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ABSTRACT

The purpose of this Technical Report (TeR) is to present criteria for design of the composite
Steel-Concrete (SC) walls in the United States - Advanced Pressurized Water Reactor (US-
APWR) Containment Internal Structure (CIS). This Report comprises Task 2-A in the
comprehensive design and validation methodology outlined in TeR MUAP-11013 Rev. 2
(Reference 1). As stated in that Report, the SC wall design criteria developed herein are based
primarily on the provisions of the American Concrete Institute (ACI) 349-06 code (Reference 2),
because the fundamental behaviors of SC walls are similar to those of Reinforced Concrete
(RC) walls in several aspects.

Some of the unique aspects of SC wall behavior, i.e., SC specific limit states, are identified and
prevented through design/detailing. This is done so that the fundamental behaviors of US-
APWR SC walls are similar to those of RC, and the ACI 349-06 design provisions can be used
conservatively for design. This includes design/detailing requirements for the headed studs that
anchor the steel faceplates to the concrete and allow the faceplates to have development
lengths similar to standard reinforcing bars. It also includes design/detailing requirements for the
transverse tie bars, which provide structural integrity and function as out-of-plane shear
reinforcement. The design/detailing requirements for these important SC wall components are
established from pertinent SC test results and are also correlated to the applicable ACI 349-06
code provisions.

This Report then identifies the ACI 349-06 code strength requirements for each individual
demand type, including tension, compression, flexure, out-of-plane shear, and in-plane shear.
For each of these demands, the original basis for the RC code provisions is discussed, and the
applicability of the provisions to SC behavior is presented. In cases where the RC criteria are
directly applicable, such as for tension and compression, the ACI 349-06 equations are directly
implemented. In other cases, such as out-of-plane shear and in-plane shear, conservative
adjustments to the provisions are presented and justified in terms of experimentally observed
SC behavior. Finally, SC design for combined forces applies the same design principles used in
RC design to compute the total area of steel required for the combined effects of applied
moments and forces.

The effects of accident thermal loading on SC wall behavior are discussed in this Report, and
experimental results are used to demonstrate that accident thermal loading reduces the
stiffness of the structure due to concrete cracking but does not have a significant influence on
the strength (design capacity). Design for load combinations involving accident thermal loading
is similar to design for load combinations involving operating thermal conditions.

A simple but conservative design approach based on ACI 349-06 code provisions is presented
in Appendix 2 for the primary shield structure, which has a unique, multi-cellular geometry
created by multiple transverse and longitudinal web plates.

In summary, the SC design criteria presented in this Report prevents SC specific limit states for
US-APWR CIS walls through design/detailing, and utilizes ACI 349-06 code strength equations
and RC design principles conservatively for design. The experimental database of past SC-
related tests presented in TeR MUAP-11005 Rev. 1 (Reference 3) supports this conservative
design approach, and relevant portions of the database have been discussed in applicable
sections. TeR MUAP-11013 Rev. 2 summarizes several confirmatory tests that have also been
performed to validate key aspects of the US-APWR SC design, behavior and ductility.
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DESIGN PHILOSOPHY AND EXECUTIVE SUMMARY

The US-APWR CIS utilizes composite SC construction instead of conventional RC, in order to
improve construction speed, economy, and structural efficiency. SC construction typically
involves the use of steel faceplates acting compositely with concrete infill, while conventional
RC construction involves the use of deformed steel reinforcing bars that are embedded in the
concrete with adequate clear cover. The design of RC structures for safety-related nuclear
facilities is governed by the ACI 349-06 code provisions. There is currently no such design code
for SC structures in the US.

Experimental and analytical research of the fundamental behavior of SC walls subjected to
different loading conditions (axial compression, flexure, out-of-plane shear, in-plane shear etc.)
has been extensively conducted in Japan over the past 25 years. TeR MUAP-11005 Rev. 1
(Reference 3) presents some of the major research findings and accomplishments. It includes
experimental and analytical results from: (i) 1/10"™ scale test of a related Pressurized Water
Reactor CIS subjected to cyclic lateral loading, (ii) 1/6" scale test of the US-APWR CIS primary
shield structure subjected to cyclic lateral loading, (iii) in-plane shear tests of SC walls with and
without flanges, and with and without axial compression, (iv) out-of-plane shear tests of SC
beams with and without tie bars, (v) axial compression tests of SC squat columns, and (vi)
accident thermal load tests of SC walls panels.

The experimental investigations in TeR MUAP-11005 Rev. 1 cover a wide range of parameters,
such as steel reinforcement ratios of 1.5% to 5% (2-,/T, where t, = faceplate thickness and T =
section thickness), shear connector spacing to faceplate thickness ratios of 20 to 50, with or
without tie bars, and section thickness up to 24 in.

These experimental results identify some SC specific failure modes, such as (i) local buckling of
the steel faceplates, (ii) interfacial shear failure of the connectors used to anchor the steel
faceplates to the concrete infill, and (iii) splitting or delamination failure of the composite section
through the concrete infill. Additionally, these experimental results show that if the SC specific
failure modes are prevented, then the fundamental behavior of SC walls is similar to that of RC
walls with comparable reinforcement ratio. For example, under flexural loading plane sections
remain plane and perpendicular to the neutral axis, and concrete cracking has little influence on
moment capacity. Out-of-plane behavior is governed by shear cracking of the concrete, and the
yield strength of the tie bars through which the cracks pass. The in-plane behavior is governed
by the yield strength of the steel faceplates and the orthogonal cracking of the concrete infill.
These fundamental behaviors have been studied and demonstrated by researchers in the US.
For example several research papers are included in MUAP-11005 Rev. 1 (Reference 3).

The design philosophy for these SC walls is to: (i) prevent SC specific failure modes and limit
states by designing and detailing the section adequately, (ii) demonstrate the conservativeness
of ACI 349-06 code equations for the strength of equivalent SC walls using experimental results,
and (iii) to design them using more conservative forms of ACI 349-06 code equations and
combined force design approaches for RC structures.

Mitsubishi Heavy Industries, LTD. Vii
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The steel faceplates are anchored to the concrete using steel headed stud anchors (also
referred to as shear studs) made from American Society for Testing and Materials (ASTM)
[ ] The shear strength of these studs is
computed using ACI 349-06 Appendix D recommendations for headed studs used within cast-
in-place concrete. The spacing and strength of these shear studs is designed to achieve a
reasonable development length for the steel faceplates that is comparable to the development
lengths of #11, #14, or #18 deformed rebars typically used in RC structures. This is done
primarily to achieve congruence with conventional RC design and detailing practices. It further
ensures that the behavior of the US-APWR SC walls will be similar to those of equivalent RC
walls.

The interfacial shear strength of the SC wall steel faceplates is governed by the strength and
spacing of the shear studs. Therefore, the stud spacing and strength are further designed to
prevent interfacial shear failure as an SC specific limit state. This is done by designing the
interfacial shear strength (of the shear studs) to be greater than the corresponding out-of-plane
shear strength of the SC section. This makes out-of-plane shear the governing failure mode for
out-of-plane moment gradient demands, and prevents interfacial shear failure as a limit state.

Steel tie bars are provided to connect the two exterior steel faceplates through the concrete infill.
These steel tie bars provide structural integrity to the SC section and prevent SC specific
delamination or splitting failure mode from occurring. For the US-APWR SC walls these tie bars
are made from [ ] As described in greater detail in TeR
MUAP-11020 Rev. 1, the cross-sectional area and spacing of the tie bars are designed to
prevent nonductile failure modes from occurring in the connection regions in the event of
overload. The tie bar area and spacing are selected using the shear reinforcement strength and
minimum spacing provisions of ACI 349-06 Section 11.5.[

] For simplified fabrication and consistent out-of-plane
shear behavior, the connection region tie bar size and spacing is maintained throughout the
expanse of the SC walls.

The steel tie bars are further detailed to develop ductile yielding in axial tension before eventual
fracture failure. Each tie bar through the SC section consists of two pieces, including a widened
gusset plate at one end and a widened (“dogbone”) configuration at the other end (See Figure
2.8-1). These pieces are fillet welded to the opposite steel faceplates with sufficient weld
strength to develop the expected tie bar tensile strength.

Thus, the US-APWR SC wallls are detailed to prevent SC specific failure modes such as steel
faceplate local buckling, interfacial shear failure, and delamination or splitting failure from
governing the design. The SC walls are further detailed to have faceplate development lengths
that are comparable to those of equivalent RC walls, and detailed with ductile tie bar systems
that are fabricated and welded to the faceplates using reliable and straightforward structural
steel fabrication methods. The tie bar systems are detailed to ensure that nonductile shear
failure modes are prevented while meeting the ACI 349-06 minimum tie bar spacing

Mitsubishi Heavy Industries, LTD. Viii
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requirements, as explained in greater detail in TeR MUAP-11020 Rev. 1 (Reference 4). The tie
bars are not included in the interfacial shear strength or development length calculations, which
are conservatively based on the shear studs alone.

The SC walls detailed as described above have fundamental behavior similar to that of
equivalent RC walls, and can be designed according to applicable ACI 349-06 code provisions
after demonstrating their conservativeness using SC experimental results.

The axial tension design strength (T,), axial compression design strength (P,), and the flexure
design strength (M,) of SC walls can be calculated using applicable ACI 349-06 code
recommendations. The conservativeness of these ACI 349-06 code equations are
demonstrated using available experimental results for axial compression and flexure capacity.

SC wall sections subjected to flexure are doubly reinforced with steel plates on both the
compression and tension sides. The contribution of the compression steel reinforcement to the
flexural design strength is disregarded as part of the conservative design philosophy, except in
special cases involving very high axial compressive forces. For cases with very high axial
compression, the tension reinforcement is conservatively disregarded, as further discussed
below.

The out-of-plane shear strength of SC wall sections can be calculated using applicable ACI 349-
06 code equations (i.e., Equation 11-2: V,=V +V;). However, these equations do not
appropriately reflect the effects of section depth (size) on the shear strength contribution of the
concrete infill (V,). Therefore, the ACI 349-06 code equation for V. is further reduced based on
experimental results in order to be more conservative. Furthermore, the effects of axial tension
or compression on the concrete contribution to out-of-plane shear strength can be calculated
using the corresponding ACI 349-06 code equations. The shear strength contribution of the
steel tie bars (Vs) can be calculated using ACI code equations because the tie bars are
specifically detailed to develop their yield strength and ductility before fracture in axial tension.
The conservativeness of the out-of-plane shear strength equations are demonstrated using
available experimental results. Additional confirmatory tests were conducted to further
demonstrate the conservatism of the out-of-plane shear strength equations for the US-APWR
SC wall design, as summarized in TeR MUAP-11013 Rev. 2 (Reference 1).

The in-plane shear strength of SC walls can be calculated using applicable ACI 349-06 code
equations (i.e., Equation 21-7: V, = Ax[ac f’C°'5+ptfy]). As an added conservatism, the contribution
of the concrete infill to the in-plane shear strength (A, a.f.>°) is ignored, and the in-plane shear
strength is limited to the contribution of the steel faceplates only (V,= A, ot f, = A £,). This in-
plane shear strength equation compares conservatively with available experimental data for SC
wall panels with reinforcement ratios from 2% — 4.5%, which is comparable to the range of
reinforcement ratios of SC walls in the US-APWR CIS.

The experimental results for in-plane shear strength of SC walls do not demonstrate the upper
bound limit (V,, = 10 A., £.>°) that is typically enforced for RC walls. This limit is enforced for RC
walls to prevent overall failure caused by increasing crack widths under cyclic loading, overall
crushing failure of the concrete compression struts in the wall, or sliding shear failure at the
base. In spite of the experimental data, this upper bound limit is conservatively enforced for
checking the overall in-plane shear strength of SC wall lengths.

Thus, the SC walls design strengths of various demand types (axial tension, compression,
flexure, out-of-plane shear, and in-plane shear) are based on the ACI 349-06 code
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recommendations with added conservatism where needed/appropriate. The conservatism of the
ACI code equations are demonstrated using available experimental data. Confirmatory tests
were also performed to further validate the conservatism of the out-of-plane shear strength
equations for the US-APWR SC walls.

Since the US-APWR SC walls are detailed to prevent SC specific limit states, and SC behavior
for individual force demands and corresponding design strengths are similar to those of RC
walls, the design of SC walls for combined forces is done according to the same design
philosophy and approach implemented conventionally for RC walls. As an added conservatism,
the contribution of the concrete infill to the in-plane shear strength is also not included in the
design calculations. Additionally, contribution of the steel reinforcement in compression is not
included in the design calculations except in cases involving high axial compression, as
discussed below.

The design for combined forces is based on a conservative interpretation of the conventional
design of RC walls for combined forces. The design demands N,, N,, N,,, M,, M,, and M,, from
the Finite Element (FE) analyses of the CIS (See Figure 8.0-1 for convention) are used to
compute the total area of steel required in the x and y directions (A, and A,*?) as follows:

(i) M,, is added to M, and M, so as to increase their magnitude for design. The increased
Y y
design moments are referred to as M, and M,

(i) N,y is used to compute area of steel required in both the x and y directions. The required
area of shear reinforcement calculated is equal for both directions, and the area required in
each direction is equally distributed on both faces. The contribution of the concrete infill to
the in-plane shear strength is not included.

(iii) Section analysis is used to identify the balance point where the combination of axial force
(Npa)) and moment (M) causes simultaneous: (a) steel yielding in tension, and (b) concrete
compression strain of 0.003.

(iv) When the applied axial force is tensile, or compressive but less than the force
corresponding to the balance point (N,a), then the contribution of the steel compression
reinforcement to the flexural resistance is ignored.

(v) When the applied axial force in compression is greater than N,,, then the contribution of
the steel compression reinforcement to the flexural resistance is considered, but the
contribution of the steel tension reinforcement to the flexural resistance is ignored.

(vi) If Nis less than Ny, then N and M°? are used to compute the area of steel required. The
area of steel required for M is calculated assuming no contribution from the compression
reinforcement, but the calculated area is added to both faces (tensile and compressive).

(vii) If N is greater than N,,, then N and M@ are used to compute the area of steel required.
The area of steel required for M°® is calculated assuming no contribution from the
reinforcement in tension, but the calculated area is added to both faces (tensile and
compressive).

Finally, the total area of steel required is computed on both faces, and in both directions (A,
and A,%, and compared with the area of steel available on both faces in both directions (A,
and A", The Tresca yield criterion is considered during this step to establish rules for
calculating the total areas of reinforcement required based on the biaxial state of stress
imparted by the design demands.

Mitsubishi Heavy Industries, LTD. X
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The design for loading combinations involving accident thermal loading is similar to the design
for loading combinations involving operating thermal loading conditions only. Experimental
results indicate that accident thermal loading produces nonlinear (parabolic) thermal gradients
and extensive cracking through the concrete cross-section. This through section cracking
reduces the section stiffness, but does not have a significant influence on the out-of-plane shear
strength, flexure capacity, or in-plane shear strength of the SC walls. The effects of stiffness
reduction on the design force demands (N,, N,, etc.) are included directly in the FE models as
described in TeR MUAP-11018 Rev. 1 (Reference 5).

Since accident thermal loads do not have a significant influence on the SC wall design strengths,
the same conservative design approach described above is used for the design of loading
combinations involving accident thermal loading conditions.

Mitsubishi Heavy Industries, LTD. Xi
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Containment Internal Structure: Design Criteria for SC Walls

MUAP-11019 (R1)

1.0 SC WALLS IN US-APWR CIS

1.1 SC Wall Dimensions

Table 1.1-1 summarizes the SC wall thicknesses used for the secondary shield walls in the CIS.

Table 1.1-1 SC Walls Thickness for CIS

AN

Mitsubishi Heavy Industries, LTD.
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4 A

\_ _/

Figure 1.1-1 Primary Shield Wall Geometry
(a)Finite Element Model Showing Plate Thicknesses
(b) Plan View Drawing of Primary Shield Showing Plates Between Elevations 16’-0” and 35’-11”

Mitsubishi Heavy Industries, LTD. 1-2
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1.2 General Design Approach and MUAP-11019 Purpose

There are three fundamental aspects of the overall design approach for the CIS SC walls,
including: 1) detailing the SC walls to ensure that SC-specific limit states and failure modes do
not govern the design, 2) designing the SC walls for their applied forces and moments using
conservative forms of ACI 349-06 strength equations which are validated by experimental
results, and 3) designing the SC wall connections and connection regions, which are those
portions of the walls outside of the connections that are intended to dissipate energy through
ductile inelastic response in the event of overloading.

The purpose of this Report is to address the first two aspects of the overall design approach; i.e.,
to explain the manner in which SC-specific limit states and failure modes are prevented, and to
develop the conservative forms of ACI 349-06 equations to be used in designing the SC walls
for their applied forces and moments. The third aspect of the overall design approach pertaining
to design and detailing of the SC wall connections and connection regions is developed in TeR
MUAP-11020 Rev. 1 (Reference 4).

Mitsubishi Heavy Industries, LTD. 1-3
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1.3 Report Outline

The main body of this Report is meant for the design of the single-core SC walls that function as
the secondary shielding in the CIS. Appendix 2 ("Design Criteria for Primary Shield Structure")
of this Report addresses the design of the SC walls that form the primary shield structure. This
Appendix follows the design criteria presented in this Report (Sections 2 — 8) with some
additional conservative assumptions.

Section 2 of this Report address SC specific design issues, for example, local buckling of the
steel faceplates, composite action between steel faceplates and concrete infill, and structural
integrity of the composite section.

Sections 3, 4, and 5 of this Report include design strength equations for axial tension, axial
compression, and flexural moment demands. These design strength equations are based
directly on the ACI 349-06 code recommendations for RC walls.

Section 6 of this Report presents design strength equations for out-of-plane shear. These
equations are based on the ACI 349-06 code recommendations for RC walls, but they include
further conservatism to address size and scale effects.

Section 7 of this Report presents the design strength equations for in-plane shear. These
equations are also based on the ACI 349-06 code recommendations for RC walls, but they also
include further conservatism based on existing SC wall test results.

Section 8 of this Report presents the approach for designing these SC walls for combined
forces (axial tension or compression, flexure, and in-plane shear in either direction). It also
includes the approach for designing these SC walls for out-of-plane shears in both (horizontal
and vertical) directions.

Section 9 of this Report discusses SC design considerations for accident thermal loading. It is
shown that accident thermal loads do not have a significant influence on the strength (axial
tension, compression, flexure, out-of-plane shear, and in-plane shear strength) of SC walls. This
is demonstrated using test results from Japan and the U.S.

Section 10 lists References cited in this Report. Note that Appendix E of MUAP-11005 Rev. 1
(Reference 3) contains the SC research reports related to out-of-plane shear behavior, in-plane
shear behavior, axial compression and local buckling behavior, and design of SC walls for
thermal effects.

Appendix 1 presents sample calculations of reinforcement requirements that demonstrate
implementation of the design approach for combined forces outlined in Section 8.0.

Appendix 2 provides the additional design criteria specific to the primary shield structure.

Mitsubishi Heavy Industries, LTD. 1-4
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2.0 SC SPECIFIC DESIGN ISSUES AND SECTION DETAILING

2.1 Section Details

AN

_/

Figure 2.1-1 Stud and Tie Bar Grid Pattern on Steel Faceplates

The behavior and design of SC modules is similar to that of RC walls, as will be discussed in
detail in subsequent sections. However, there are several SC specific design issues involving
behaviors that are different from typical RC behavior, including: (i) local buckling of steel
faceplates, (ii) shear connector strength and spacing, (iii) development length, (iv) tie bar
spacing, (v) tie bar ductility, and (vi) faceplate penetration detailing. The following design criteria
are used to address these SC specific design issues.

2.2 Local Buckling of Steel Faceplates

The steel faceplates of SC walls are outside of the concrete infill and can potentially undergo
local buckling when subjected to compressive stresses. Since the steel faceplates are anchored
to the concrete infill using shear studs and tie bars, local buckling can only occur in between
these anchor points as shown in Figure 2.2-1. The ratio s/t, defines the slenderness ratio and
controls the critical buckling stress of the steel faceplate.

Mitsubishi Heavy Industries, LTD. 2-1
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Researchers in Japan have evaluated the effects of s/, ratio on the local buckling behavior of
steel faceplates anchored to concrete. Several specimens have been tested in axial
compression as reported in TeR MUAP-11005 Rev. 1 (Reference 3), and the behavior of
several representative and relevant specimens is discussed in more detail here to provide
insight into the local buckling behavior of SC steel faceplates. These specimens are listed in
Table 2.2-1.

4 N

- _/

Figure 2.2-1 Local Buckling of Steel Faceplates:
(a) Buckling Mode, (b) Test Observation, (c) Close-up of Test
(Varma et al., Reference 6)

Table 2.2-1 Representative Test Matrix of Steel Local Buckling Tests
(Reference 3)

N7
J L
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The axial compressive strength of these stub column specimens is estimated using ACI 349-06
Equation 10-2. The corresponding ACI 318-05 (Reference 7) code and commentary excerpts
are included in Figure 2.2-2. As explained in the commentary, the additional reduction factor of
0.80 in Equation 10-2 accounts for accidental eccentricities that are possible in the actual
structure. The test specimens were tested as concentrically as possible. Therefore, the
additional 0.80 reduction factor and the phi (¢) factor are not included in calculating the
specimen strength for comparison. The axial compressive strength of the specimens was
calculated as shown below in Equation 2.2-1. In this Equation, f; is the compressive strength of
the concrete, A. is the area of concrete, which is equal to the total gross area (Ag) minus the

steel area (Ay), f, is the steel yield stress, and A is the area of the steel.

Equation 2.2-1

Pno = 085f;'Ac + Astfy

CODE

10.3.6 — Design axial strength ¢P,, of compression
members shall not be taken greater than @P, .,
computed by Eq. (10-1) or (10-2).

10.3.6.1 — For nonprestressed members with spiral
reinforcement conforming to 7.10.4 or composite
members conforming to 10.16:

OPp,max = 0.854[0.851/ (A~ A p+f, Agy] (10-1)

10.3.6.2—For nonprestressed members with tie
reinforcement conforming to 7.10.5:

#Pn max = 0.80¢[0.85fcv(Ag_ Ap+ fy Agl (10-2)

10.3.6.3 — For prestressed members, design axial
strength, ¢P,,, shall not be taken greater than 0.85 (for
members with spiral reinforcement) or 0.80 (for mem-
bers with tie reinforcement) of the design axial
strength at zero eccentricity, ¢P,.

COMMENTARY

R10.3.6 and R10.3.7 — The minimum design eccentrici-
ties included in the 1963 and 1971 codes were deleted from
the 1977 code except for consideration of slenderness
effects in compression members with small or zero com-
puted end moments (see 10.12.3.2). The specified minimum
eccentricities were originally intended to serve as a means
of reducing the axial load design strength of a section in
pure compression to account for accidental eccentricities
not considered in the analysis that may exist in a compres-
sion member, and to recognize that concrete strength may
be less than f," under sustained high loads. The primary pur-
pose of the minimum eccentricity requirement was to limit the
maximum design axial load strength of a compression mem-
ber. This is now accomplished directly in 10.3.6 by limiting
the design axial strength of a section in pure compression to
85 or 80 percent of the nominal strength. These percentage
values approximate the axial strengths at eccentricity to depth
ratios of 0.05 and 0.10, specified in the earlier codes for the
spirally reinforced and tied members, respectively. The same
axial load limitation applies to both cast-in-place and precast
compression members. Design aids and computer programs
based on the minimum eccentricity requirement of the 1963
and 1971 codes are equally applicable.

Figure 2.2-2 ACI 318-05 Code and Commentary Excerpt for Axial Compressive Strength
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The experimental behavior of the tested specimens is shown in Figure 2.2-3. The Figure
includes the axial force — axial strain plots for all the specimens with s/t, ratios of 20, 25, 30, 35,
and 40. The occurrence or local buckling in the steel faceplates is also indicated on the axial
force-strain plots. The experimental results are summarized in Table 2.2-1. The Table includes
the axial failure load and strain. The comparison of the experimental axial load capacity with that
calculated using Equation 2.2-1 is also included. The axial strains corresponding to the local
buckling of the steel faceplates are also included in the Table.

~

\_ _/

Figure 2.2-3 Experimental Behavior of Specimens in Table 2.2-1

The behavior shown in Figure 2.2-3 and the experimental results and comparison in Table 2.2-1
are representative of all the test results obtained in Japan (see Reference 3) for different steel
faceplate thicknesses. The steel faceplates with slenderness (s/t,) values less than or equal to
20 do not undergo local buckling before developing their full compressive strength estimated
using ACI 349-06 Equation 10-2. Steel faceplates with slenderness (s/t,) values greater than 20
undergo local buckling before reaching their axial strength, but still tend to develop their full axial
compressive strength because the concrete stress contribution and behavior dominates.

All SC walls in the US-APWR design utilize steel faceplate slenderness less than 20, thus
eliminating the failure mode of local buckling before developing full compressive strength. The
maximum axial compressive strength of the US-APWR SC modules is estimated according to
ACI 349-06 Equation 10-2 shown in Figure 2.2-2.

2.2.1 Summary

The discussion presented here applies to all SC walls in the US-APWR, as they all utilize
faceplate slenderness (s/t,) less than 20. This prevents the SC specific limit state of steel
faceplate local buckling, and provides an ACI 349-06 equation (Equation 10-2) for estimating
the maximum compressive strength.

Mitsubishi Heavy Industries, LTD. 2-4
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2.3 Shear Connector Strength and Spacing

The US-APWR SC modules use [ ] The
strengths of the steel headed stud anchors is determined using ACI 349-06 Appendix D. The ¢
factors for calculating the design strength are given in Section D.4.5 of ACI 349-06, and shown
in Figure 2.3-1. The nominal shear strength of steel headed stud anchors (shear studs)
governed by ductile steel yielding limit state is computed using ACI 349-06 Section D.6.1
Equation D-18 (excerpt shown in Figure 2.3-2.) Concrete pryout in shear is not an applicable
limit state for the shear studs anchoring the continuous steel faceplates of SC walls. This is
based on the explanation of the concrete pryout shear failure mode provided by Eligehausen et
al. (Reference 8), which is the basis of ACI 349-06 Appendix D Section D.6.

The design shear strength of the shear studs is calculated by applying the shear strength
reduction factor to the product of the specified tensile strength of the anchor steel (f,,) equal to
65 ksi, and the effective cross-sectional area (Ase) equal to [ ] as follows:

D.4.5 Strength-reduction factor ¢ for anchors in concrete
shall be as follows when the load combinations referenced in
Appendix C are used:

(a) Anchor governed by strength of a ductile steel element

1) Tension 10ads ........cocoveiiiiiiiiiiiiiciicceece 0.80
11) Shear loads ... 0.75
(b) Anchor governed by strength of a brittle steel element
1) Tension [oads ......ooovveveeeieeeieieeeeeeeee 0.70
11) Shear 10ads ... 0.65

Figure 2.3-1 Strength Reduction Factors for Anchors in Concrete from ACI 349-06

Mitsubishi Heavy Industries, LTD. 2-5
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D.6—Design requirements for shear loading
D.6.1 Steel strength of anchor in shear

D.6.1.1 The nominal strength of an anchor in shear as
governed by steel, V,. shall be evaluated by calculations
based on the properties of the anchor material and the phys-
ical dimensions of the anchor.

D.6.1.2 The nominal strength of a single anchor or group
of anchors in shear, V. shall not exceed (a) through (¢):

(a) for cast-in headed stud anchors
v.\'a = "Axefum (D-18)

where n is the number of anchors in the group and f,;, shall
not be taken greater than the smaller of 1.9f,, and 125.000 psi.

Figure 2.3-2 Nominal Shear Strength of Studs

Figure 2.3-3 Concrete Pryout in Shear Failure Mechanism
(Eligehausen et al., Reference 8)

Mitsubishi Heavy Industries, LTD. 2-6
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Figure 2.3-4 Examples of Concrete Pryout In Shear Failures
(Eligehausen et al., Reference 8)

2.4 Steel Faceplate Development Length

The length over which the shear studs develop the yield strength of the steel faceplate is
considered as the faceplate development length. In the US-APWR design, the spacing of the
studs is [ ] The shear strength contributions of the tie bars
are not considered in the development length calculation, which is a conservative approach.

Mitsubishi Heavy Industries, LTD. 2-7
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\

Figure 2.4-1 Free Body Diagram for Calculating Development Length

Since the transverse spacing of the studs is [ ] the development length is calculated using
the free body diagram of an [ ] strip of the faceplate thickness shown in Figure 2.4-1. Note
that the rectangular steel plate tie bars are typically aligned between the rows of studs, such
that the tie bars do not displace any studs. The yield strength of the [ ] strip of the steel
faceplate is equal to:

The interfacial shear strength contributed by each connector is ¢V, and the total interfacial
shear strength over the development length (L) is equal to the number of connectors (n)
multiplied by the strength of each connector:

The resulting development length (L,) is calculated as:

AN
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241 Summary

The calculated development length for steel faceplate of SC modules is approximately equal to
the typical development lengths for #14 rebars calculated using ACI code provisions, and used
typically in RC nuclear structures.

2.5 Interfacial Shear Strength

The interfacial shear strength of the shear connectors between the steel faceplates and the
concrete infill is calculated by continuing the discussion presented in Section 2.4. The design
shear strength of each shear stud was calculated as ¢V..

[

] Although this is not meant to represent any specific equation or formula for
the interfacial shear strength for SC modules, it is indicative of the relative strength of the SC
sections for interfacial shear. This calculation does not include the contribution of the tie bars,
which is part of the conservative design approach presented here.

The design philosophy for SC modules is to maintain the requirement that the interfacial shear
strength must be greater than the out-of-plane shear strength of the SC section. As a result, an
interfacial shear failure mode will not occur prior to an out-of-plane shear failure mode under
applied transverse loading. Thus, the SC specific limit state of interfacial shear failure is
prevented from occurring.

[

] The out-of-plane design shear strength for
these typical SC walls is calculated in Equation 2.5-1 below, using equations from Section 6.0.

4 N
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As demonstrated above, the interfacial shear strength [ ] is greater than the
corresponding out-of-plane shear strength [ ] for typical SC modules. This prevents the
interfacial shear failure mode for the typical SC modules, but it must be checked for all SC walls
and locations.

An additional, mechanics-based method for confirming that the interfacial shear strength of the
SC wall section is greater than the out-of-plane shear strength is presented below. For each SC
wall cross-section in the US-APWR, both the interfacial shear design strength check presented
in Section 2.5 and the following confirmatory method will be performed.

J

Figure 2.5-1 Free Body Diagram of Wall Length Subjected to Out-of-Plane Loading

Mitsubishi Heavy Industries, LTD. 2-10
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Figure 2.5-2 Free Body Diagram of Tension Faceplate with Shear Studs

_/

Capacities, or nominal strengths without strength reduction factors, are compared in this method.
The shear connectors are selected with nominal strength Q, such that interfacial shear failure
cannot occur before out-of-plane shear failure.

2.5.1 Summary

The interfacial shear strength of SC modules is designed to be larger than the corresponding
out-of-plane shear strength, which prevents the SC specific interfacial shear failure mode.

The shear stud spacing of [ ] has been designed to prevent the limit states of (i)
local buckling before compression yielding of steel faceplates in Section 2.2 and (ii) interfacial
shear failure in Section 2.5. Additionally, the stud spacing has been designed to provide steel
faceplate development length similar to that for RC structures calculated using ACI 349-06 code
provisions.

Mitsubishi Heavy Industries, LTD. 2-11
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2.6 Tie Bar Spacing and Size

Steel tie bars are needed in SC modules for the following reasons: (1) supporting the faceplates
during concrete placement; (2) connecting the two steel faceplates through the concrete
thickness, which is typically greater than [ ] for the US-APWR SC walls; (3) providing
structural integrity by preventing delamination failure of the concrete infill; and (4) providing
shear reinforcement when needed for resisting out-of-plane shear force. As discussed in TeR
MUAP-11020 Rev. 1 (Reference 4), the size and spacing of the tie bars are determined by the
connection and connection region design requirements which, for simplicity, are extended to the

full expanse of the SC wall.

11.5.5 Spacing limits for shear reinforcement

11.5.5.1 Spacing of shear reinforcement placed
perpendicular to axis of member shall not exceed d/2 in
nonprestressed members or 0.75h in prestressed members,
nor 24 in.

11.5.5.2 Inclined stirrups and bent longitudinal reinforce-
ment shall be so spaced that every 45-degree line, extending
toward the reaction from mid-depth of member d/2 to
longitudinal tension reinforcement, shall be crossed by at
least one line of shear reinforcement.

11.5.5.3 Where V exceeds 4 JJT’ b, d ., maximum spacings

7.10.5 Ties—Tie reinforcement for compression members

shall conform to the following:

7.10.5.1 All nonprestressed bars shall be enclosed by
lateral ties, at least No. 3 in size for longitudinal bars No. 10
or smaller, and at least No. 4 in size for No. 11, No. 14,
No. 18, and bundled longitudinal bars. Deformed wire or welded
wire reinforcement of equivalent area shall be permitted.

7.10.5.2 Vertical spacing of ties shall not exceed 16 longitu-
dinal bar diameters, 48 tie bar or wire diameters, or least
dimension of the compression member.

givenin 11.5.5.1 and 11.5.5.2 shall be reduced by 1/2.

Figure 2.6-1 Minimum Spacing Requirements for Tie Bars

The maximum spacing requirement for tie bars is based on ACI 349-06 Section 11.5.5, with
excerpt shown in Figure 2.6-1. In accordance with Section 11.5.5.1, a maximum tie bar spacing
of section thickness (T) divided by two is imposed for the US-APWR SC walls. This spacing also
meets the applicable requirement of ACI 349-06 Section 7.10.5.2, which is for the tie bar
spacing not to exceed the least dimension of the wall as a compression member (7).

The d/4 spacing requirement of Section 11.5.5.3 is not applicable to the US-APWR SC walls.
The closely spaced tie bar requirements in this code section are intended to prevent RC-specific
failure modes under high out-of-plane shear demands, including excessive crack widths and
concrete compressive strut anchorage failures (MacGregor Section 6-5, Reference 9). For SC
walls, concrete crack widths alone are not indicative of failure, as confirmed in the US-APWR
out-of-plane shear tests wherein ductile flexural yielding of the faceplates was developed in
spite of excessive crack widths. TeR MUAP-11013 Rev. 2 (Reference 1) summarizes the
behavior observed in these tests. Similarly, the US-APWR testing has confirmed the ability of
the steel faceplates and tie bars to sufficiently anchor the compression struts well beyond shear
loads corresponding to flexural yielding. The need for more closely spaced, small diameter
shear reinforcing bars to anchor high concrete compression strut forces is thus an RC-specific
detailing requirement that is not applicable to the US-APWR SC wall design.

Mitsubishi Heavy Industries, LTD. 2-12
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Table 2.6-1 Tie Bar Spacing for US-APWR SC Wall Cross Sections

~
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11.5.6.3 — Where shear reinforcement is required
by 11.5.6.1 or for strength and where 11.6.1 allows tor-
sion to be neglected, Ay, mjp, for prestressed (except as
provided in 11.5.6.4) and nonprestressed members
shall be computed by

b,s
A = 0.75 [f /=~

Tyt

(11-13)

v, min

but shall not be less than (50b,,s)/f;.

R11.5.6.3 — Previous versions of the code have required a
minimum area of transverse reinforcement that is indepen-
dent of concrete strength. Tests! ¥ have indicated the need to
increase the minimum area of shear reinforcement as con-
crete strength increases to prevent sudden shear failures when
inclined cracking occurs. Equation (11-13) provides for a
gradual increase in the minimum area of transverse rein-
forcement, while maintaining the previous minimum value.

Figure 2.6-2 Minimum Shear Reinforcement Requirement

Equation 2.6-1

N\

2.6.1 Summary

AN

The minimum tie bar spacing and area requirements are discussed with reference to the
applicable sections of the ACI 349-06 code. The typical tie bar grid of [
] meets the minimum requirements of the code.
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2.7 Delamination or Splitting Failure

As previously mentioned, the tie bars also provide structural integrity to the SC section and
prevent splitting or delamination failure of the composite section through the concrete infill. ACI
349-06 does not provide design criteria that address delamination or splitting failure. Such a
failure can be hypothesized for the SC wall because of its thickness (greater than 24 in.) and
eccentricities resulting from the imbalance of stresses resisted by the steel faceplates and
concrete infill. For example, such a failure can be hypothesized for a situation where the
concrete infill is loaded in compression, and composite action develops over a length (L7)
resulting in the stresses being shared by both steel and concrete materials according to their
relative stiffness. The following mechanics-based derivation presents the manner in which
splitting failures are prevented through adequate tie bar detailing. Although ACI 349-06 does not
provide analogous design requirements, this evaluation is a prudent check of the SC design for
a hypothetical failure mode.

Figure 2.7-1 Free Body Diagram, SC Wall with Axial Compression on Concrete Only

Figure 2.7-2 considers a lateral section of the wall length along the transfer length (Ly). It
establishes that there is an eccentric moment (Mo) resulting from the significant thickness (T) of
the wall, and the fact that the force applied on the left hand side and the resultant on the right
hand side are not collinear. Figure 2.7-2 also includes a calculation of the eccentric moment
(Mo) produced at the mid-thickness of the SC wall.
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Figure 2.7-2 Free Body Diagram of Lateral Section Through SC Wall
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Figure 2.7-3 Free Body Diagram for Resisting the Eccentric Moment (Mo)

Figure 2.7-3 shows how the eccentric moment (Mo) is resisted by the tie bars with area equal to
(Ate) acting along with the concrete in compression. As shown, the strain diagram is assumed to
be linear, but the contribution of the concrete to resist tensile stresses is conservatively
neglected. The size of the concrete compression block is also assumed to be very small in order
to simplify calculations, and the contribution of the concrete compression block to the resisting
moment (Mg) is also conservatively ignored.
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As shown by the plan view in Figure 2.7-3, a unit portion of the wall with contributing tie bars is
considered. The resisting moment Mg is calculated by including the contributions of all the tie
bars in the unit portion, as shown in the Figure. The resisting moment (Mg) is estimated as
shown in Figure 2.7-3, and listed below in Equation 2.7-1.

where, n = number of tie bars in the transfer length (L), and S, is the longitudinal spacing of the
tie bars, and Fr" is the required strength in the tie bar. For example, if the transfer length is 3
times the wall thickness (T7), and the longitudinal spacing of the tie bars is equal to the wall
thickness (T/2), then n = 6.

The required tie bar strength (Fr,") is estimated by setting the resisting moment (Mg) greater
than or equal to the eccentric moment (Mo). The largest value for the eccentric moment (Mo) is
equal to the steel faceplate force [ ] The steel faceplate area is estimated using the
width of the unit portion of the wall shown in Figure 2.7-3, i.e., St x {, x F,, where St is the
transverse spacing of the tie bars, f, is the plate thickness, and F, is the yield stress of the tie
bar steel.

_/

It is important to note that the required force F.," is a hypothetical demand that has been
posited to evaluate the structural integrity and splitting failure of the section. It is not a real force
demand that needs to be deducted from the available capacity of the tie bar.

Additionally, the tie bars provide structural integrity when there is an imbalance in the forces in
the thick composite cross-section due to different areas and yield strengths of the steel
faceplates. For example, under in-plane shear loading, the composite section typically develops
the vyield strength of the section, which could imply slightly different yield forces in the steel
plates due to differences in their actual areas or yield stresses.
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Figure 2.7-4 Eccentric Moment (M) Due to Imbalance in Yield Forces of Steel Faceplates

The US-APWR SC walls typically have the same specified thickness and yield stress for
opposing steel faceplates. Any force imbalance will primarily occur as a result of differences in
actual thickness and yield stress behavior of opposing steel faceplates. As described above, the
tie bars have more than sufficient capacity to prevent a splitting failure resulting from this
imbalance.

2.7.1 Summary

Loss of structural integrity due to delamination or splitting failure is plausible for SC walls
because of the imbalance of stresses resisted by the steel faceplates and the concrete infill, and
because of the significant eccentricities associated with the large wall thicknesses used. ACI
349-06 does not provide design requirements to prevent splitting failure of large-thickness RC
walls. Nevertheless, each US-APWR SC wall cross section is to be evaluated for two conditions
resulting in eccentric moments that must be resisted by the tie bars to prevent delamination or
splitting, including 1) eccentricity between applied and resisting forces in the composite section,
and 2) eccentricity resulting from differences in opposing faceplate resisting forces due to small
differences in actual plate thickness or yield stress. [

] it has been shown that the tie bars
have more than sufficient capacity to prevent splitting or delamination failure modes.
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2.8 Tie Bar Detailing

As discussed previously, the tie bars provided in the US-APWR SC walls consist of rectangular
plates made from [ ] and welded to the SC faceplates. A typical
detail showing the arrangement of the tie bar plates for the common [ ] thick SC wall with
[ ] thick faceplates is shown in Figure 2.8-1 below. Several unique aspects of the
rectangular plate tie bar detailing are summarized as follows:

e The tie bar geometry is selected to ensure that ductile yielding of the tie bar is the
ultimate failure mode. The tie bar cross-section varies as shown in Figure 2.8-1, in order
to ensure ductile yielding occurs away from the attachment to the SC wall faceplates.

e The tie bar welds to the SC wall faceplates are designed to be stronger than the
expected tensile strength of the tie bar, in order to ensure weld failure does not govern
the design.

e The tie bar geometry is readily modified to achieve the most economical design for each
SC wall and faceplate thickness combination.

e The ability to vary the thickness and width of the steel plates addresses constructability
issues and facilitates 7/2 spacing throughout the entire SC wall.

e The two-piece tie bar design allows for minor fit-up adjustments during final module
assembly.

The tie bar configuration shown in Figure 2.8-1 allows small misalignment during fabrication.
The configuration allows each of the two separate tie bar plates to be welded to the SC wall
faceplates with the faceplates oriented in a horizontal position, which improves welding access
and control of tie bar alignment on the faceplates. Discussion of the general fabrication
procedure is provided in TeR MUAP-12006 Rev. 0 (Reference 10).

Figure 2.8-1 Tie Bar for Typical 48-in. SC Modules
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2.9 SC Faceplate Penetration Detailing

The steel faceplates used in SC construction may have numerous penetrations that may not
have been explicitly modeled in the FE analysis. This is especially the case for nuclear plants
with extensive piping and other utility penetration requirements. Where this occurs in RC,
additional reinforcing bars are typically provided in each direction at the faces of a penetration,
similar to that which is prescribed in ACI 349-06 Section 14.3.7. In areas of significant demands,
the additional bars are typically provided with cross-sectional area equal to that of the
reinforcing bars interrupted by the penetration. For penetrations through SC walls, a similar
approach will be followed consisting of the following basic design procedures:

e Penetration reinforcing (additional steel plates) will be sized based on the demands
from the FE analysis and welded to the faceplate along all edges. Welds will be sized
and detailed to ensure adequate force transfer.

e Additional tie bars will be provided as required to resist out-of-plane shear forces in
the vicinity of the penetration.

o All penetrations will be sealed within the infill concrete with steel plates and/or steel
sleeves, as required to prevent concrete spalling.

Figure 2.9-1 shows an example of typical detailing for SC wall penetrations. Specific penetration
details including faceplate reinforcement size and thickness, weld details, stud and tie bar
spacing, and seal plate/sleeve detailing will be determined during detailed design.

Figure 2.9-1 Conceptual Faceplate Penetration Detail
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2.10 Design for Commodity Support Loads

The SC walls in the US-APWR CIS will be utilized to support various plant commodities such as
piping, electrical conduits, and cable trays. The loads imparted by commodity attachments to
the SC faceplates must be considered in the design and detailing of the SC walls.

In RC construction, commodity supports are typically attached to structural concrete members
using embedded steel plates anchored into the concrete with headed shear studs. Structural
steel members such as tubes or wide-flange sections are then welded to the embedded plate to
support the given piping or other plant commodity. The design of such commodity supports
usually involves the following basic steps:

1) The welds between the embedded plate and the structural steel member supporting
the commodity are sized for the demands applied by the structural steel member.

2) The thickness of the embedded plate is selected to provide sufficient flexural
capacity for out-of-plane moments in the plate resulting from the relative distance
between the welded structural member and the embedded shear studs.

3) The headed shear studs are sized and spaced to provide sufficient tension and
shear resistance for the applied loads, using the anchorage design provisions of ACI
349-06 Appendix D.

4) The supporting structural concrete member (e.g., a structural wall or column) is
confirmed to have sufficient capacity for the loads imparted by the commodity
support in conjunction with other design loads.

Similarly, commodity supports on the SC walls in the US-APWR CIS will utilize structural steel
members welded to attachment plates as in typical RC construction. However, the attachment
plates will be detailed to transfer commodity forces into the SC wall directly via welds located
only at the SC wall tie bar locations, as shown conceptually in Figure 2.10-1. This approach
engages the full SC cross section via the tie bars, rather than applying tension to the studs and
imparting flexure into the SC faceplate between the studs. As a result, the studs on the SC wall
faceplate need not be designed for the combination of interfacial shear and applied tension, and
the SC faceplate need not be designed for localized flexure between the studs. The design
approach utilizing the detailing conceptually illustrated in Figure 2.10-1 will involve the following
basic steps:

1) The welds between the attachment plate and the structural steel member provided
for the commodity support will be sized for the demands applied by the structural
steel member.

2) The thickness of the attachment plate will be selected to provide sufficient flexural
capacity for out-of-plane moments in the plate resulting from the relative distance
between the welded structural member and the supporting tie bars.

3) The welds between the attachment plate and the SC faceplate will be sized to
transfer the applied loads to the supporting tie bars.

4) The supporting tie bars will be confirmed to have sufficient capacity for the
combination of tension imparted by the commodity attachment and the SC wall out-
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of-plane shear demands resisted by the tie bars. Recognizing that out-of-plane shear
demands on the wall result in tension in the tie bars, the commodity support tension
per tie bar is combined directly with the tension per tie bar due to the local out-of-
plane shear forces calculated in the FE analysis of the CIS (i.e., V,, and V,,
discussed in Section 8.0 of this Report). The total demand will then be compared
with the design strength of the tie bar (¢A.f,), calculated using the strength reduction
factor for shear (¢ = 0.85 per ACI 349-06 Section C.3.2.3). Appropriate load factors
from ACI 349-06 will be applied to the commodity support demands depending on
the load case considered (e.g., dead load, pipe reaction loads, etc.)

The SC wall will be confirmed to have sufficient capacity for the out-of-plane flexure
imparted by the commodity attachment. This will involve direct addition of the out-of-
plane moments imparted by the commodity support to the local out-of-plane
moments calculated in the FE analysis of the CIS for each of the design load
combinations (i.e., M, and M, discussed in Section 8.0 of this Report.)
Appropriate load factors from ACI 349-06 will be applied to the commodity support
demands depending on the types of loads considered.

Figure 2.10-1 Conceptual Commodity Attachment Detail
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3.0 AXIAL TENSION STRENGTH
3.1 ACI 349-06 Code Recommendation

Section 10.2.5 of ACI 349-06 states that the tensile strength of concrete shall be neglected in
axial strength calculations for RC. As a result, the uniaxial tensile strength of RC sections is
given as follows:

Equation 3.1-1 o7, = ¢4, f,

where the strength reduction (¢) factor is defined as 0.9 for tension in Section C3.2.1 of
ACI 349-06, A is the total cross-sectional area of reinforcing steel, and f, is the yield strength of
the reinforcing steel.

There are several basic reasons for the disregard of concrete tensile strength in the ACI code: i)
the tensile strength of concrete is highly variable compared to the compressive strength, ii) the
tensile capacity of concrete is relatively small compared to that of the reinforcing steel, and iii)
the presence of any concrete cracking eliminates the ability of the concrete section to resist
direct membrane tensile forces. Consequently, neglecting the concrete capacity in membrane
tensile strength calculations for RC is conservative under limited loading conditions.

3.2 Applicability to SC Design

Since the aforementioned considerations behind ACI 349-06 Section 10.2.5 are also applicable
to SC wall behavior, Equation 3.1-1 is appropriate for use in SC design. With regard to concrete
tensile strength, the concrete cores of the US-APWR SC wall sections are to be constructed
using standard concrete mixes with specified compressive strength (f;) equal to 4000 psi. As
such, the assumption of a relatively small concrete tensile capacity prior to cracking remains
applicable to the US-APWR SC walls.

Neglecting concrete tensile capacity is also appropriate for SC sections since they are known to
experience a higher degree of cracking due to curing shrinkage than is typically observed in RC
sections. This is due to locked-in tensile stresses in the SC concrete cores that result from
restraint of curing shrinkage by the steel faceplates, and also the discrete nature of the bond
between the reinforcing steel and the concrete core. As described in TeR MUAP-11018 Rev. 1
(Reference 5) and illustrated in the tests performed by Ozaki et al. (Reference 11), these

characteristics result in reduction of cracking tensile stress for SC sections from the 4./f". (psi)
value used in RC design to approximately 2./f'. (psi) in SC sections.

In terms of reinforcement bond, the faceplates used in SC construction are attached to the
concrete core only at the anchorage stud locations, unlike standard reinforcing bars which are
continuously bonded to the concrete by reinforcement bar deformations. As a result, the cracks
developed in the concrete cores of SC sections are generally wider and at larger intervals as
compared to those in RC sections with similar reinforcement ratios. Thus the neglect of concrete
tensile strength due to cracking is appropriate for SC design.
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4.0 AXIAL COMPRESSIVE STRENGTH
4.1 ACI 349-06 Code Recommendation

Section 14.4 of ACI 349-06 specifies that RC walls designed as compression members shall be
designed in accordance with the provisions of Chapter 10. Section 10.3.6 of ACI| 349-06
specifies that the design axial load strength of RC compression members with standard tie
reinforcement shall not be taken greater than the following (ACI 349-06 Equation 10-2):

Equation 4.1-1 ¢P, =0.8-¢[0.85 " (4, — A, )+ F 4,]

where the strength reduction (¢) factor is defined as 0.7 for compression members without spiral
reinforcement in Section C.3.2.2 of ACI 349-06, Ay is the gross area of the section, and Agis the
total area of reinforcement provided in the direction of the applied force. Additionally, the
strength reduction factor is permitted to be increased to a maximum of 0.9 for low values of
compression, in the manner discussed in Section C.3.2.2.

The aggregate strength reduction factor in Equation 4.1-1 is equal to [ ] The
conservatism provided by this factor accounts for a number of concerns specific to the safety of
RC compression members in frame structures. The first 0.8 factor accounts for accidental
eccentricities typically encountered in columns that use standard tie reinforcement (a 0.85 factor
is specified for spiral columns). The centroid of the steel and concrete resistance forces in the
as-built column is often offset slightly from the geometric centroid of the column, resulting in an
additional moment that reduces the maximum axial force the column can carry. The lower factor
(0.7 for tied columns) recognizes that material nonuniformity in the concrete has a larger impact
on axial compressive strength than it does on flexural strength, and that concrete strength may
be less than f,; under sustained high axial loads (ACI 318-05 Section R10.3.6). The 0.7
resistance factor also addresses the lower ductility of compression failures, and the more
serious consequences of compression member failure in the frame structures for which these
provisions were primarily written.

The 0.85 factor applied to the concrete compressive resistance in Equation 4.1-1 is based on
the results of numerous tests on axially loaded RC members. This factor addresses the
experimentally observed effects of less than ideal concrete consolidation and curing in actual
compression members as compared to the conditions provided for compressive strength test
cylinders.

4.2 Applicability to SC Design

It is apparent that the basis for the low strength reduction factor applied to RC compression
members is partially applicable to SC behavior, but the compression performance of SC walls is
arguably better. For example, the effects of concrete material nonuniformity and imperfect field
consolidation/curing on member compressive strength may also be present in SC wall
construction, but the lack of reinforcement congestion will substantially reduce concrete
placement issues. As demonstrated by the SC compression member tests summarized in Table
2.2-1, the 0.85 factor applied to concrete compressive resistance is acceptably conservative for
SC construction. Similarly, the reduction of compression forces in the concrete due to creep
under sustained loading and the subsequent transfer of forces to the steel will also occur in SC
sections, but to a lesser degree given the discontinuous bond of the steel to the concrete. The
issues related to accidental eccentricity due to construction practices for tied columns will not be
as significant in SC faceplate construction, although accidental moments may still be present
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from other sources. In terms of the failure consequences considered in the ACI strength
reduction factor, compression failures of SC walls would certainly be of serious consequence to
structural integrity, although the large SC cross sections selected for radiation shielding
purposes typically will not be challenged in terms of compressive strength. The comparison of
SC wall behavior to RC column behavior indicates that the aggregate compressive strength
reduction factor given in ACl 349-06 Equation 10-2 is appropriately conservative for SC wall
design.

With regard to compression failure modes, Equation 4.1-1 (ACI 349-06 Equation 10-2) also
assumes that the steel reinforcement will yield before buckling. This assumption is based upon
the detailing requirements given for columns, which include specific tie spacing and bar
engagement (hook) requirements to ensure that the longitudinal reinforcement is sufficiently
braced. In SC construction, similar detailing requirements are established to ensure that the
steel faceplates do not buckle before yielding. As discussed in Section 2.2, compression tests
on SC wall sections have been performed to verify that the size and spacing of the anchorage
studs and tie bars in the US-APWR design will prevent the occurrence of local faceplate
buckling and ensure the compressive yield capacity of the faceplates can be achieved.

4.3 Additional Considerations for SC Compressive Strength

The wall design provisions of ACI 349-06 Section 14.4 also require the slenderness provisions
for compression members in Section 10.10 to be addressed. Within the non-sway frame
provisions applicable to a shear wall structure such as the CIS, Section 10.12.2 permits
slenderness effects to be ignored when the following equation (ACI 349-06 Equation 10-7) is
satisfied:

k-1
Equation 4.3-1 —=<34-12(M,/M,)
r

where k is the effective length factor, I, is the unsupported length, ris the radius of gyration, M,
is the smaller factored end moment (positive for single curvature and negative for double
curvature), and M. is the larger factored end moment (always positive). Since M, is the smaller
end moment and M, is always positive, the worst case value for the quantity (M,/M,) is 1.0. For
the end restraint conditions present for most of the SC walls in the CIS, an effective length
factor of k = 0.8 is typically appropriate (reference ACI 349-06 Section 14.5.2). Nevertheless, for
purposes of evaluating slenderness effects in the US-APWR, additional conservatism is applied
by using k = 1.0 in accordance with ACI 349-06 Section 10.12.1. Using radius of gyration r =
0.3T as permitted by ACI 349-06 Section 10.11.2 (T = overall wall thickness), maximum
unbraced lengths for ignoring slenderness are computed as follows:

k-1
2 <34-12(M, I M,);
r

M, /M, =10
k-1

r

= <22

] _ 22-r
,max k
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Maximum unsupported lengths are computed for the various SC wall thicknesses as follows:

Table 4.3-1 Maximum SC Wall Unsupported Lengths for Ignoring Slenderness

~

_/

The unsupported lengths for the SC walls laterally supported by the slabs in the CIS between
the basemat and the operating deck at Elevation 76’-5” are presented in Table 4.3-2 below:

Table 4.3-2 Unsupported Lengths of SC Walls in the US-APWR CIS

It is shown above that all SC walls 45 inches thick or greater and supported by these slabs have
unsupported lengths less than the maximum unsupported lengths conservatively calculated
above, such that slenderness effects need not be considered. [

] Each
of these walls is evaluated separately in the CIS basic design calculations. In general, this
evaluation recognizes that the walls in question are continually braced by the adjacent walls
forming the SG and pressurizer compartments. Therefore the slenderness of the overall
compartments is assessed in terms of the ACI 349-06 Section 10.12 provisions; i.e., by treating
the compartment itself as a compression member and applying conservative k factors to
represent the member end restraint conditions (for example, k greater than [ ] for the
pressurizer and SG compartments cantilevering above the operating deck). These calculations
confirm that second-order effects are negligible for the overall compartment and thus for the
individual walls making up the compartment.

In summary, the SC walls in the CIS are evaluated in accordance with the compression member
slenderness criteria of ACI 349-06 Section 10.12.2 with conservative effective length factors for
the end restraint conditions present in the actual structure. This evaluation concludes that the
walls are non-slender compression members, such that no additional considerations of second-
order slenderness effects are necessary when calculating wall demands and capacities for
design.
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5.0 OUT-OF-PLANE FLEXURAL STRENGTH
5.1 ACI 349-06 Code Recommendations

Section 10.2 of ACI 349-06 specifies a series of design assumptions that form the basis for
calculating flexural capacity of RC sections. These assumptions are as follows:

1. Section 10.2.2: A linear strain distribution is assumed. The strains in the reinforcement
and concrete are assumed directly proportional to the distance from the neutral axis. The
code states that this assumption is not applicable to deep flexural members with clear
spans less than or equal to four times the overall member depth.

2. Section 10.2.3: A maximum usable strain at the extreme concrete compression fiber is
assumed equal to 0.003.

3. Section 10.2.4: Stress in reinforcement below the specified yield strength f, is taken as
E, times steel strain. For strains greater than that corresponding to f,, stress in
reinforcement is considered independent of strain and equal to f,.

Section 10.2.5: Tensile strength of concrete is neglected in flexural calculations.

Section 10.2.6: The relationship between concrete compressive stress distribution and
concrete strain is permitted to be assumed as rectangular, trapezoidal, parabolic, or any
other shape that results in prediction of strength in substantial agreement with results of
comprehensive tests.

6. Section 10.2.7: An equivalent rectangular concrete stress distribution meets the
requirements of Section 10.2.6, when the following parameters are used:

a. Uniform concrete stress equal to 0.85f..

b. Depth of equivalent rectangular stress block equal to 8;¢, where c is the depth
from the extreme compression fiber to the neutral axis, and 8, is equal to 0.85 for
f- <4000 psi.

In addition to specifying that design of an RC cross section for flexure shall be in accordance
with these assumptions, Section 10.3 of ACI 349-06 requires verification of the ductility of
flexural members with the reinforcement provided. Specifically, Section 10.3.5 requires that
flexural members with low axial compressive loads have net tensile strains in the extreme
tension steel layer (&) not less than 0.004. The commentary for this section provided in ACI 318-
05 states that this limit restricts the reinforcement ratio (o) to about the same ratio as that
defined in previous code editions, or 0.75 times the balanced reinforcement ratio (0,). The
balanced reinforcement ratio is defined as that which would produce balanced strain conditions
for the section under flexure without axial load. In other words, the balanced reinforcement ratio
results in a failure mode in which the compression concrete crushes simultaneously with first
yielding of the tension reinforcement. Limiting the reinforcement ratio to 0.75p, ensures that the
strain in the tension steel will substantially exceed the yield strain when the ultimate concrete
compressive strain (0.003) is reached, with accompanying ductile behavior consisting of large
deflections and ample warning of an impending failure.

The use of compression reinforcement is known to improve the ductility of flexural members by
strengthening the compression zone of the member and reducing the depth of the concrete
compressive stress block (MacGregor Section 5-3, Reference 9). ACI 349-06 recognizes this in
Section 10.3.5.1, which states that compression reinforcement is permitted to be used in
conjunction with additional tension reinforcement to increase the strength of flexural members.
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5.2 Applicability to SC Design
5.2.1 Applicability of Design Assumptions

With regard to the basic assumption of a linear strain distribution given in Section 10.2.2., the
clear span-to-depth ratios of the SC walls in the CIS are evaluated using the wall thicknesses
and clear span calculations given in Section 4.3. In accordance with ACI 349-06 Section 10.2.2
and the deep beam definition given in Section 10.7.1, the majority of the SC walls in the CIS are
calculated to have clear span-to-depth ratios larger than 4, as follows:

Table 5.2-1 Depth to span ratios of SC walls in the US-APWR CIS

It is also recognized, however, that the assumption of perfect compatibility of steel and concrete
strains stated in Section 10.2.2 is not fully achieved in SC members, due to imperfect bond of
the steel faceplates to the concrete described in Section 3.2. Nevertheless, the experimental
data discussed below illustrates that this assumption remains valid for SC design. As stated in
ACI 349-06 Section 10.2.6, the applicability of the rectangular compressive stress block
assumptions given by ACI 349-06 Section 10.2.7 must be evaluated by comparing the
calculated capacities to the results of tests. Comparisons of calculated uniaxial flexural
capacities to the results of flexural tests on SC wall sections are discussed in Section 5.4.

5.2.2 Applicability of Ductility Requirements

The flexural reinforcement of the SC sections in the US-APWR CIS consists of steel plates of
equal thickness and yield strength [ ] on each face. This gives a compression
reinforcement ratio (p') that is identical to the tension reinforcement ratio (o). As a result, none of
the flexural tension force in the tension reinforcement is balanced by compression in the
concrete, which means that the reinforcement limitation inherent in ACI 349-06 Section 10.3.5
does not apply to any portion of the tension reinforcement area. Because of the balance of
tension and compression reinforcement in SC walls, the limiting concrete compression strain
(0.003) cannot be reached before the tension reinforcement has yielded. This is an essential
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benefit of SC construction; that is, it is not possible for a properly detailed SC wall subjected to
pure flexure to experience a nonductile (brittle) failure mode.

5.3 Definition of SC Wall Uniaxial Moment Capacity

Using the stress and strain assumptions stated in ACI 349-06 Section 10.2, equations for
uniaxial moment capacity are readily developed for RC members with various reinforcement
configurations. For the SC sections in the US-APWR CIS, a conservative evaluation of uniaxial
moment capacity is performed in which only the contribution of the tension face reinforcement is
considered. The theoretical uniaxial moment capacity is also calculated in a manner similar to
that used for RC members with equal areas of tension and compression reinforcement. The
following sections evaluate the results of these approaches using the actual US-APWR SC
section properties, in order to determine the most appropriate methodology for design.

5.3.1 Uniaxial Moment Capacity—Tension Steel Only

If the flexural contribution of compression reinforcement is neglected, the uniaxial moment
capacity for SC walls is calculated as follows:

A 3t
Equation 5.3-1 M, = 47{7”1*} -[T——" _ﬁﬂ

where Ag/2 is the area of the tension reinforcement (half of the total reinforcement area) per unit
length of wall, (7-3t,/2) is the depth from the top of the concrete section to the centroid of the
tension reinforcement (analogous to ‘d’ in RC design), and a is the depth of the equivalent
rectangular compressive stress block. In accordance with ACI 349-06 Section 10.2.7, this is
calculated as 0.85 times the depth to the neutral axis (c). The strength reduction factor (¢) for
flexure in tension-controlled sections is given in ACI 349-06 Section C.3.2.1 as 0.9.

5.3.2 Uniaxial Moment Capacity—Including Compression Reinforcement

The uniaxial moment capacity for SC sections is computed including the compression
reinforcement in the following manner:

o Determine the neutral axis of the composite section based upon yielding of the tension
faceplate and a linear strain diagram.

e Sum the moments caused by the forces in the steel and concrete acting about the
centroid of the section.

This is illustrated graphically in Figure 5.3-1 below. The resulting uniaxial moment capacity is
calculated as follows:

Equation 5.3-2 oM, =¢[(T, +C,)d, +C, -d,]

where T and C; are the forces in the tension and compression faceplates, respectively, d, is the
moment arm between either plate and the centroid of the section, C. is the force resultant of the
concrete in compression, and d; is the moment arm from the centroid of the section to concrete
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compressive force resultant. The magnitudes of each of these variables are shown in Figure
5.3-1 in terms of the defined section properties.

Figure 5.3-1 Strain Diagram and Stress Resultants for Computing Moment
Capacity with Compression Reinforcement

5.3.3 Comparison of Results

Using the formulations stated above, moment capacities are calculated for each of the various
US-APWR SC sections with and without the contribution of compression reinforcement. The
results of these calculations are presented in Table 5.3-1 below. It is seen that neglecting the
compression reinforcement results in only a small reduction of uniaxial flexural capacity. As a
result, the uniaxial moment capacity for the SC wall sections is computed neglecting the
compression reinforcement, and the area of reinforcement provided on the tension face is also
provided on the compression face. This ensures sufficient capacity of the section for load
reversals occurring as a result of seismic loading, and enhances the ductility of the section as
discussed above.
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Table 5.3-1 Comparison of SC Wall Moment Capacities with and
without Compression Reinforcement

4 N

o _/

5.4 Experimental Verification of SC Flexural Capacity

The out-of-plane flexural capacity of SC walls has been determined experimentally in tests
performed in Japan (Reference 12). Figure 5.4-1 below compares normalized flexural capacities
observed in the tests to those obtained using Equation 5.3-1 above (i.e., disregarding
compression reinforcement.) It is shown that the calculated values are conservative relative to
the experimentally observed values.

4 N

o _/

Figure 5.4-1 Comparison of Tested vs. Calculated Flexural Capacities
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6.0 OUT-OF-PLANE SHEAR STRENGTH

The behavior and design of SC modules for out-of-plane shear force is similar to that of RC
beams. The design equations developed for RC are used for SC design with some
modifications.

6.1 ACI 349-06 Code Recommendations

According to ACI 349-06 Section 11.1.1, the out-of-plane shear strength of an RC cross-section
is estimated as the summation of the shear strength contributions of the concrete (V,) and the
shear reinforcement (V;). The concrete contribution (V) depends on the presence and sign of
axial load (tension or compression) as shown in the ACI 349-06 code excerpts included in
Figure 6.1-1.

11.3.1 V, shall be computed by provisions of 11.3.1.1
through 11.3.1.3. unless a more detailed calculation is made
in accordance with 11.3.2.

11.3.1.1 For members subject to shear and flexure only,

11.1.1 Except for members designed in accordance with
Appendix A, design of cross sections subject to shear shall

Ve=2,f! b,d (11-3)
be based on ¢ fe by,

oV, 2V, (11-1) 11.3.1.2 For members subject to axial compression,
where V,, is the factored shear force at the section considered / N .
and V,, is nominal shear strength computed by V, = 2(1 + 200(’)’/‘”) N (11-4)

Va=V+V; (11-2) . ) )
) ) ) Quantity N, /A, shall be expressed in psi.
where V. is nominal shear strength provided by concrete

calculated in accordance with 11.3, 11.4, or 11.12, and Vis 11.3.1.3 For members subject to significant axial tension,
nominal shear strength provided by shear reinforcement |V, shallbe taken as zero unless a more detailed analysis is made

~

calculated in accordance with 11.5, 11.10.9, or 11.12. using 11.3.2.3.

11.3.2.3 For members subject to significant axial
tension, 11.5.7.2 Where shear reinforcement perpendicular to
axis of member is used,

( N
V. =2(1+—=")[b.d 11-8
© TV 5004,/ S R v AL (11-15)
g ™ s =i

but not less than zero, where N,, is negative for tension.
N, /A, shall be expressed in psi.

where A, is the area of shear reinforcement within spacing s.

Figure 6.1-1 Concrete and Shear Reinforcement Shear Strength Equations

In these equations, f; is the compressive strength of the concrete, b, is the web width, d is the
distance from extreme compression fiber to centroid of longitudinal tension reinforcement, N, is
the factored axial force normal to cross section taken positive for compression, Ay is the gross
area of concrete section, and f, is the specified yield strength of transverse reinforcement.
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6.2 Recommendation for SC Walls

Experimental results for RC beams (without shear reinforcement) indicate that the ACI 349-06
Equation 11-3 overestimates the concrete shear strength contribution (V.) for members
subjected to shear and flexure only (Reference 13). For example, the data in Figure 6.2-1 taken
from Reference 13 illustrates the decreasing trend for concrete shear strength (V;) as the
specimen depth increases. It is also noted that the shear strength for large scale beams is about
half of the value given for V; in the ACI code.

4 N

\_ _/

Figure 6.2-1 Ratio of Tests to ACI 349-06 Shear Strength Equation
(Reference 13)

This trend has also been observed for SC beam cross-sections by Varma et al. (Reference 14),
who indicated that the size of the specimen has a significant influence on the concrete shear
strength contribution (V.). The experimental results indicated that as the specimen depth was
increased, the shear stress carried by the concrete portion (V.) reduced. Therefore, lower
values for the concrete shear strength (V;) will be conservatively used for design of SC sections
as shown below:

Equation 6.2-1 V.=15f".A. (for shear and flexure only)

N
V. =1.5(1+——2—)/ /.4
. =1.5( 2000Ag) I A,

Equation 6.2-2 (members subjected to axial compression)

N,
V,=1.5(1+—-)/f". 4
e = L3+ NS A

Equation 6.2-3 g (members subjected to axial tension)
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Per ACI 349-06, N, in Equations 6.2-2 and 6.2-3 is positive for axial compression and negative
for axial tension, and the quantity N,/Aq is expressed in units of pounds per square inch. V,
computed in accordance with Equation 6.2-3 is not taken less than zero.

The contribution of the shear reinforcement (V) to the total shear strength is evaluated based
on Equation 11-15 given in ACI 349-06 as,
V

A fd
Equation 6.2-4 ’ S

where A, is the area of transverse reinforcement within spacing s and f, is the specified yield
strength of reinforcement and d is the total section depth.

6.3 Verification Using Experimental Data

Figure 6.2-1 demonstrates the conservatism of Equation 6.2-1 when used with the ACI 349-06
strength reduction factor for shear (0.85). As seen the equation is a lower bound when
compared with the test database that includes several RC beams without shear reinforcement
tested in the past.

The proposed equations for shear strength have been compared with tests performed by
Takeuchi et al. (Reference 12) and Varma et al. (Reference 14) in Figure 6.3-1. The beams
Takeuchi tested, S4 and S6, had 3.6% longitudinal reinforcement ratio, stud spacing-to-
faceplate thickness ratio equal to 27.8, shear span to depth ratio equal to 2.6 and section depth
of 19.7 in. The specimen had shear reinforcement in the form of 50 ksi yield strength tie bars,
and their contribution to the shear strength (V;) was calculated using Equation 6.2-4. However,
the specimen depths were less than half of the section thicknesses used typically for the US-
APWR SC walls, such that the influence of section depth on the concrete shear strength
contribution (V;) was not clearly demonstrated.

The beam tested by Varma et al. (Reference 14) was large-scale in terms of the current
application sizes, having 2.8% longitudinal reinforcement ratio, stud spacing to faceplate
thickness ratio equal to 20, shear span to depth ratio equal to 3.5 and specimen depth equal to
36 in. This beam did not have any shear reinforcement, such that the V; contribution is equal to
zero. Figure 6.3-1 shows the comparisons of the shear strength values measured
experimentally and those calculated using the proposed equations. As seen in the Figure, the
equations underestimate the shear strength for the Takeuchi beams due to their shallow depth
(19.7 in.), but provide a conservative lower bound shear strength in general.
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4 )
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Figure 6.3-1 Comparison of Tested vs. Calculated Shear Strength

6.4 Shear Strength Contribution (V) of Tie Bars

As stated in ACI 349-06 Section 11.3.1.3 (excerpt shown in Figure 6.1-1), in the presence of
significant axial tension (greater than 500 psi on the gross section area or 288 kip/ft. on a 4 ft.
thick section) the out-of-plane shear strength is calculated by considering the contribution of the
shear reinforcement (V;) alone and neglecting the contribution (V;) of the concrete. For
simplicity and conservatism, this approach is automatically applied when checking the US-
APWR SC wall out-of-plane shear strength for load cases involving seismic loading.

According to Section 11.5.7.2 of ACI 349-06 (excerpt shown in Figure 6.1-1), the contribution of
the tie bars (V;) to the shear strength of a unit foot wide section having [
] is computed using Equation 11-15 in ACI 349-06 as:
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7.0 IN-PLANE SHEAR STRENGTH

Design for in-plane shear is in accordance with the requirements for special structural walls of
ACI 349-06 Chapter 21. The steel faceplates are treated as both the vertical and horizontal
reinforcing steel.

7.1 ACI 349-06 Code Recommendations

ACI 349-06 Section 21.7.4.1 requires that nominal in-plane shear strength V, of RC structural
walls be calculated using Equation 21-7 (excerpt shown in Figure 7.1-1).

21.7.4 Shear strength
21.7.4.1 V,, of structural walls shall not exceed

V, = A, (a. Jf +p.f) (21-7)

where the coefficient a, is 3.0 for h,,/¢,, < 1.5, is 2.0 for
h,/t, > 2.0, and varies linearly between 3.0 and 2.0 for
h,, /¢, between 1.5 and 2.0.

Figure 7.1-1 In-Plane Shear Strength

where a; is a coefficient defining the relative contribution of concrete strength to nominal wall
shear strength which is equal to 2 when wall height (h,) to length (/,) ratio is larger than 2. In
this equation, A, is the gross area of cross section bounded by web thickness and length of
section in the direction of shear force considered, f’; is the compressive strength of concrete, p,
ratio of distributed shear reinforcement on a plane perpendicular to plane of A, and f, is the
specified yield strength of reinforcement.

In addition to providing Equation 21-7 for in-plane shear strength, ACI 349-06 also imposes
limitations on the maximum in-plane shear to be resisted by walls and individual wall piers; see
the excerpt of Section 21.7.4.4 shown in Figure 7.1-2.

21.7.4.4 For all wall piers sharing a common lateral force,
V,, shall not be taken larger than 84, ,/f,’ . where A, is the
eross area of concrete bounded by web thickness and length of
section. For any one of the individual wall piers, V,, shall not be
taken larger than 104, . /f. . where A .,, is the area of concrete
section of the individual pier considered.

Figure 7.1-2 Upper Bound Limits for In-Plane Shear Strength of RC Walls
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7.2 Experimental Data for In-Plane Shear Strength of SC Walls

In-plane shear loading produces principal tension and compression forces in the composite SC
section. The principal tension causes cracking in concrete that significantly decreases the
concrete contribution to the overall in-plane shear strength and stiffness. Ozaki et al. (Reference
11) have conducted several in-plane shear tests on SC walls to determine the fundamental
behavior and cyclic performance. The tests included pure in-plane shear loading and slight axial
compression combined with in-plane loading.

The specimens had reinforcement ratios (ps) ranging from 2.3% to 4.5%, but kept a constant
shear stud spacing to faceplate thickness ratio (b/t;) of 30 by adjusting the spacing. The
experimental results indicated that as the steel faceplate thickness was increased, the yield
strength and the maximum strength increased. In addition it was found that the addition of
nominal axial load (200-400 psi compressive stress) did not have a significant effect on the
maximum strength.

4 N
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Figure 7.2-1 Experimental Results from Ozaki Tests,
and Comparison with Equation 7.3-1

The specimens were subjected to cyclic shear strain history and maximum in-plane shear forces
obtained from the tests. In Figure 7.2-1, maximum in-plane shear forces obtained from the
Ozaki tests are compared numerically with the steel faceplate uniaxial yield strengths (AsF,, see
Equation 7.3-1). The specimens were subjected to cyclic shear strain history, and maximum in-
plane shear forces were obtained from the tests. It is seen that the specimens numerically
exhibited maximum in-plane forces comparable to tension strength of the steel faceplates.

Another in-plane test was performed by Sasaki et al. (Reference 15) where seven flanged shear
wall specimens were tested under in-plane lateral loading conditions. Of those, five specimens
had a height of 1660 mm, one had a height of 1250 mm, and one had a height of 2500 mm.
Web SC panel thicknesses were 115 mm, 230 mm, and 345 mm. The steel faceplate
thicknesses were constant for all specimens and were equal to 2.3 mm. The corresponding
steel reinforcement ratios were 1.33%, 2%, and 4%, which are comparable to the ratios used in
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the US-APWR SC walls. Also, the headed stud spacing to faceplate thickness ratio (b/;) was
equal to 33.

Figure 7.2-2 shows the maximum force values obtained from specimens tested by Sasaki et al.
(Reference 15) by subjecting them to lateral in-plane shear, and numerically comparing the
maximum shear strength values to AsF, of the steel faceplates of each specimen.

/’

o

\

_/

Figure 7.2-2 Experimental Results from Sasaki tests,
and Comparison with Equation 7.3-1

Some specimens exhibited responses governed by yielding and then buckling of the flange
before the maximum load was reached, causing premature failure of the specimen. This led to
shear strength values slightly below the in-plane shear strengths of the web portions. The one
specimen that has strength slightly below the calculated value (AsF,) had the aforementioned
failure in flanges before achieving maximum shear strength of the web wall.

The in-plane strength upper limits for RC walls given in ACI 349-06 are based on test results of
squat or short shear walls that had h,/l, ratios less than 2. Due to low aspect ratios, the failure
of these walls included sliding shear failure slightly above the base of the squat wall specimens,
or diagonal crushing of concrete in compression for thin wall specimens. Neither of these failure
types are considered credible for SC walls due to the significant contribution of the exterior steel
plates under both shear and compressive forces, and due to the faceplate anchorage
connection design details selected for the US-APWR design.

Nevertheless, in the absence of extensive experimental data, these upper limits are enforced for
the in-plane shear strength of SC walls.
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7.3 Conservative Equation for In-plane Shear Strength

Based on the test results obtained from Ozaki et al. (Reference 11) and Sasaki et al.
(Reference 15) the nominal in-plane shear strength of SC walls is calculated using the following
equation:

Equation 7.3-1 V,=A.f,

where the original ACI 349-06 Equation 21-7 is modified by conservatively neglecting the
concrete contribution (Ae, a F:>°).

In the above equation, A is the area of the steel plates (As=A., p ) in the composite section and
f, is the specified yield strength for the steel plates. The in-plane shear strengths calculated
using the above equation and the experimental results reported by both Ozaki et al. (Reference
11) and Sasaki et al. (Reference 15) are compared in Figure 7.2-1 and Figure 7.2-2. These
figures indicate acceptable comparison between the experimental results and the in-plane shear
strength calculated using Equation 7.3-1.

The strength reduction factor (¢) of 0.85 further improves the comparison and ensures the
conservatism of the in-plane shear strength calculated using Equation 7.3-1. The SC wall
design strength equation for in-plane shear is given as follows:

Equation 7.3-2 oV, =¢A.f,
The upper bound for the in-plane shear strength of SC walls is limited to
Equation 7.3-3 V., =104+ 1",

This is a conservative limitation for SC design since the failure modes that are the basis for this
requirement, including excessive crack widths and localized concrete crushing, are more critical
to RC walls.
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8.0 DESIGN FOR COMBINED FORCES

The results from analyses include eight design demands consisting of three membrane forces
(Nx, N, and N,,, Kip/ft), three moments (M,, M,, and M,,, kip-ft./ft.), and two out-of-plane forces
(Vxz and V,, kip/ft.) These element demands are shown in Figure 8.0-1. In the design process,
M,, is added to M, and M, so as to increase their magnitude for design. The increased design
moments are referred to as M,"® and M,

AN

z
4

R e 1

=

<
=
,Z._ék:,__

e LR PR TR

xz>/

N
TTTTTT T T TR

Figure 8.0-1 Force and Moment Demands for Design of SC Walls

The design procedure consists of confirming that: (i) the individual element demands (Ny, N,, Ny,
M, M, V., and V,,) are less than or equal to the individual design capacities calculated
using applicable design strength equations from Chapters 3 - 7, and (ii) the area of steel
required for the combinations of the various demands (N, N,, Ny, M, M, V,,, and V,,) is
also less than the total area of steel available from the tie bars and steel faceplates of the SC
wall. The procedure for calculating tie bar and faceplate area of steel requirements for the
combined demands is as follows:

(i) The tie bar area of steel requirements are calculated for the two out-of-plane shear
demands (V,, and V,,) as outlined in Section 8.1. The out-of-plane shear demands are
treated separately from the calculations of faceplate area of steel requirements because
the SC wall sections are detailed to prevent out-of-plane shear failure and interfacial shear
failure before ductile flexural yielding.

(i) The area of faceplate reinforcement required for the in-plane shear demand (N,,) is
calculated. The area of steel required is computed for both the x and y directions, and it is
equal for both directions. The area of steel required in each direction is equally distributed

Mitsubishi Heavy Industries, LTD. 8-1



Containment Internal Structure: Design Criteria for SC Walls MUAP-11019 (R1)

(iif)

(vii)

on both faces of the SC wall. The contribution of the concrete infill to the in-plane shear
strength is not included.

To evaluate the combination of axial forces and moments, section analysis is used to
identify the balance point where the combination of axial force (N,s;) and out-of-plane
moment (M) causes simultaneous: (a) steel faceplate yielding in tension, and (b) concrete
compression strain of 0.003.

When the applied axial force is tensile, or compressive but less than N,,, then the
contribution of the steel compression reinforcement to the flexural resistance is ignored.

When the applied axial force in compression is greater than N,,, then the contribution of
the steel compression reinforcement to the flexural resistance is considered, but the
contribution of the steel tension reinforcement to the flexural resistance is ignored.

If N is less than N, then N and M@ are used to compute the area of steel required. If N is
tensile, then the area of steel required for N is distributed equally on both faces. The area
of steel required for M is calculated assuming no contribution from the compression
reinforcement, but the calculated area is added to both faces (tensile and compressive).

If N is greater than N,,, then N and M@ gre used to compute the area of steel required.
The required compression reinforcement is given a negative sign to distinguish it from
required tension reinforcement. The area of steel required for M is calculated assuming
no contribution from the reinforcement in tension, but the calculated area is added to both
faces (tensile and compressive).

The total area of steel required is computed on both faces and in both directions (A,*? & A,9),

and

compared with the area of steel available on each face in both directions (A2 & A,>?") as

follows:

(i)
(ii)

(iif)

If the membrane axial force (N, or N,) is tensile, then the procedures of Section 8.4 apply.

If the membrane axial force (N, or N,) is compressive, but the axial compression is less
than N,,, then the procedures of Section 8.5 apply.

If the membrane axial force (Nx or N,) is compressive and greater than Ny, then the
procedures of Section 8.6 apply.
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8.1 Design for Out-of-Plane Shear Demands

The shear reinforcement provided by the tie bars (V;) resists both the out-of-plane force
demands V,, and V,,. The required shear reinforcement for both V,, and V,, is calculated by
subtracting the corresponding concrete shear strength contribution (¢V.), and dividing by the

yield stress of the shear reinforcement (f,;, equal to [ ] for the US-APWR tie bar design).
Equation 8.1-1 A = (Vig =4 Vo) pfz 0
Equation 8.1-2 A% = (Vy, — ¢ Vo)/df2 0

where A, and ¢,V, are calculated using equations 6.2-1 through 6.2-4. As discussed previously
in Section 6.4, the concrete contribution to out-of-plane shear strength (V,) is conservatively
taken equal to zero for all load combinations involving seismic loading.

The provided shear reinforcement A,?* must be greater than or equal to A,°? = A,/*% + A,,"*".

Mitsubishi Heavy Industries, LTD. 8-3



Containment Internal Structure: Design Criteria for SC Walls MUAP-11019 (R1)

8.2 Balance Point and Axial Force for SC Wall Cross-Section

The balance point for the SC wall cross-section corresponds to the combination of axial force
(Npa/) and moment (M) that causes simultaneous: (a) steel yielding in tension, and (b) concrete
compression strain of 0.003. The balance point for the SC wall cross-section and the
corresponding axial force (N,y) are calculated using the stress state shown in Figure 8.2-1.

When the membrane axial force demand (N) is less than N,,, then steel yielding in tension will
occur before the concrete reaches compressive strain of 0.003. For such situations, the
contribution of the compression reinforcement to the flexural resistance is ignored, and only the
required tension reinforcement is calculated for the various demands (N, M, and N,,) in both x-
and y- directions.

When the membrane axial force demand (N) is greater than N,,, then the concrete will reach
compressive strain of 0.003 before steel yielding in tension. Therefore, for such situations, the
contribution of the tension reinforcement to the flexural resistance is ignored, and only the
required compression reinforcement is calculated for the combined membrane axial force (N)
and moment (M°“) in both x- and y- directions.

It is important to note that when the axial compression is high, the concrete infill contributes
significantly to the in-plane shear strength and the out-of-plane shear strength of the composite
cross-section. However, this contribution and increase in the in-plane and out-of-plane shear
strength of the SC section is not included in this conservative design approach.
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Figure 8.2-1 Balanced Strain State for SC Walls
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8.3 Tresca Yield Surface for Steel

The Tresca yield criterion is used to conservatively model the yielding behavior of the steel
faceplate material. Figure 8.3-1 shows the Tresca yield surface in Two-Dimensional (2D)
principal stress space.
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Figure 8.3-1 Tresca Yield Surface in 2D Principal Stress Space

Quadrants | and lll correspond to the states of biaxial tension and biaxial compression,
respectively. In these quadrants, the ratio of the principal stresses o/o; is greater than or equal
to zero. As shown in Figure 8.3-1, in both of these quadrants, steel yielding can be developed
independently in both directions.

Quadrants Il and IV correspond to the biaxial state of combined compression and tension. In
these quadrants, the ratio of the principal stresses o//o; is less than zero. As shown in Figure
8.3-1, in both of these quadrants, steel yielding is established by linear combination of the
absolute value of the stresses in both directions.

The Tresca yield criterion is implemented in the SC wall design approach for combined forces.
As explained in Section 8.2, for situations with membrane axial force demand N less than N,
the contribution of the compression reinforcement to the flexural resistance is ignored, and only
tension reinforcement is required for the various demands (N, M, and N,,) in both x- and y-
directions. Thus, the steel contributions are limited to tensile stresses in both x- and y-directions.
This biaxial tensile state of stresses corresponds to quadrant | behavior. In accordance with the
Tresca yield criterion, yielding is considered independently in the x- and y- directions.
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As explained in Section 8.2, for situations with membrane axial force demand N greater than
Npa, the contribution of the tension reinforcement to the flexural resistance is ignored, and only
the required compression reinforcement is calculated for the N and M demands in both x- and y-
directions. The tension reinforcement required for N,, is also calculated in both x- and y-
directions. This biaxial state of combined compressive and tensile stresses corresponds to
quadrant I, lll, or IV behavior. If it corresponds to quadrant Ill, then yielding is considered
independently in the x- and y-directions. If it corresponds to quadrants Il or IV, then yielding is
considered by linear combination of the absolute values of the stresses in both directions.

8.4 Design for Combined Axial Tension, Flexure, and In-Plane Shear

If the membrane force N, or N, is tensile, then the concrete is assumed to be fully cracked. The
area of steel required on each face to resist N,, M,/®, and N,,, or N,, M, and N,, is computed
as shown in Equations 8.4-1 to 8.4-4 given in Table 8.4-1.

Table 8.4-1 Design for Combined Forces with N, or N, in Tension

In these Equations, A7 and A,;*? are the areas of steel required on each face to resist N, and
N,, respectively calculated using Equation 8.4-1. A,#°? and A,<®/ are the areas of steel required
on each face to resist M, and M, respectively, calculated using Equation 8.4-2. Equation
8.4-1 and Equation 8.4-2 were obtained by considering the stress block diagrams shown in
Figure 8.4-1. As shown in the Figure, the contribution of the steel in compression to the flexural
capacity is not included. A,,/*? and A,/*? are the areas of tension steel required on each face to
resist N,,, calculated using Equation 8.4-3.

As shown in Equation 8.4-4, the total area of steel available on each face in the x and y
directions (A,®®" and A,®*") must be greater than the corresponding required values (A,*? and
A,*?), which are the sum of steel areas required for tension, flexure, and in-plane shear. This is
in accordance with Section 8.3.
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Figure 8.4-1 Section Equilibrium Used to Compute Steel Areas when N,, N, in Tension
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8.5 Design for Combined Axial Compression (A< N,,), Flexure, and In-Plane Shear

If the membrane force N, or N, is compressive but less than N,,, then the concrete will have
greater contribution to resisting the moments (M, or M,) and the in-plane shear (N,,). The area
of steel required on each face_to resist N, + M, and N,,, or N, + M, and N,,, is computed as
shown in Equation 8.5-1 to Equation 8.5-4 given in Table 8.5-1.

Table 8.5-1 Design for Combined Forces with N, or N, in Compression

In these Equations, A,<°? and A,<*/ are the areas of steel required on each face to resist N, +
M and N, + M, respectively, calculated using Equation 8.5-1. In this Equation, M,, and
M., are the contributions of the concrete to the moment capacity, which are calculated using
Equation 8.5-2.

Equation 8.5-1 and Equation 8.5-2 were obtained by considering the stress block diagrams
shown in Figure 8.5-1. As shown in the Figure, the contribution of the steel in compression is
not included for conservatism.

A/ and A,/*? are the areas of tension steel required on each face to resist N,,, calculated
using Equation 8.5-3.

As shown in Equation 8.5-4, the total area of steel available on each face in the x and y
directions (A,®®" and A,**") must be greater than the corresponding required values (A,*? and
A,/%), which are the sum of steel areas required for compression + flexure, and in-plane shear.
This is in accordance with Section 8.3.
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Figure 8.5-1 Section Equilibrium Used to Compute Steel Areas
when N,, Ny in Compression
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8.6 Design for High Axial Compression (N> N,), Flexure, and In-Plane Shear

If the membrane axial compression demand is greater than N,,, then the area of steel required
on each face to resist N, + M, and N,,, or N, + M, and N,, is computed as shown using
Equations 8.6-1 to 8.6-5 in Table 8.6-1.

Table 8.6-1 Design for Combined Forces with High Compression in N, or N, Direction

In these Equations, A, and A,°? are the areas of steel in compression required to resist N, +
M and N,+M,® respectively, calculated using Equation 8.6-1. The calculated areas of steel
required are multiplied by -1 to indicate that these are required steel reinforcement in
compression. M, and M, are the contributions of the concrete to the moment capacity, which
are calculated using Equation 8.6-2. In this computation, the absolute values of A% and A,
are used because they were multiplied by -1 in Equation 8.6-1.

Equations 8.6-1 and Equation 8.6-2 were obtained by considering the stress block diagrams
shown in Figure 8.6-1. As shown in the Figure, the contribution of the steel in tension is not
included for conservatism. However, the calculated areas of steel are provided on both faces for
added conservatism.

A/ and A,/*? are the areas of tension steel required on each face to resist N,,, calculated
using Equation 8.6-3.

As shown in Equation 8.6-4, if the ratio of the areas of steel required in x- and y-directions is
greater than or equal to zero, which corresponds to stress states in quadrants | (biaxial tension)
and lll (biaxial compression), then the total area of steel available on each face in the x- and y-
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directions (A,*®" and A,%*") must be greater than the corresponding required values (A, and
A,/?9), which are the sum of the absolute steel areas required for compression + flexure and in-
plane shear. This is in accordance with the Tresca criteria for yielding of steel in quadrants | and
Il as described in Section 8.3.

As shown in Equation 8.6-5, if the ratio of the areas of steel required in x- and y-directions is
less than zero, which corresponds to stress states in quadrants Il and IV (biaxial compression
and tension), then the total area of steel available on each face in the x- and y- directions (A2
and A,*?") must be greater than the sum of the absolute steel areas required in both the x- and
y-directions for compression + flexure and in-plane shear. This is in accordance with the Tresca
criteria for yielding of steel in quadrants Il and IV as described in Section 8.3.

4 N
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Figure 8.6-1 Stress Blocks for SC Walls Subjected to High Compression and Flexure

Mitsubishi Heavy Industries, LTD. 8-12



Containment Internal Structure: Design Criteria for SC Walls MUAP-11019 (R1)

8.7 Limitations on Demand/Capacity Ratios

In the actual design for combined axial, flexural, and in-plane shear forces resisted by the SC
walls, the steel faceplate utility ratios calculated as A,°YA* and Ay’eq/Ayava” using the
equations in Sections 8.2 to 8.5 are limited to a maximum of 0.90. Similarly, the steel tie bar
utility ratios calculated as A,%/A,?*" are limited to a maximum of 0.90.

These limitations are imposed to provide an additional level of overall conservatism in the SC
wall design, while also accounting for secondary effects not directly accounted for in the CIS FE
analysis, such as small faceplate and tie bar stresses imparted during concrete casting.
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9.0 ACCIDENT THERMAL CONSIDERATIONS

The thermal effects of accident thermal conditions (T,) on the US-APWR CIS has been
presented and discussed in detail in TeR MUAP-11018 Rev. 1 (Reference 5). After the first few
minutes, accident thermal conditions produce similar temperatures on both the exterior steel
faceplates. The temperature of the concrete infill lags behind that of the steel faceplates due to
its low thermal conductivity and large thermal inertia. The temperature profiles through the
composite cross-section and the temperature-time (7-f) curves for different points within the
composite cross-section are computed by conducting one-dimensional heat transfer analysis.
The validity of such heat transfer calculations has been demonstrated by Ozaki et al.
(Reference 17).

9.1 Effects on Design Force Demands

The results of heat transfer analyses indicate nonlinear (parabolic) temperature profiles through
the composite cross-section as shown in Figure 9.1-1. This parabolic temperature profile results
in through-section cracking of the concrete infill for all the secondary shield SC walls of the CIS.
The occurrence of this through-section cracking has been experimentally observed and
discussed by Ozaki et al. (Reference 17) for in-plane conditions, and Varma et al. (Reference
18) for out-of-plane conditions. These researchers have also demonstrated the significant relief
in steel faceplate stresses due to the cracking of the concrete infill.

/

\_ _/

Figure 9.1-1 Calculated Temperature Profiles in 4 ft. Thick Secondary Shield Wall

For these parabolic thermal gradients with similar steel faceplate temperatures on both exterior
faces, the steel faceplates will have limited mechanical stresses in the interior portions of SC
walls that are away from supports, restraints, and connections. The concrete infill will have
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through-section cracking in orthogonal directions similar to that discussed in Appendix D of
MUAP-11018 Rev. 1 (Reference 5) and shown in Figure 9.1-2 below.

The effects of concrete cracking on reducing both the in-plane shear stiffness and the out-of-
plane shear stiffness to their respective cracked values has been presented in TeR MUAP-
11018 Rev. 1 Appendix D based on the work of Ozaki et al. (Reference 17) and Varma et al.
(Reference 18). As explained in TeR MUAP-11018 Rev. 1, these reduced stiffness values are
captured in the Linear Elastic Finite Element (LEFE) models for loading condition ‘B’ that are
used to determine the design forces and demands for the accident thermal + earthquake
loading condition. Thus, the effects of accident thermal loading and the corresponding concrete
cracking have been directly accounted for in calculating the design force demands for condition
‘B’ according to TeR MUAP-11018 Rev. 1.

4 R

\_ _/

Figure 9.1-2 Orthogonal Through-Thickness Cracking Pattern
(Reference 17)
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9.2 Effects on Design Capacities

The effects of concrete cracking due to accident thermal loading on the SC wall design
capacities calculated according to Sections 3 -8 are as follows:

1) Equation 3.1-1 remains applicable for calculating the axial tension strength, because the
concrete infill was assumed to have no influence on the calculated axial tension strength
even before cracking induced by the accident thermal condition.

2) Equation 4.1-1 remains applicable for calculating the axial compressive strength. Concrete
cracking due to accident thermal loading will cause the compressive force to be resisted by
the steel faceplates only before crack closure occurs. This reduction in the section resistance
(stiffness) has already been accounted for in calculating the design force demand as
described in TeR MUAP-11018 Rev. 1 and Section 9.1. Concrete crack closure will occur if
the axial compression demand is high, and the total axial compressive strength will still be
equal to that calculated using Equation 4.1-1.

3) Equation 5.3-1 remains applicable for calculating the flexural strength. Concrete cracking due
to accident thermal loading will initially cause the compressive force of the moment couple in
the cross-section to be resisted by the compressive steel faceplate only before crack closure
occurs. However, concrete crack closure will eventually occur as the moment demand (and
the corresponding compressive force produced by the moment couple) becomes large. The
final moment capacity will be governed by stress state similar to that shown in Figure 5.3-1,
and can be calculated conservatively using Equation 5.3-1. The section moment-curvature
(M-¢) behavior after concrete cracking due to accident thermal loading and the moment
capacity has been discussed in detail by Varma et al. (Reference 18).

4) Equations 6.2-1 to 6.2-4 remain applicable for calculating out-of-plane shear strength. As
shown by Varma et al. (Reference 18), concrete cracking due to accident thermal condition
does not seem to have a major influence on the out-of-plane shear strength of SC beams.
This is probably because the thermally induced cracks are perpendicular to the steel
faceplates. These cracks have to turn by 45-60° to develop out-of-plane shear cracks in the
concrete, which probably requires approximately the same amount of force as that required
to develop new shear cracks due to the anisotropic cracking nature of concrete. Additionally,
the V; contribution to the out-of-plane shear strength is unchanged because the temperature
of the steel shear reinforcement embedded in the concrete is not high enough to change the
yield strength etc.

5) Equation 7.3-1 remains applicable for calculating the in-plane shear strength of SC walls. The
effects of thermally induced concrete cracking on the in-plane shear behavior and strength of
SC walls has been investigated by Ozaki et al. (Reference 17), which was also presented
and discussed in TeR MUAP-11018 Rev. 1 Appendix D. As demonstrated by Ozaki et al.,
thermally induced concrete cracking does not reduce the in-plane shear strength of SC walls,
and the ambient equations for in-plane shear strength remain applicable.

6) Since thermally induced concrete cracking has no significant influence on the individual
design capacities of SC walls, it is also appropriate to perform the design for combined forces
according to the Tables and Equations presented in Sections 8.1 to 8.5.
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9.3 SC Specific Design Issue — Local Buckling

Testing has been performed in Japan to evaluate the occurrence of steel faceplate local
buckling due to applied thermal loading. Sekimoto and Kondo (Reference 19) conducted a
series of tests on SC walls subjected to temperature changes of 50 — 500°C in steps of 50 or
100°C. For SC specimens with s/t less than 20, no local buckling of the steel faceplates was
observed, both in specimens with and without full restraint. Concrete cracking similar to that
discussed in Sections 9.1 and 9.2 above was observed in the specimens.

The accident thermal loading on the US-APWR CIS imparts temperature changes (AT) in the
steel faceplates of the various SC walls that are well within the range of temperatures
considered in the Japanese testing. For example, the steel faceplate temperatures of 300°F
occurring after the postulated pipe rupture result in a temperature change of approximately
200°F or 93°C, given the winter normal operating temperature of 105°F. Assuming a steel
thermal expansion coefficient (os"") of 6.5x10° /°F, this corresponds to a thermal expansion
strain of 1300 microstrain. If the steel faceplate expansion is fully restrained, which only occurs
in the connection regions close to rigid supports or the basemat, the steel faceplate
compressive stress would be 37.7 ksi, which is less than the specified yield stress of 50 ksi. As
explained earlier in Section 2.1, all the steel faceplates have slenderness (stud spacing/plate
thickness) less than 20, which ensures that local buckling will not occur before yielding in
compression. Thus, even if the accident thermal expansion is fully restrained, the steel faceplate
will not undergo yielding or local buckling.
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A.1-1, Continued Combined Axial Tension, Flexure, and In-Plane Shear Case.
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A.1-1, Continued Combined Axial Tension, Flexure, and In-Plane Shear Case.
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A.1-2 Evaluate an SC wall element for a set of design demands consisting of Combined Axial
Compression, Flexure, and In-Plane Shear, using Chapter 8 procedures.
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A.1-2, Continued Combined Axial Compression, Flexure, and In-Plane Shear Case.
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A.1-2, Continued Combined Axial Compression, Flexure, and In-Plane Shear Case.
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A.1-2, Continued Combined Axial Compression, Flexure, and In-Plane Shear Case.
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Figure A2-2 1/6™ Scale Test of Primary Shield Structure
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