. thick SC wall with 0.5-in. thick steel 
faceplates computed using the equations in Section 4 for SC walls with those prescribed by 
current nuclear standards for RC structures.  Specifically, ASCE 43-05 Table  3-1 
(Reference  23) is considered for stiffness values of RC structures under seismic loading 
during normal operations (Condition “A”) and ACI 349.1R (Reference 25) is considered for 
stiffness reductions due to accident thermal loading (Condition “B”).  The various in-plane 
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shear, out-of-plane flexural, and axial stiffness values tabulated for each condition are 
calculated in Appendix G. 

In general, the comparison in Table 8-1 illustrates that the SC-specific formulations for 
stiffness result in values that are not substantially different from those codified for RC 
structures.  It must be noted, however, that this close comparison is primarily a function of the 
particular reinforcement ratios selected for the US-APWR Category 1 SC walls.  As discussed 
in Section 4 and the appendices, the tabulated SC stiffness values reflect the behavior of the 
continuous SC faceplates acting compositely with the concrete core to resist in-plane and out-
of-plane loads. This behavior is significantly different than that of concrete reinforced with an 
orthogonal grid of reinforcement.  Nevertheless the favorable comparison of SC and RC 
stiffness values does indicate that the dynamic response of the US-APWR CIS will be similar 
to that of a containment internal structure constructed entirely of reinforced concrete.  The 
reasonably small differences in each stiffness term are readily explained in terms of SC vs. RC 
behavior. 

For Condition “A”, the SC-specific axial and in-plane shear stiffness terms are shown to be 
13% larger than those of uncracked reinforced concrete.  Again, this difference is the result of 
composite resistance to in-plane loads of the steel and concrete in SC construction, while the 
magnitude of the difference is a function of the selected reinforcement ratio (2.1% in this case). 
The SC-specific flexural stiffness term for Condition “A” is 63% of that obtained with the RC 
equation.  This difference reflects the fact that SC wall out-of-plane flexural stiffness is best 
approximated as the cracked-transformed stiffness, as discussed in Appendix E.  

For Condition “B”, the SC-specific stiffness values are compared to those obtained using 0.5Ec, 
as recommended in ACI 349.1R Section 1.4 for linear elastic analysis of RC structures with 
thermally induced cracking.   For in-plane shear stiffness and axial stiffness, the SC-specific 
values are 84% of the cracked stiffness values calculated with the RC equations (0.5GcAg and 
0.5EcAg, respectively).  Once again the values are similar, but the SC-specific values reflect 
the larger in-plane stiffness reduction anticipated for the extensive cracking caused by 
accident thermal loading, which has been experimentally verified (see Appendix D.)  While it is 
acknowledged that the SC-specific axial stiffness value is likely too soft for portions of walls in 
compression during seismic loading, it is nevertheless considered a rational lower bound case 
for use in linear elastic analyses.  Any differences in dynamic response due to higher axial 
stiffness will be captured with the uncracked axial stiffness assigned for Condition “A”. The 
SC-specific out-of-plane flexural stiffness for this condition is somewhat higher than the value 
computed for RC, which simply reflects the composite cracked-transformed flexural stiffness 
for the particular reinforcement ratios used in the US-APWR CIS.   
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9.0 SUMMARY  

An accurate dynamic analysis can only be performed with a linear elastic model if the model 
uses the best possible estimation of the effective elastic constants.  To this end, stiffness 
values for each of the structure categories in the CIS have been calculated based on the 
formulations outlined in Section 4, and in consideration of the extent of concrete cracking 
caused by seismic and accident thermal loading.  Two sets of stiffness and damping values 
have been calculated that capture the potential range of stresses and associated cracking 
levels in each structure category.  It has been shown that both sets of stiffness values 
obtained with formulations specific to the composite behavior of the Category 1 SC walls are 
reasonably close to those of RC walls.  The manner in which the two sets of stiffness values 
are applied to the linear elastic models for SSI analysis and detailed structural design has 
been illustrated.  Two corresponding sets of analyses will be conducted in both ACS SASSI 
and ANSYS to complete Tasks 1-A and 1-B, respectively, in the overall CIS design and 
validation plan.  The enveloped results from these analyses will provide a conservative 
assessment of the potential range of demands for which the CIS structures and equipment 
must be designed. 
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Objective: Calculate stiffness values for each of the structural categories in the CIS, using the equations given in
Section 4.  In addition, develop equivalent isotropic material properties for input into the SASSI and detailed ANSYS
models.  Stiffness terms and equivalent material properties are generated for two basic loading conditions to be
considered: Seismic + Operating Thermal (Condition A) and Seismic + Accidental Thermal (Condition B).  

Structural Category 1: CIS SC walls with overall thickness less than or equal to 56".

Material Properties:

f'c 4000psi:= νc 0.17:= Ec 57000 f'c psi⋅⋅ 3605 ksi⋅=:= Gc
Ec

2 1 νc+( )⋅
1541 ksi⋅=:= Concrete properties

Es 29000ksi:= νs 0.3:= Gs
Es

2 1 νs+( )⋅
11154 ksi⋅=:= Fy 50ksi:= n

Es
Ec

8.044=:= Steel properties

Cross-sectional properties:

T
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39

45
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48

48

48

56

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in⋅:= tp

0.5

0.5
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0.75
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0.5
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�
�
�
�
�
�
�
�

�
�
�
�
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�
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in⋅:= tconc T 2tp−

35
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47

46.75

46.5

46

55

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in⋅=:= Arrays of total, plate, and concrete
layer thickness for SC walls in the CIS.

Ac tconc 1⋅ in

35

38

44

47

46.75

46.5

46

55

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in2⋅=:= As 2tp 1⋅ in

1

1

1

1

1.25

1.5

2

1

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in2⋅=:= Areas of concrete and steel for each
cross-section, per inch of wall.
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Structural Category 1: Calculate uncracked and cracked in-plane shear stiffness terms:

GAuncr Gs As⋅ Gc Ac⋅+

65075

69697

78940

83562

85965

88369

93175

95887

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

kip⋅=:= Uncracked in-plane shear stiffness of Category 1
walls for Condition 'A', per inch of wall.

ρbar

As
Fy
ksi

⋅

Ac
f'c psi⋅

psi

0.022588

0.020804

0.017967

0.016821

0.021138

0.025502

0.034373

0.014374

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

=:= Normalized reinforcement ratios.

GAcr 0.5 ρbar
0.42−⋅ Gs⋅ As⋅�

�
�
�

→⎯⎯⎯⎯⎯⎯⎯⎯⎯

27401

28364

30165

31013

35219

39059

45943

33129

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

kip⋅=:= Cracked in-plane shear stiffness of Category 1 
walls for Condition 'B', per inch of wall.
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Structural Category 1: Calculate cracked-transformed flexural stiffness terms (to be used for both
Condition 'A' and Condition 'B'.)

Calculate with section transformed to concrete:

yt 2n 1−( )− 2n 1−( )2
2n T⋅ tp−( )

tp
++

�	
	


��
�

tp⋅

�	
	


��
�


→⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

11.064

11.701

12.917

13.498

14.469

15.267

16.517

14.976

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in⋅=:= Depth to neutral axis of cracked transformed
section.

Cracked-transformed
flexural stiffness, per
inch of wall.

EIct Ec
1in yt tp−( )3⋅

3
n 1in tp⋅( ) yt

tp
2

−
�
�
�

�
�
�

2

T
tp
2

− yt−
�
�
�

�
�
�

2

+
�	
	


��
�


+
�	
	


��
�


⋅
�	
	


��
�


→⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

1.19486 107×

1.41989 107×

1.93206 107×

2.21951 107×

2.68211 107×

3.1273 107×

3.97678 107×

3.08962 107×

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

kip in2⋅⋅=:=

See next pages for comparison of these values (used in original calculation for analysis model inputs)
with those given by the equations in Appendix E.
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Structural Category 1: Calculation of cracked-transformed flexural stiffness terms (continued).

Calculate EIct using Equation E.3 in Appendix E:

ρ'
2 tp⋅

T

Es
Ec

⋅

0.2235

0.2063

0.1788

0.1676

0.2095

0.2514

0.3352

0.1436

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

=:= Normalized
reinforcement
ratio.

c ρ'2 ρ'+ ρ'−( )T�
 �


→⎯⎯⎯⎯⎯⎯⎯

10.779

11.409

12.613

13.189

14.106

14.855

16.022

14.654

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in⋅=:= Depth to neutral axis.

Equation E.3 
(divide by 12 to make
consistent with 1" unit
width used on previous
page.)

EIct2

Es 12in tp T
2⋅ 1 2

c
T
��
�
��
�

2
+ 2

c
T

⋅−
tp
T

−
�
	



�
�



4inT3

n

c tp−

T

�
�
�

�
�
�

3

+
�	
	


��
�


⋅

12

�	
	
	



��
�
�



→⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

1.19522 107×

1.4203 107×

1.93255 107×

2.22005 107×

2.68289 107×

3.1283 107×

3.97811 107×

3.09028 107×
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kip in2⋅⋅=:=

EIct
EIct2

0.9997

0.9997

0.9997

0.9998

0.9997

0.9997

0.9997

0.9998
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�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

= Ratio of results on previous page to Equation E.3 results.  OK.
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Structural Category 1: Calculation of cracked-transformed flexural stiffness terms (continued).

Calculate cracked-transformed stiffness using the calibrated empirical formula (Equations E.4 and E.5):

α 0.48 ρ'⋅ 0.10+

0.2073

0.199

0.1858

0.1804

0.2006

0.2207

0.2609

0.169

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

=:= Calibration parameter
(per Equation E.5).

Is
1
12
1⋅ in T3 tconc

3−�
�

�
�⋅

315

371

495

564

701

837

1105

770

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in4⋅=:= Ic
1
12
1⋅ in tconc

3⋅

3573

4573

7099

8652

8515

8379

8111

13865

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in4⋅=:= Moments of inertia for steel and
concrete sections.

Values obtained with calibrated
empirical formula are within ~1% of
values calculated on previous page--
OK (round-off).

∴ For calculation of input properties,
will use original "EIct" values from the
previous page.

EIeff Es Is⋅ α Ec⋅ Ic⋅+( )
→⎯⎯⎯⎯⎯⎯⎯�



�



1.1807 107×

1.40275 107×

1.91123 107×

2.19865 107×

2.6497 107×

3.09464 107×

3.9664 107×

3.07769 107×
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kip in2⋅⋅=:=
EIeff
EIct

0.988

0.988

0.989

0.991

0.988

0.99
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0.996
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�
�
�
�
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=
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Structural Category 1, continued:
 
Calculate equivalent thickness (t') and equivalent modulus (E') based on computed values for EI ct and GA.

t'A
12EIct

2 1 νc+( )GAuncr

30.69

32.32

35.43

36.91

40

42.6

46.78

40.65

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in⋅=:= t'B
12EIct

2 1 νc+( )GAcr

47.29

50.67

57.31

60.58

62.49

64.08

66.63

69.16

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

in⋅=:= Equivalent thicknesses for Condition 'A'
(using uncracked shear stiffness) and
Condition 'B' (using cracked shear
stiffness).

E'A
2 1 νc+( ) GAuncr⋅

1in t'A⋅

4962

5046

5214

5298

5029

4854

4660

5520

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

ksi⋅=:= E'B
2 1 νc+( ) GAcr⋅

1in t'B⋅

1356

1310

1232

1198

1319

1426

1614

1121

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

ksi⋅=:= Equivalent moduli of elasticity for
Condition 'A' and Condition 'B'.
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Structural Category 1, continued: Calculate axial stiffness values and compare to values resulting from E' and t'
computed on previous page.
 

Uncracked
axial
stiffness.

Cracked
axial
stiffness.

EAuncr Ec Ac⋅ Es As⋅+( )

155175

165990

187620

198435

204784

211132

223830

227275

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

kip⋅=:= EAcr Es As⋅

29000

29000

29000

29000

36250

43500

58000

29000

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

kip⋅=:=

EAavg
EAuncr EAcr+

2

92087

97495

108310

113717

120517

127316

140915

128137

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

kip⋅=:= Average axial stiffness for all walls.

EAA E'A t'A⋅ 1⋅ in( )
→⎯⎯⎯⎯⎯

152275

163090

184720

195535

201159

206782

218030

224375

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

kip⋅=:= EAB E'B t'B⋅ 1⋅ in( )
→⎯⎯⎯⎯⎯

64119

66372

70587

72570

82412

91398

107506

77523

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

kip⋅=:= Axial stiffness values for Condition 'A'
and Condition 'B'.

Ratios of computed axial stiffness
terms for comparison purposes.
Note that E' and t' based on EI and
GA render basically uncracked axial
stiffness for Condition A, while for
Condition B they render stiffnesses
somewhat softer than the average of
cracked and uncracked stiffness.

EAA
EAavg

1.65

1.67

1.71

1.72

1.67

1.62

1.55

1.75

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

=
EAA
EAuncr

0.981

0.983

0.985

0.985

0.982

0.979

0.974

0.987

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

=
EAB
EAavg

0.7

0.68

0.65

0.64

0.68

0.72

0.76

0.6

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

=
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Structural Category 1, continued: Calculate equivalent density to maintain correct unit weight with calculated
equivalent thickness.

g 32.174
ft

s2
= Acceleration of gravity.

ρc
150pcf
g

4.66214 10 3−×
kip sec2⋅

ft4
⋅=:= Density of concrete.

ρs
490pcf
g

1.52297 10 2−×
kip sec2⋅

ft4
⋅=:= Density of steel.

ρA
Ac ρc⋅ As ρs⋅+

t'A 1⋅ in

187.06

191.51

200.13

204.3

190.63

180.98

168.43

215.01

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

lb

ft3
⋅=:= ρA

5.81394 10 3−×

5.95223 10 3−×

6.22009 10 3−×

6.34977 10 3−×

5.92481 10 3−×

5.6251 10 3−×

5.23506 10 3−×

6.68266 10 3−×

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

kip sec2⋅

ft4
⋅= Equivalent densities for

Condition 'A'.

ρB
Ac ρc⋅ As ρs⋅+

t'B 1⋅ in

121.38

122.17

123.71

124.46

122.01

120.32

118.27

126.38

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

lb

ft3
⋅=:= ρB

3.77267 10 3−×

3.79716 10 3−×

3.84506 10 3−×

3.86834 10 3−×

3.79229 10 3−×

3.73975 10 3−×

3.67604 10 3−×

3.92805 10 3−×

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

kip sec2⋅

ft4
⋅= Equivalent densities for

Condition 'B'.
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Structural Category 1: Summary of in-plane shear, flexural, and axial stiffness values for each section
                                   (per inch of wall)

Section 
#

Overall 
Thickness 

(in)

Plate 
Thickness 

(in)

Uncracked 
Shear 

Stiffness 
GAuncr 

(kips)

Cracked 
Shear 

Stiffness  
GAcr 

(kips)

Cracked 
Flexural 
Stiffness  

EIct 

(kip*in2)

Uncracked 
Axial 

Stiffness 
EAuncr 

(kips)

Cracked 
Axial 

Stiffness 
EAcr    

(kips)

Average 
Axial 

Stiffness 
EAav g 

(kips)
1 36 0.5 65075 27401 11948618 155175 29000 92087
2 39 0.5 69697 28364 14198926 165990 29000 97495
3 45 0.5 78940 30165 19320556 187620 29000 108310
4 48 0.5 83562 31013 22195121 198435 29000 113717
5 48 0.625 85965 35219 26821106 204784 36250 120517
6 48 0.75 88369 39059 31272985 211132 43500 127316
7 48 1 93175 45943 39767819 223830 58000 140915
8 56 0.5 95887 33129 30896192 227275 29000 128137

T
in

tp
in

GAuncr
kip

GAcr
kip

EIct

kip in2⋅

EAuncr
kip

EAcr
kip

EAavg
kip

��
��

��
��

Structural Category 1: Summary of equivalent properties for input to CIS analysis models 
(Material properties are in units of kips and feet.  Axial stiffness terms are in units of kips per inch of wall).

CONDITION A (Ess + To) CONDITION B (Ess + Ta)

Section #

Equivalent 
Section 

Thickness 
(te, ft)

Equivalent 
Modulus 

of 
Elasticity 
(Ee, ksf)

Equivalent 
Density    
(k-s2/ft4)

Resulting 
Axial 

Stiffness 
(EA, kips)

1 2.55714 714588 0.00581394 152275
2 2.69354 726582 0.00595223 163090
3 2.95231 750814 0.00622009 184720
4 3.07557 762921 0.00634977 195535
5 3.33333 724171 0.00592481 201159
6 3.55007 698968 0.00562510 206782
7 3.89868 671089 0.00523506 218030
8 3.38746 794842 0.00668266 224375

t'A
ft

E'A
ksf

ρA

kip s2⋅

ft4

��
�
�

��
�
�

EAA
kip

�
	
	
	



�
�
�
�



Section #

Equivalent 
Section 

Thickness 
(te, ft)

Equivalent 
Modulus 

of 
Elasticity 
(Ee, ksf)

Equivalent 
Density    
(k-s2/ft4)

Resulting 
Axial 

Stiffness 
(EA, kips)

1 3.94072 195249 0.00377267 64119
2 4.22226 188635 0.00379716 66372
3 4.77591 177358 0.00384506 70587
4 5.04847 172496 0.00386834 72570
5 5.20777 189898 0.00379229 82412
6 5.33980 205398 0.00373975 91398
7 5.55213 232356 0.00367604 107506
8 5.76299 161422 0.00392805 77523

t'B
ft

E'B
ksf

ρB

kip s2⋅

ft4

��
�
�

��
�
�

EAB
kip

�
	
	
	



�
�
�
�



Note: Poisson's ratio = νc = 0.17 in all cases.
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Structural Category 1: For discussion purposes, compare stiffness terms obtained with SC-specific equations to
those obtained with reinforced concrete equations given in ASCE 43-05 and/or ACI 349.1R.

Consider 48"-thick SC walls with 1/2"-thick plates.  SC-specific stiffness values were computed above as follows:
(note: all values are per inch of wall)

GAuncr4
83562 kip⋅= Condition 'A' (Uncracked) shear stiffness.

GAcr4
31013 kip⋅= Condition 'B' (Cracked) shear stiffness.

EIct4
2.21951 107× kip in2⋅⋅= Cracked-transformed flexural stiffness (both conditions).

EAA4
195535 kip⋅= Condition 'A' axial stiffness.

EAB4
72570 kip⋅= Condition 'B' axial stiffness.

Calculate values using terms from ASCE 43-05 Table 3-1/ACI 349.1R:

Ec 3605 ksi⋅= Concrete modulus of elasticity.

Gc 1541 ksi⋅= Concrete shear modulus.

Ag 1in 48⋅ in 48 in2⋅=:= Gross area of section.

Ig
1in 48in( )3⋅

12
9216 in4⋅=:= Gross moment of inertia.

Gc Ag⋅ 73949 kip⋅= Uncracked shear stiffness using ASCE 43-05 RC equation.

0.5Gc Ag⋅ 36974 kip⋅= Cracked shear stiffness using ASCE 43-05 RC equation.

Ec Ig⋅ 3.32236 107× kip in2⋅⋅= Uncracked flexural stiffness using ASCE 43-05 RC equation.

0.5Ec Ig⋅ 1.66118 107× kip in2⋅⋅= Cracked flexural stiffness using ASCE 43-05 RC equation
(also in accordance with ACI 349.1R (for Condition 'B').

Ec Ag⋅ 173040 kip⋅= Uncracked axial stiffness using ASCE 43-05 RC equation.

0.5Ec Ag⋅ 86520 kip⋅= Cracked axial stiffness in accordance with ACI 349.1R (for Condition 'B').  

GAuncr4
Gc Ag⋅

1.13=
GAcr4
0.5Gc Ag⋅

0.84=
EIct4
0.5Ec Ig⋅

1.34=
EAA4
Ec Ag⋅

1.13=
EAB4
0.5Ec Ag⋅

0.84= Ratios of comparable
SC and RC values.

Containment Internal Structure: Stiffness and Damping for Analysis MUAP-11018-NP (R0) 
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Structural Category 2: Non-primary shielding walls with T > 56" (e.g. 67"-thick walls). 

These walls are to be treated as reinforced concrete; no credit is taken for the stiffness of steel plates.

Loading Condition A: Use full stiffness values (E = Econcrete, t = actual concrete thickness, � = �c.)

For 67"-thick walls with 1/2"-thick plates:

E Ec 3605 ksi⋅=:=

t 67in 2 0.5in( )⋅− 66 in⋅=:=

νc 0.17=

ρc 4.66214 10 3−×
kip sec2⋅

ft4
⋅=

Loading Condition B: Use 50% stiffness both for in-plane shear and out-of-plane flexure
                              (use E = 0.5E and full thickness of concrete section).

For 67"-thick walls with 1/2"-thick plates:

E
Ec
2

1802 ksi⋅=:=

ν νc 0.17=:=

G
E

2 1 ν+( )⋅
770 ksi⋅=:=

t 67in 2 0.5in( )⋅− 66 in⋅=:=

ρc 4.66214 10 3−×
kip sec2⋅

ft4
⋅=

Structural Category 3: Primary shielding walls with T = 9'-11" to 15'-4", below elevation 35'-11". 

These walls are to be treated as reinforced concrete; no credit is taken for the stiffness of the steel plates.

Both Loading Conditions: Use full stiffness values (E = Econcrete, t = concrete thickness, � = �c.)

Containment Internal Structure: Stiffness and Damping for Analysis MUAP-11018-NP (R0) 
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Structural Category 4: Reinforced concrete slabs. 

Loading Condition A:  Use full stiffness values (E = Econcrete, t = actual concrete thickness, � = �c.)

Loading Condition B:  RC slabs are to have uncracked in-plane shear stiffness (G cAc) and cracked out-of-plane flexural
stiffness (0.5EcIc) for this condition.  Following the derivation below, this condition may be achieved by multiplying
modulus of elasticity (E) by 2 and dividing thickness by 2.  This also requires multiplying density by 2.

let x = Multiplier on 'Ec'   and   y = multiplier on 't'

then 0.5Ec Ic⋅
0.5Ec t

3⋅

12
=

x Ec⋅ y t⋅( )3⋅

12
= and Gc Ac⋅

Ec t⋅ 1⋅ in

2 1 ν+( )
=

x Ec⋅ y t⋅( )⋅ 1⋅ in

2 1 ν+( )
=

thus 0.5Ec t
3⋅ x Ec⋅ y t⋅( )3⋅= and Ec t⋅ x Ec⋅ y⋅ t⋅=

solving, x 2= and y
1

2
=

Values for input to models:

Ec_slab 2 Ec⋅ 734146 ksf⋅=:= Modulus of elasticity for cracked slabs, Condition 'B'.

Range of thicknesses for
various slabs in the CIS.
Note that not all of these
slabs may be modeled in
the final 3D SASSI or
ANSYS models, but they
are included here for
completeness if they are
needed.

tslab

12

14

16

20

22

24

40

42

48

51

56

67

��
�
�
�
�
�
�
�
�
�
�
�
�
�
��

��
�
�
�
�
�
�
�
�
�
�
�
�
�
��

in:= tslab_e
1

2
tslab⋅

0.707107

0.824958

0.942809

1.178511

1.296362

1.414214

2.357023

2.474874

2.828427

3.005204

3.299832

3.948013

��
�
�
�
�
�
�
�
�
�
�
�
�
�
��

��
�
�
�
�
�
�
�
�
�
�
�
�
�
��

ft=:= Effective thicknesses for
cracked slabs, Condition 'B'.

ρslab_e ρc 2⋅ 6.59327 10 3−×
kip sec2⋅

ft4
⋅=:= Equivalent density to be used for cracked slabs, Condition 'B'.
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Structural Category 5: Massive reinforced concrete blocks between elevations 3'-7" and 25'-3" 

Both Loading Conditions: Use full stiffness values (E = Econcrete, t = actual concrete thickness, � = �c.)

Structural Category 6: Non-structural concrete provided for shielding purposes. 

Both Loading Conditions: No concrete stiffness is to be modeled for these sections.  Models shall include mass only.

Damping: Constant damping ratios are to be used in both the SSI and the detailed design model.
  

Loading Condition A: Use a constant damping ratio of 4%.

Loading Condition B: Use a constant damping ratio of 5%.

Containment Internal Structure: Stiffness and Damping for Analysis MUAP-11018-NP (R0) 

Mitsubishi Heavy Industries, LTD. G-13



Containment Internal Structure: Stiffness and Damping for Analysis MUAP-11018-NP (R0)     
 
 

Mitsubishi Heavy Industries, LTD. H-1 

 

 
H. Appendix H:  REFERENCES FOR APPENDICES 
 
Booth, P.N., Varma, A.H., Malushte, S., and Johnson, W. (2007). “Experimental Behavior of 
Composite Sandwich Walls for Nuclear Facilities,” Proceedings of the Annual Structural 
Mechanics in Reactor Technology Conference, in press, IASMIRT, North Carolina State 
University, Rayleigh, NC, 10 pp. 
 
Niwa, H., Ozaki, M., Akita, S., Takeuchi, M., Oosuga, H., and Nakayama, T. (2000). 
"Experimental Study on Steel-plate-reinforced Concrete Structure Part 42: Heating Tests 
(Thermal-Deformation Behavior). Annual Conference of Architectural Institute of Japan, 2000, 
Part 41-43, pp. 1127-1132. 
 
Oosuga, H., Ozaki, M., Akita, S., Takeuchi, M., Nakayama, T., and Edo, H. (2000). 
"Experimental Study on Steel-plate-reinforced Concrete Structure Part 43: Heating Tests 
(Mechanical Aspects of SC Panels after Heating). Annual Conference of Architectural Institute 
of Japan, 2000, Part 41-43, pp. 1127-1132. 
 
Ozaki, M., Akita, S., Takeuchi, M., Oosuga, H., Nakayama, T., and Niwa, H., (2000). 
"Experimental Study on Steel-plate-reinforced Concrete Structure Part 41: Heating Tests 
(Outline of Experimental Program and Results), Annual Conference of Architectural Institute of 
Japan, 2000, Part 41-43, pp. 1127-1132 
 
Ozaki, M., Akita, S., Oosuga, H., Nakayama, T., Adachi, N. (2004). "Study on Steel Plate 
Reinforced Concrete Panels Subjected to Cyclic In-Plane Shear." Nuclear Engineering and 
Design, Vol. 228, pp. 225-244. 
 
Varma, A.H., Malushte, S.R., Sener, K.C., and Booth, P.N. (2009). "Analysis and Design of 
Modular Composite Walls for Combined Thermal and Mechanical Loading." Proceedings of the 
Annual Structural Mechanics in Reactor Technology Conference, Division TS 6-x.y, Paper 1820, 
Espoo, Finland, Aug. 9-14, 2009.  
 
 


	MUAP-11018-A1-StiffnessAndDamp_1.pdf
	MUAP-11018-B1-Appendices-080311_2.pdf
	MUAP-11018-B1-Appendices-080311_1.pdf
	MUAP-11018(Non-proprietary)_Final_report.pdf
	MUAP-11018-D1-Appx H-References-080311-P.pdf



