
W estinghouse Westinghouse Electric Company
Nuclear Power Plants
P.O. Box 355

Pittsburgh, Pennsylvania 15230-0355
USA

U.S. Nuclear Regulatory Commission Direct tel: 412-374-2035
ATTENTION: Document Control Desk Direct fax: 724-940-8505

Washington, D.C. 20555 e-mail: ziesinrf@westinghouse.com

Your ref: Docket Number 52-006
Our ref: DCPNRC_003029

September 3, 2010

Subject: Supplemental Information to Resolve Shield Building Audit Questions

The purpose of this letter is to provide additional information related to Actions 11 and 12, as well as the
Ductility/Benchmarking papers requested at the August NRC audit at Westinghouse Cranberry. This
supplements the Shield Building Revision 2 report and the letter transmitting the WEC action items.

WEC action item 21 will follow formally on September 8th if no additional NRC comments are required
to be addressed. A draft is being transmitted to Mr. Bret Tegeler. This would complete all information
necessary that is associated with the Enhanced Shield Building review and approval.

Pursuant to 10 CFR 50.30(b), proprietary and non-proprietary versions of the reports and information are
submitted as Enclosures 3 through 10. Enclosure I is one copy of the Application for Withholding, AW-
10-2908 (non-proprietary). Enclosure 2 is one copy of the associated Affidavit with Proprietary
Information Notice and Copyright Notice (non-proprietary).

These submittals contain proprietary information of Westinghouse Electric Company, LLC. In
conformance with the requirements of 10 CFR Section 2.390, as amended, of the Commission's
regulations, we are enclosing with this submittal an Application for Withholding and an Affidavit. The
Affidavit sets forth the basis on which the information identified as proprietary may be withheld from
public disclosure by the Commission. The information being redacted is of a type customarily held in
confidence by Westinghouse and not customarily disclosed to the public.

Correspondence with respect to the Affidavit or Application for Withholding should reference AW-10-
2908 and should be addressed to James A. Gresham, Manager, Regulatory Compliance and Plant
Licensing, Westinghouse Electric Company, LLC, P. 0. Box 355, Pittsburgh, Pennsylvania 15230-0355.

Questions or requests for additional information related to the content and preparation of this response
should be directed to Westinghouse. Please send copies of such questions or requests to the prospective
applicants for combined licenses referencing the AP1000 Design Certification. A representative for each
applicant is included on the cc: list of this letter.
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Very truly yours,

R. F. Ziesing
Director, US Licensing

/Enclosures

1. AW-10-2908 "Application for Withholding Proprietary Information from Disclosure," dated
-September 3, 2010 (Non-Proprietary)

2. AW-10-2908, Affidavit, Proprietary Information Notice, Copyright Notice, dated September 3,
2010 (Non-Proprietary)

3. Shield Building Benchmarking Analysis - (Proprietary)

4. Shield Building Benchmarking Analysis - (Non-Proprietary)

5. Shield Building Behavior and Design Philosophy - (Proprietary)

6. Shield Building Behavior and Design Philosophy - (Non-Proprietary)

7. Action Item 11 - (Proprietary)

8. Action Item 11 - (Non-Proprietary)

9. Action Item 12 - (Proprietary)

10. Action Item 12 - (Non-Proprietary)

11. Study on Steel Plate Reinforced Concrete Panels Subjected to Cyclic In-plane Shear

cc: D. Jaffe - U.S. NRC l1E
E. McKenna - U.S. NRC 11E
P. Clark - U.S. NRC 11E
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( Westinghouse
Westinghouse Electric Company
Nuclear Services
P.O. Box 355
Pittsburgh, Pennsylvania 15230-0355
USA

U.S. Nuclear Regulatory Commission
ATTENTION: Document Control Desk
Washington, D.C. 20555

Direct tel: 412-374-2035
Direct fax: 724-940-8505

e-mail: ziesinrf@westinghouse.com

Your ref: Docket Number 52-006

Our ref: AW-10-2908

September 3, 2010

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: Supplemental Information to Resolve Shield Building Audit Questions

The Application for Withholding is submitted by Westinghouse Electric Company, LLC (Westinghouse),
pursuant to the provisions of Paragraph (b) (1) of Section 2.390 of the Commission's regulations. It
contains commercial strategic information proprietary to Westinghouse and customarily held in
confidence.

The proprietary material for which withholding is being requested is identified in the proprietary version
of the subject briefing presentations. In conformance with 10 CFR Section 2.390, Affidavit AW-10-2908
accompanies this Application for Withholding, setting forth the basis on which the identified proprietary
information may be withheld from public disclosure.

Accordingly, it is respectively requested that the subjectinformation which is proprietary to
Westinghouse be withheld from public disclosure in accordance with 10 CFR Section 2.390 of the
Commission's regulations.

Correspondence with respect to this Application for Withholding or the accompanying affidavit should
reference AW-10-2908 and should be addressed to James A. Gresham, Manager, Regulatory Compliance
and Plant Licensing, Westinghouse Electric Company, LLC, P.O. Box 355, Pittsburgh, Pennsylvania,
15230-0355.

Very truly yours,

R. F. Ziesing
Director, US Licensing
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(with Proprietary Information Notice and Copyright Notice)
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AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:

ss

COUNTY OF BUTLER:

Before me, the undersigned authority, personally appeared R. F. Ziesing, who, being by me duly

sworn according to law, deposes and says that he is authorized to execute this Affidavit on behalf of

Westinghouse Electric Company LLC (Westinghouse), and that the averments of fact set forth in this

Affidavit are true and correct to the best of his knowledge, information, and belief:

R. F. Ziesing
Director, US Licensing

Sworn to and subscrbed

before me thisj/W day

of September 2010.
COMMONWEALTH OF PENNSYLVANIA

Notarial Seal
Linda J. Bugle, Notary Public

City of Pittsburgh, Allegheny County

I My Commission Expires June 18. 2013
Member, Pennsylvania Assoeiation of Notares

,otary Pu ic
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2 AW-10-2908

(1) I am Director, US Licensing, Westinghouse Electric Company, LLC (Westinghouse), and as

such, I have been specifically delegated the function of reviewing the proprietary information

sought to be withheld from public disclosure in connection with nuclear power plant licensing

and rule making proceedings, and am authorized to apply for its withholding on behalf of

Westinghouse.

(2) I am making this Affidavit in conformance with the provisions of 10 CFR Section 2.390 of the

Commission's regulations and in conjunction with the Westinghouse "Application for

Withholding" accompanying this Affidavit.

(3) I have personal knowledge of the criteria and procedures utilized by Westinghouse in designating

information as a trade secret, privileged or as confidential commercial or financial information.

(4) Pursuant to the provisions of paragraph (b)(4) of Section 2.390 of the Commission's regulations,

the following is furnished for consideration by the Commission in determining whether the

information sought to be withheld from public disclosure should be withheld.

(i) The information sought to be withheld from public disclosure is owned and has been held

in confidence by Westinghouse.

(ii) The information is of a type customarily held in confidence by Westinghouse and not

customarily disclosed to the public. Westinghouse has a rational basis for determining

the types" of information customarily held in confidence by it and, in that connection,

utilizes a system to determine when and whether to hold certain types of information in

confidence. The application of that system and the substance of that system constitutes

Westinghouse policy and provides the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several

types, the release of which might result in the loss of an existing or potential competitive

advantage, as follows:

(a) The information reveals the distinguishing aspects of a process (or component,

structure, tool, method, etc.) where prevention of its use by any of

Westinghouse's competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies.
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3 AW-10-2908

(b) It consists of supporting data, including test data, relative to a process (or

component, structure, tool, method, etc.), the application of which data secures a

competitive economic advantage, e.g., by optimization or improved

marketability.

(C) Its use by a competitor would reduce his expenditure of resources or improve his

competitive position in the design, manufacture, shipment, installation, assurance

of quality, or licensing a similar product.

(d) It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

(e) It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs-of potential commercial value to Westinghouse.

(f) It contains patentable ideas, for which patent protection may be desirable.

There are sound policy reasons behind the Westinghouse system which include the

following:

(a) The use of such infon-nation by Westinghouse gives Westinghouse a competitive

advantage over its competitors. It is, therefore, withheld from disclosure to

protect the Westinghouse competitive position.

(b) It is infon-nation that is marketable in many ways. The extent to which such

information is available to competitors diminishes the Westinghouse ability to

sell products and services involving the use of the information.

(C) Use by our competitor would put Westinghouse at a competitive disadvantage by

reducing his expenditure of resources at our expense.

(d) Each component of proprietary information pertinent to a particular competitive

advantage is potentially as valuable as the total competitive advantage. If

competitors acquire. components of proprietary information, any one component
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4 AW-10-2908

may be the key to the entire puzzle, thereby depriving Westinghouse of a

competitive advantage.

(e) Unrestricted disclosure would jeopardize the position of prominence of

Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

(f) The Westinghouse capacity to invest corporate assets in research and

development depends upon the success in obtaining and maintaining a

competitive advantage.

(iii) The information is being transmitted to the Commission in confidence and, under the

provisions of 10 CFR Section 2.390, it is to be received in confidence by the

Commission.

(iv) The information sought to be protected is not available in public sources or available

information has not been previously employed in the same original manner or method to

the best of our knowledge and belief.

(v) The proprietary information sought to be withheld in this submittal is that which is

appropriately marked in the presentation entitled, "Supplemental Information to Resolve

Shield Building Audit Questions", in support of the AP 1000 Design Certification

Amendment Application, being transmitted by Westinghouse letter (DCPNRC_003029)

and Application for Withholding Proprietary Information from Public Disclosure, to the

Document Control Desk. The proprietary information as submitted by Westinghouse for

the AP1000 Design Certification Amendment application is expected to be applicable in

all licensee submittals referencing the AP 1000 Design Certification and the AP 1000

Design Certification Amendment Application in response to certain NRC requirements

for justification of compliance of the safety system to regulations.

This information is part of that which will enable Westinghouse to:

(a) Manufacture and deliver products to utilities based on proprietary designs.
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5 AW-10-2908

(b) Advance the AP1000 Design and reduce the licensing risk for the application of

the AP1000 Design Certification

(c) Determine compliance with regulations and standards

(d) Establish design requirements and specifications for the system.

Further this information has substantial commercial value as follows:

(a) Westinghouse plans to sell the use of similar information to its customers for

purposes of plant construction and operation.

(b) Westinghouse can sell support and defense of safety systems based on the

technology in the reports.

(c) The information requested to be withheld reveals the distinguishing aspects of an

approach and schedule which was developed by Westinghouse.

Public disclosure of this proprietary information is likely to cause substantial harm to the

competitive position of Westinghouse because it would enhance the ability of

competitors to provide similar digital technology safety systems and licensing defense

services for commercial power reactors without commensurate expenses. Also, public

disclosure of the information would enable others to use the information to meet NRC

requirements for licensing documentation without purchasing the right to use the

information.

The development of the technology described in part by-the information is the result of

applying the results of many years of experience in an intensive Westinghouse effort and

the expenditure of a considerable sum of money.

In order for competitors of Westinghouse to duplicate this information, similar technical

programs would have to be performed and a significant manpower effort, having the

requisite talent and experience, would have to be expended.

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and/or non-proprietary versions of documents furnished to the NRC
in connection with requests for generic and/or plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.390 of the Commission's regulations concerning the
protection of proprietary information so submitted to the NRC, the information which is proprietary in the
proprietary versions is contained within brackets, and where the proprietary information has been deleted
in the non-proprietary versions, only the brackets remain (the information that was contained within the
brackets in the proprietary versions having been deleted). The justification for claiming the information
so designated as proprietary is indicated in both versions by means of lower case letters (a) through (f)
located as a superscript immediately following the brackets enclosing each item of information being
identified as proprietary or in the margin opposite such information. These lower case letters refer to the
types of information Westinghouse customarily holds in confidence identified in Sections (4)(ii)(a)
through (4)(ii)(f) of the affidavit accompanying this transmittal pursuant to 10 CFR 2.390(b)(1).

COPYRIGHT NOTICE

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is permitted to
make the number of copies of the information contained in these reports which are necessary for its
internal use in connection with generic and plant-specific reviews and approvals as well as the issuance,
denial, amendment, transfer, renewal, modification, suspension, revocation, or violation of a license,
permit, order, or regulation subject to the requirements of 10 CFR 2.390 regarding restrictions on public
disclosure to the extent such information has been identified as proprietary by Westinghouse, copyright
protection notwithstanding. With respect to the non-proprietary versions of these reports, the NRC is
permitted to make the number of copies beyond those necessary for its internal use which are necessary in
order to have one copy available for public viewing in the appropriate docket files in the public document
room in Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must include
the copyright notice in all instances and the proprietary notice if the original was identified as proprietary.
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11. Consider use of A C1 318-08 CH 21. Indicate specific type used for Shield
Building and if it is type 1, Westinghouse will provide a justification. Provide
qualification and production criteria. a,c
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Study on Steel Plate Reinforced Concrete Panels Subjected to Cyclic In-plane Shear
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Abstract

This paper describes the derivation of the equation for evaluating the strength of steel plate reinforced concrete structure (SC)
and the experimental results of SC panels subjected to in-plane shear..

Two experimental research programs were carried out. One was the experimental study in which the influence of the axial
force and the partitioning web were investigated, another was that in which the influence of the opening was investigated.

In the former program, nine specimens were loaded in 'cyclic in-plane shear. The test parameters were the thickness 'of the
surface steel plate, the effects of the partitioning web and the axial force. The experimental results were compared with the
calculated results, and good agreement between the calculated results and the experimental results was shown.

In the later programs, six specimens having an opening were loaded in cyclic in-plane shear, and were compared with the
results of the specimen without opening. FEM analysis was used to supplement experimental data. Finally, we proposed the
equation to calculate the reduction ratio from the opening for design.
© 2003 Published by Elsevier B.V

1. Introduction

The SC structure consists of a flat composite plate
made by connecting a pair of surface steel plates in
which stud bolts are built with partitioning webs and
filling the boxes so-formed with concrete. The stud
bolts operate as shear connectors between steel plate
and concrete (Fig. 1).

The SC structure has several merits from the points
of view of the structural aspects and the efficiency of
execution works:

Correspobnding author, Tel.: +81-3-5247-8567;
fax: +81-3-5247-8681,

E-mail address: ohsuga.hiroshi@obayashi.co.jp (H. Osuga).

0029-5493/$ - see front matter © 2003 Published by Elsevier B.V

doi: 10.1016/j.nucengdes.2003.06.010

(1) As the surface steel plates are the form work in
the execution work, the execution work periods
will be reduced.

(2) No wooden form work is used, so the destruction
of the environment will be reduced.

(3) They will be able to set up the mechanic support
after concrete casting and it has flexibility to set

up supports.

Previously, several papers for the study of SC struc-
ture were presented (Kaneuji et al., 1989; Akiyama
et al., 1989, 1991). One of the authors presented the
experimental results of SC panels and the basic equa-
tions that evaluate the strengths of SC panel was de-
rived (Takeda et al., 1995).
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Fig. 1. Typical cross-section of SC.

However, these equations did not consider the influ-
ence of axial force. The effect of the partitioning web
was not described at length, and the response of the
SC panel with an opening had not been studied yet.
Having an opening, the strength of the panel may be
reduced, and stress concentration makes the surface
plate yield earlier. The effect of the stress concentra-
tion may change the response of the panel having an
opening. The investigation of the reduction ratio of an
SC panel having an opening is beneficial for the de-
sign of SC structures.

Therefore, in this paper, the equation considers the
influence of the axial force and the partitioning web
of which the cross-sectional area was not equal in X-
and Y-directions was derived.

Also two research programs were described. One
was the experimental study in which the influence of
the axial force and the partitioning web were investi-
gated; another was one in which the influence of the
opening was investigated. In the later program, con-
sidering the limitation of the experimental data, we
tried to analyze the response of SC panels having an
opening and then derived the equation of the reduction
ratio for these panels.

In the conclusion, it is noted that the equations agree
well with experimental results. A reduction ratio for
the opening was proposed for design purposes.

2. Derivation

2.1. Assumption

The load-deformation relationship of an SC panel-
subjected in-plane shear is divided into three parts as
follows:

(1) Elastic part (before cracking): Concrete and sur-
face steel plates that compose the SC panel are
found to be elastic. The partitioning web carries
no stress. The stiffness of the SC panel in this part
is given from the sum of the stiffness of concrete
and surface steel plate. The perfect bond between
surface steel plate and concrete is assumed.

(2) Post-cracking part (from post-cracking to surface
steel plate yield): Cracks appear in concrete and
the surface steel plates remain in elastic. Con-
crete struts carry only compressive stress and this
compressive stress is in proportion to the tension
stress carried by the surface steel plate and the
partitioning web. These assumptions compose the
truss analogy.

(3) Post-yield part: Tension failure of the surface steel
plate and compressive failure of concrete deter-
mines the collapse of the panel.

2.2. Elastic shear modulus

From assumption (1), the elastic shear modulus for
SC panel is derived. The relationship between shear
load and shear strain,

qc = GcAcy, qs = GsAwy (1)

where G, is shear modulus of concrete, Ac is the
cross-sectional area of concrete, G, is shear modulus
of steel, y is shear strain and Aw is the cross-sectional
area of total surface steel plate. Then total shear load

(Qc) is,
QC (qc + qs) (GcAc GcAw

Ao A, = -o A, )
(2)

where Ao is the cross-sectional area of the panel.
Therefore, elastic shear modulus of SC panel (Gc) is,

GGAc GsA(
_ + (3)

A, A,

2.3. Post-cracking shear modulus

From assumption (2), the post-cracking shear mod-
ulus for SC panel is derived. The relationship between
shear load and shear strain,

qcy = GcyAcy, qc = GsAwy (4)

where Gcy is the post-cracking shear modulus of con-
crete (truss analogy). Then total shear load (Qy) is,
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Q. (GcyAc + GsAw)y Gyy

A. A& A,
(5)

The post-cracking shear modulus of concrete is de-
rived as follows. I

Lateral and longitudinal bars of truss analogy are
made of the surface steel plate and the partitioning
web. In X- and Y-directions, the axial forces can be
expressed as follows.

N. = Nwx + Npx, Uy = Nwy + Npy (6)

where N, and Ny are the axial forces of the panel
for X- and Y-directions, respectively. Nwx and Ny are
the axial forces of the surface steel plate for X- and
Y-directions, respectively. Np, and Npy are the axial
forces of the partitioning web for X- and Y-directions,
respectively.

From condition of equilibrium and compatibility,
the carrying load of the surface steel plate or the par-
titioning web is derived. Hence, the axial force of the

Eliminating strains, s, -y,

2
Esx (1 Pdx)(1 + Pdy),-- VsPdxPdy Es,

(1 + Pdx)(1 - Vs){1 M (1 + Vs)Pdy)

(1+ Pdx)(1 + Pdy) - VSpdxPdy Es
0 (1 + Pdy)( - Vs){1 + (1 + vs)Pdxl (9)

Finally we obtain the dimensions of the bars in Table 1.
In this table, Qtrs = GcyAcy. .

The relationship between the lateral deformation, 5,
and the dimensions of the bars is expressed as follows.
The direction of the diagonal bars are assumed to be
at an angle of 45'.

5 A
B NiNi L

8=•1=AiEi L (10)

Substituting the dimensions expressed in Table I
in Eq. (10), gives the post-cracking shear modulus,
then:

I
(11)

(4/Ac:)(Es/Ec) + (1 - vs/Aw)(2 + (I + Vs)(Pdx + Pxy))/ Ao

((1 + Pdx)(1 + Pdy) - VSPdxPdy)

surface steel. plate and the partitioning web are ex-
pressed as follows.

1 + Pdy + VsPdx
= (1 + Pdx)(1 + Pdy) -- VSPdxPdy

y= 1 + Pdx + VsPdy
(1 + Pdx)( + Pdy) - vSpdxPdyNy

(1 1- Vs)Pdx{l + (Vs)Pdy} Nx,
0 + Pdx)(1 + Pdy) - VSPdxPdy

In accordance with the condition of the partitioning
web, Eq. (4) is simplified as follows.

(1) Without partitioning web (Pdx = Pdy = 0)

= (4/Ac)(Es/Ec) + 2(1 - vs/Aw) A.

(12)

(2) The partitioning web is arranged at the only lon-
gitudinal direction (Pdx = 0)

= (4/Ac)(Es/Ec) + (1 - vs/Aw) A0

x (2 + (1 + Vs)Pdy)/l + Pdy

(13)

(3) The cross-sectional area of the lateral partitioning
web is equal to that of the longitudinal partitioning
web (Pdx = Pdy)

_ (1 - Vs)Pdy{l1+ (1 + Vs)Pdx}
0 (1 + Pdx)(1 + Pdy) - VS2 PdxPdy (7)

where Pdx = Apx/Aw, Pdy '= Apy/Aw in which Apx
and Apy are the cross-sectional areas of the partition-
ing web in X- and Y-directions, respectively and v, is
Poisson's ratio for steel plates.

Equivalent Young's modulus of the lateral and lon-
gitudinal bars of truss mechanism are determined as
follows. Gcy=

(4/Ac)(Es/Ec) + (1 - vs/Aw) A,
x (2/1 + (1 - Vs)Pdx)N 5

SX = (A sýs.~)
Esy- NYa•

(8)
(14)
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Table I
The Dimensions of the bars

Longitudinal bars Lateral bars Diagonal bars

Cross-sectional Area, Ai (A, + A,,)/2 (Aw + Apx)/2 Acid/2
Young's modulus, Ei IyEs IxEs Ec

Length, Li L L V2L
Nodal force, Ni Qtrus12 Qt..s/2 -'Qtruss

where

(0 + Pdx.)l + Pdy) -- vPdxPdy

0 (1 + Pdy)(l - Vs)(l + (0 + Vs)Pdx}

(0 + Pdx)(1 + Pdy) - VZPdxPdy
0tx (1 + Pdx)(] - Vs){1 + (1+ Vs)Pdy}

2.4. Cracking strength

If the axial force is loaded at one direction, the
cracking shear stress rc is expressed as follows.

2 2 (5
,= c + atov (15)

where at is the tension stress at cracking of concrete,
av is the nodal stress. The tension stress at cracking
of concrete may be estimated as follows (Collins and
Michell, 1991);

at = 0.33F-c (unit: Mpa) (16)

where Fc is the compressive strength of concrete.
Then, the cracking shear stress subjected axial force
will be presented as follows;

-c = 10.33 Fc (0.33 /Fc + v) (17)

Substituting Eqs. (17) in (2) gives,

c= (Ac + Aw) 0.a33/-• (0.33 ,Fc + a)

(18)

2.5. Yield strength

Yield strength is determined as the stress of the sur-
face steel plate satisfying von-Mises' yield criterion.

Cqc 1 + Pdx + VsPdyUy= -Qy
A,y -- (1 + Pdx)(1 + Pdy) - VsPdxPdy

CqsT'xy =-w Q y

where

(20)

Cq GcyAc
=GyAc + GsAw'

GyAG
Cqs = ~Ac,+ GA,

Substituting Eq. (19) in (20) gives yield strength (Qy).
Normally, the result is too complex to represent ana-
lytically. Therefore, a simplified condition, in which
the cross-sectional area of the lateral partitioning web
is equal to that of the longitudinal partitioning web, is
considered. Hence,

= k(Gc + Gs) *_Aw

a y ---- ÷+3k2 G2
(21)

where k = 1 + (1 - Vs)Pdx.

2.6. Maximum strength

As the maximum strength, the equation for the max-
imum strength of RC structure is applied similarly.
Then,

Qu = (Au A Yu = 6.0 x 10-3 (22)

ax -2 axay + cry2 + 3rxy2 = Cry* (19)

where ay* is the yield stress of the steel.
The effect of the axial force for yield strength is

assumed to be negligible. Therefore, stresses of the
surface steel plate are,

Cqc 1 + Pdy + VsPdx

A- (1 + Pdx)(1 + Pdy) - V~sPdxPdy

3. Research program I

3.1. Experimental program

The experimental program I involved the testing
of nine SC panels. These panels were subjected to
cyclic in-plane shear. Details pertaining to the panel
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-Stud boltl

~Partitioning Web

Edge reinforcing

Surface plate plate

Fig. 3. Load setup.

1255I

Fig. 2. Specimen properties (S3-00PS).

construction were shown in Fig. 2. The test panels
were 1200 mm x 1200 mm in plan dimension, with
a thickness of 200 mm. Only two specimens had a
partitioning web around the center of the panel. The
stud bolts were welded on the surface steel plate at
intervals of a ratio in which the pitch (B) of the stud
bolts was divided by the thickness (t) of the surface
steel plate, Bit = 30. This ratio, Bit = 30, was decided
by the experimental result that the buckling of the
surface steel plate did not appear before yield (Sasaki
et al., 1995).

Specimen test parameters are given in Table 2. The
test parameters were the thickness of the surface plate,
the partitioning web and the axial force. The sur-
face steel plate varied three thickness (2.3, 3.2, and
4.5 mm). There were two types of partitioning web.
One was the web that the stud bolts were welded,
and another was the web without stud bolts. The axial
force acted three levels (0.0, 1.47, and 2.94 MPa).

Uniform in-plane forces were applied to the panels
using the shear bolts test facility (Fig. 3). The facil-
ity was comprised of a self-reacting frame containing
eight hydraulic jacks. The loading stages are shown in
Table 3.

The concrete for each panel was hand-batched us-
ing 10rmm stone. The panels and test cylinders were

Table 2
Test specimen (research program I)

Specimens Surface steel Headed stud bolt Nodal force Partitioning web
plate (t) (mm) Pitch in welding (B) (mm) Diameters.(mm) B/t (MPa)

S2-00NN 2.3 70 4 30 0.0
S2-15NN 1.47
S2-30NN 2.94

S3-O0NN 3.2 100 5 31 0.0
S3-15NN 1.47
S3-30NN 2.94 -

S3-0OPS 0.0 Studs were welded
S3-OOPN Without studs

S4-00NN 4.5 135 9 30
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Table 3
Loading stages (research program 1)

Loading stages W 6 (1) ©() 0 0

Shear strain (x 10-3) 0.5 1.0 2.0 1.0 3.0 4.0 2.0 6.0 20.0

sealed and cured for 7 days and tested at approximately
80-180 days of age. The properties of concrete, deter-
mined from cylinders tested at the time of the panel
tests, are listed in Table 4.

Electric strain gage measurements were made in the
X-, Y-, and diagonal directions on both sides of the
steel plates.

3.2. Test results

A summary of test results is given in Table 4. The
response of all the specimens showed good ductility.
The ultimate shear strain reached and exceeded at the
level of 6.0 x.1 0-3. Especially, the specimen which had
a partitioning web in the center of the panel developed
this tendency.

Fig. 4 shows the envelopes of the load-deformation
relationships for the purpose of investigating the in-
fluence of the parameters.

Taking notice of the influence of the surface plate
thickness, as the surface steel plate become thicker, the
elastic shear modulus, the post-cracking shear modu-
lus, the yield strength and the maximum strength be-
come higher. The shear strain at the maximum strength
become smaller, as the surface steel plate become
thicker. If one defines ductility as ultimate to yield
strain, the ductility for panels S2-O0NN, S3-OONN and
S4-OONN are 3.76, 2.01 and 2.82, respectively. There
is the fact that increased steel plate thickness appears
to reduce ductility. This phenomenon was to be ex-
plained as follows. When the steel plate thickness was
increased, the shear capacity shared by the steel plates
was increased but the shear capacity shared by the
concrete was not increased (i.e. this experiment was
done under the common panel thickness.). Therefore,
if the steel plate thickness of a SC panel was increased,
the concrete was to be more damaged. So, the shear
strain at the maximum strength was reduced and the
ductility was reduced.

The axial force had no effect upon the elastic shear
modulus. However, the post-cracking shear modulus,
under the higher axial force, become slightly smaller.

The cracking strength was clearly affected by the axial
force. However, the yield strength and the maximum
strength was not so much affected by the axial force.
The influence for the shear strain at the yield strength
and the maximum strength was not clear.

The partitioning web made the post-cracking shear
modulus rigid. With the amount of the partitioning
web in this experiment, the influence for the yield
strength and the maximum strength was not remark-
able. The maximum strengths of these three specimens
were almost the same. However, the shear strains at
the maximum strength were different. The slip be-
tween concrete and partitioning web was supposed to
be the reason of this result. The concrete of S3-OOPN
and S3-OOPS were separated by the partitioning webs.
Then, subjected to in-plane shear, the deformation
takes place like that shown in Fig. 5. If the partition-
ing web had stud bolts (like panel S3-O0PS), the slip
would be reduced and the shear strain at the maximum
strength would be smaller than that of the no stud bolt
case.

The principal strains of the surface steel plate were
shown in Fig. 6. Except the specimens that the axial
force was loaded, the direction of the principal strain
was almost 45 'C.

In this experiment, buckling of the surface steel
plate before yielding was not observed. Therefore, the
ratio, Bit = 30, between the stud bolt pitch and the
thickness of the surface plate is considered as a good
standardization for the control of buckling of the sur-
face steel plate for SC panels subjected in-plane shear.

3.3. Consideration

Generally, as the axial force increases, the cracking
strength becomes higher. If the axial force is loaded in
one direction, the cracking shear stress r, is expressed
as follows.

2 2Tc = at + Uto'V (23)

where crt is the tension stress at cracking of con-
crete, o,, is the nodal stress. Then, from Eq. (16), the



Table 4

Experimental results

Specimen Steel

Yield stress, A, x Ap
Young's (cm

2
)

modulus (MPa)

S2-OONN 340 (1.97x10
5
) 53.5 (17.1)

S2-15NN
S2-30NN

S3-OONN 351 (1.99 x 10) 75.4 (16.9)
S3-15NN
S3-30NN
S3-00PS 75.4 (25.4)
S3-0OPN

S4-0ONN 346 (2.07 x 105) 104.9 (16.7)

Concrete Elastic shear Post-cracking Cracking Yield strength Maximum strength
modulus shear modulus strength "_

Compressive strength, Gc Gy Q, Y, Qy (kN) Yy (x 10-3) Qu (kN) Yu (x 10-1)
tangential stiffness (x 103 MPa) ( X 103 M/fPa) (kN) (x 10-')
(MPa) z

42.2 (2.72 x 10') 12.4 4.16 293 0.115 2290 (-2110) 2.50 (-1.99) 2960 (-2780) 9.41 (-6.12) M,
41.6 (2.77 x 104) 13.2 4.14 433 0.133 2330 (-2290) 2.71 (-2.21) 3110 (-2930) 10.00 (-6.02) .

42.0 (2.79 x 104) 16.4 3.69 542 0.168 2490 (-2570) 3.01 (-2.41) 3110 (-3200) 10.48 (-6.03) a

41.9 (2.71 x 104) 12.9 4.88 311 0.134 3070 (-3070) 3.01 (-2.00) 3610 (-3430) 6.05 (-6.03)
41.6 (2.67 x 104) 13.1 4.29 384 0.141 3130 (-3120) 2.99 (-3.01) 3760 (-3330) 7.99 (-6.01) t
40.1 (2.70 x 104) 11.9 4.67 385 0.186 3170 (-3080) 2.80 (-2.96) 3730 (-3550) 5.57 (-5.63) 6
41.9 (2.71 X 104) 13.1 5.81 . 350 0.141 2680 (-2640) 1.93 (-1.97) 3580 (-3220) 10.87 (-5.98)
39.9 (2.72 x 104) 16.4 4.92 271 0.113 2350 (-2390) 2.01 (-2.03) 3510 (-3060) 17.00 (-6.02)

42.8 (2.76 x 104) 16.4 8.22 349 0.103 3510 (-3560) 2.01 (-2.00) 4100 (-3790) 5.67 (-4.00)
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Fig. 5. Deformation of SC panel having a partitioning web.
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Fig. 6. Principal strains (before cracking).

direction of the principal tension stress will be pre-
sented as follows;

0 = ltan- 1 2rc

2 av

= I tan- 1 (0.33IT, )2 + 0.33Tc (24)2 \ a, / aV

The directions of cracks occur at an angle of the di-
rection of the principal tension stress. Therefore, from
Eq. (24), the calculation results of the cracking an-
gle are shown as black points in Fig. 7. In this fig-
ure, the range of experimental results are shown as
bands (for example, in S2-30NN, the range of exper-
imental results is from 52 to 630). This figure shows
the influence of the axial force for .the cracking an-

S2-ooNN . ........ 0 - ....... ......... ........

S2-1 5NN -
S2-30NN

.......-- ..... ... .......... ......... .-
S3-15NN ...... .........
S3-30NN

S4-OONN .. .... . ...... .....

40 45 so 55 so 65
Cracking angle (I

Fig. 8. Cracking stress.

gle, which the axial force become bigger, the cracking
angle become larger. Moreover, this figure shows the
good agreement between the results of Eq. (24) and
the experimental results.

Fig. 8 shows the cracking stress with other experi-
mental results of SC structures and reinforced concrete
(RC) structures. The cracking strengths are scattered
widely, but the tendency of the cracking strength of SC
structures and RC structures has no difference. The re-
sults of a panel subjected to in-plane shear are smaller
than the results of a wall subjected to bending-shear
load. The differences of these two results are consid-
ered as the influence of rigid frame. The experimen-
tal result described in this paper is the results under
pure shear loading. However, real structure has flange
walls, rigid floor slabs and frame girders. Cracking
strength is considered to be the most sensitive strength
in these elements. Therefore, the cracking strength of
the wall subjected to bending-shear load is more sim-
ilar to the actual situation than the cracking strength
of the panel subjected to in-plane shear load. In con-
clusion, the cracking strength of SC structure is to be
expressed Eq. (18) in the same way as RC structures.

Fig. 9 shows the relationship between the yield
strength and the amount of the surface steel plate
(PwUy : Pw =. Aw/Ao). The yield strength increase
linearly as the amount of the surface steel plate in-
crease.

3.4. Applicability of equations

Fig. 10 shows the comparison between the calcu-
lated results and the experimental results. Except theFig. 7. Cracking angles.
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Fig. 9. Qy - pw"-• relationship.

cracking strength, the figure shows the good agree-
ment between the calculated results and the experi-
mental ones.

Fig. II shows the comparison in the point of view
of the envelope of the load-deformation relationships.
The calculated results presented good accuracy for the
experimental ones.

4. Research program !1

4.1. Experimental program

The experimental program II involved the testing of
six SC panels having an opening. These panels were

subjected to cyclic in-plane shear. The test panels were
1200 mm x 1200 mm in plan dimension, with a thick-
ness of 200 mm. Typically, the panels had an open-
ing at the center of the panel. There were two types
of openings: a circular opening and a square opening.
Whichever the types of the opening, the square root
of the ratio of the opening area divided by the area of
the SC panel was 0.15 in common. The comer of the
square opening had a small curvature.

The results of these six specimens will be compared
with the specimen without opening involved research
program I, which called S3-O0NN.

The reinforcement around the opening had two
variations made of steel plate: sleeve reinforcement
and plate reinforcement. The plate of the sleeve had
4.5 mm thickness for circular openings and 2.3 mm
thickness for square openings. The plate reinforce-
ment has a common thickness for the surface plate
(3.2 mm). The reinforcement area had a half of the
opening diameter width.

The reinforcing steel plate was 3.2mm in com-
mon. Details pertaining to the panel construction were
shown in Fig. 12. Specimen test parameters are given
in Table 5.

The concrete'for each panel was hand-batched us-
ing 10 mm stone. The panels and test cylinders were
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Reinforcing plate

,~ ~Stu bolt _
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Fig. 12. Specimen properties (S3-00RP).

sealed and cured for 7 days and tested at approximately
80-180 days of age. The properties of concrete, deter-
mined from cylinders tested at the time of the panel
tests, are listed in Table 7.

Uniform in-plane forces were applied to the panels
using the shear bolts test facility (Fig. 3). The facil-
ity was comprised of a self-reacting frame containing
four hydraulic jacks. The loading stages are shown
in Table 6. To investigate the condition under large
scale deformation, three loading stages were added for
the loading stages of three specimens having a square
opening (S3-O0RN, S3-O0RR, S3-O0RP) and one of
the specimens having a circular opening (S3-OOHP).

The wire strain gage was used for the investigation
of strain concentration near the opening and the in-
clination to decrease of strain concentration from the
edge of the opening.

Electric strain gage measurements were made in the
X-, Y-, and diagonal directions on both sides of the
steel plates.

4.2. Test results

A summary of test results is given in Table 7. In all
specimens, the cracking strength and the yield strength
each appeared at almost the same shear strain.

The shear strain at the cracking strength of the stan-
dard specimen was almost equal to those of the spec-
imens having a opening, and the shear strain at the
yield strength of the standard specimen was almost
equal to those of the specimens having an opening, too.
However the shear strains at the maximum strength
of the specimens having an opening were almost two
or three times as large as those of the standard spec-
imen. Therefore the discussion of the reduction ra-
tio of the maximum strength, which is based on the
standpoint putting only the strength in question not
the shear strain, is not good for the determination of
the skeleton curve of SC panels having an opening.

Therefore we will determine the nominal ultimate
strength. Other experimental study which planed for H
shaped specimens constructed by SC shown the shear
strain of 6.0 x 10-3 at the maximum strength (Sasaki

Table 5
Test specimens (research program II)

Specimen Thickness of Stud Types of opening Reinforcement
surface plate ( Pitch (B) Diameter B/t

S3-00NN
S3-00HN Circular opening (diameter = 207) -

S3-0OHR Sleeve
S3-0OHP 3.2 100 5 31 Plate
S3-00RN Square opening (180 x 180) -

S3-00RR Sleeve
S3-O0RP Plate

Table 6
Loading stages (research program 11)

Loading stages (D W

Shear strain (x l0-3) 0,5 1.0 2.0 1.0 3,0 4.0 2.0 6.0 12.0 17.0
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Table 7
-Experimental results

Specimen Material properties Experimental results

Concrete Steel plate Cracking Yield strength Ultimate Maximum Elastic Yield
strength strength strength stiffness stiffness

orB (at) E. (v,) uy E. (vs) Q& (Yc) Qy (Yy) Q* (y*) Qu (Yu) Gý Gy

S3-OONN 41.9 (2.83) 2.71 (0.200) 349 1.99 (0.274) 311 (0.134) 3070 (3.01) 3610 (6.05) 12.9 4.26
S3-00HN 42.4 (3.14) 2.70 (0.200) 348 1.98 (0.282) 254 (0.127) 2230 (2.01) 2920 (6.00) 3240 (19.1)
S3-OOHR 42.4 (3.24) 2.71 (0.210) 355 2.00 (0.279) 270 (0.082) 2710 (3.01) 30606(5.63) 3580 (17,9) 14.9 3.75
S3-OOHP 31.7 (2.85) 2.72 (0.193) 380 1.93 (0.267) 251 (0.129) 2510 (2.38) 3470 (5.94) 9.53 4.39
S3-OORN 32.9 (2.78) 2.66 (0.194) 386 2.00 (0.269) 146 (0.075) 2160 (2.45) 2800 (6.10) 3020 (11.9) 10.8 3.67
S3-OORR 32.1 (2.76) 2.49 (0.186) 385 1.99 (0.272) 250 (0.082) 2170 (2.43) 2930 (6.05) 3350 (11.4) 12.7 3.72
S3-OORP 32.7 (2.76) 2.66 (0.193) 369 2.01 (0.281) 246 (0.115) 2500 (2,86) 3060 (6.15) 3210 (11.5) 11.8 3.65

Note. Material properties unit UButory (MPa), Ec (x 104 MPa), E, (x 104 MPa).
Ultimate strength: strength at shear strain of 6.0 x 10-3.
Experimental results: unit QcQyQu (kN), YcYyYu (x 10-3), GcGy (x l03 MPa).

et al., 1995). Considering the results of this experi-
mental study and the result of the standard specimen
from this study, we determine the ultimate strength at
the shear strain of 6.0 x 10-3.

By the reinforcement around the opening, the
strength of the specimens having an opening tends
to increase in comparison with the strength of those
without reinforcement.

4.2,1. Load-deformation relationship
Shear load-deformation response are given in

Fig. 13. The load-deformation response were very
ductile. Except for the standard specimen, ultimate
response of deformation for six specimens having an
opening were determined by the limitations of the
deformational capacity of the used facility (around
17.0 x 10-3). The specimens which reinforced with
steel plate observed small cracking in the comer of the
square opening at the loading stage of the shear strain
of 12.0 x 10- 3 . But the cracking had not immediately
grown at the end of the all load stages.

The comparisons of the responses from the point of
view of the load-deformation envelope are shown in
Fig. 14. In the range of the reinforcement of this ex-
periment, the plate reinforcement was more effective
than the sleeve reinforcement. Then a discussion of
the relationship between the amount of the reinforce-
ment and its effectiveness will be made.

4.2.2. Ultimate condition of concrete
The ultimate cracking pattern of concrete is shown

in Fig. 15. After all loading stages, the surface plates

were driven from the specimen to observe the ultimate
cracking pattern of concrete. Fig. 15 shows that the
cracking pattern of SC panels is very sparse.

4.2.3. Strain near opening
The strain distribution near the opening (eo) is

shown in Fig. 16. In these figures, the dotted lines
show the distributions of the strains calculated elas-
tically, and the black dots show the experimentally
measured results for various stages of loading. The
figures show that, after yielding of the steel plate, the
effect of the strain concentration close to the open-
ing is significant, but that it is negligible far from
the opening (530mm from the center) at all loading
levels. The strain concentration near the opening and
shear strain relationship is shown in Fig. 17.

The strain near opening of the specimen without
reinforcement increased almost linearly by ,the shear
strain increase. But the strain of the specimen with
reinforcement checked the increase of the shear strain.

4.3. Consideration of the experimental results

4.3.1. Reduction ratio due to opening for stiffness or
strength

We determined the reduction ratio due to the open-
ing for tangential stiffness, yield strength and ultimate
strength (KI, K 2, and K3 ). Fig. 18 shows the determi-
nation of each of them. In the experiments, the con-
crete properties were not uniform. Therefore we tried
to standardize the reduction ratio by way of the mul-
tiplication of the square root of the concrete strength
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Fig. 14. Comparison about envelopes.

Fig. 15. Ultimate cracking patterns of concrete.

of the standard specimen divided by that of the spec-
imen having an opening. Fig. 19 shows the results of
the calculation for the reduction ratios. The results of
the calculation were based on the reduction ratio for
reinforced concrete wall. That is,

(1) Design recommendation in Japan for the wall
having opening (Architectural Institute of Japan,
1999) is,

in except that the term h0/olo/hl shali not exceed
0.4.

(2) Ono and Tokuhiro (1992) proposed as follows,

Yot = (26)
V hi

where h is the height of wall and I is the length
of wall, and ho is the height of opening and 1 is
the length of opening. Ac is the compression field
area of the wall.

The results of Eqs. (25) and (26) show good agree-
ment with the experimental results. So, for SC panels,
these equations for RC walls represent good applica-
bility.

4.3.2. Effectiveness of the amount of reinforcement
The effectiveness of reinforcement in terms of the

total amount is shown in Table 8. The effectiveness for
yield strength and ultimate strength is focussed herein.
We consider the effectiveness as the amount of steel
reinforcement. Hence,

Aq
Strength per total amount of reinforcement = --

qs

(27)

where Aq is the difference in strength between the re-
inforcing specimen having an opening and the spec-
imen having an opening without reinforcement. qs is
the total amount of the reinforcement.

TFable 8 shows the effectiveness of the reinforce-
ment of the steel plate is more effective than that of
the sleeve reinforcement. So, finite element analysis
is discussed in the next chapter for the reinforcement
using the steel plate.

4.4. Finite element analysis

4.4.1. Introduction
The basic response of SC panels having an open-

ing and subjected to in-plane shear was investigated
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using the approach described above. But experimen-
tal data was insufficient to describe the behavior at the
reinforcement. Then the finite element analysis was
used for the investigation of the relationship between
the reinforcing area and reinforcing thickness. Loads
were monotonically increased in constant ratio until
failure occurred.

4.4.2. Analytical model
The analytical models were 1200 mm x 1200 mm in

plan dimension with a thickness of 200 mm, the same

yc Yy

Fig. 18. Determination of reduction ratios.
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Fig. 20. Analytical model (square opening) (circular opening).
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a.as the test panels. But in this analysis, using symmetry,
one-quarter the test panel was modeled (Fig. 20). The
thickness of the one side surface plate was modeled
as 2.00 mm. The scale of the opening was the same
as the test panels. The partitioning web was modeled
as a rod element because the partitioning web carried
mainly axial force. The stud bolts were not considered
for the analytical model.

Analytical model parameters are opening types
(circular opening and square opening), thickness of
the reinforcement steel plate (a half, equal, twice the
surface steel plate thickness) and the width of the
reinforcement (0.25, 0.50, 0.75, 1.00 times of the
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Fig. 21. Experimental results and analytical results.

diameter of circular opening or the side of square
opening).

Before the analysis described, the test analysis was
done to evaluate the accuracy of this method.

Table 8
Effective strength

Specimen Concrete Yield strength Ultimate strength Amount of Effective strength
strength (MPa) y ( steel, qs (cm3 ) Qy

S3-00HR 42.4 2710 74 3060 22 599 124 37
S3-00HP 31.7 2510 104 3470 168 701 148 240
S3-0ORR 32.1 2170 6 2930 29 173 35 168
S3-OORP 32.7 2500 60 3060 47 680 88 69



242 M Ozaki et al. /Nuclear Engineering and Design 228 (2004) 225-244

Cd

14

0

C,

- 1.5

'-'. 1.4
0.

1. 3

0.9

,Circular opening

s'Plate reinforcement: KI(

1.0t series 2.Ot series1/2t series! -w - ------ .. . .. .A

U.R

0.0 0.5 1.0 ' .5 2.'0 '.5 30 3.5 4.0 4.5

Reinforcing area/Lost surface plate area

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 .4.5

Reinforcing area/Lost surface plate area

Cd"

0.2

1.4

1.3

1.2Z

'1.1

'0.9

0. 8

Circular opening.Plate reinforcement: K2

1.0t series 2.0t series .-- ."

1/2t series _:"7_- - '

79

0

>,j

0'

1. 5

1.4

1. 3.

1.2

1.10

1. 0

0.

A.8S

Square opening
Plate reinforcement: K2,

2.Ot series - .
1 1.0t series - A .1/2t series - ••...

0.0 0.5 1.0 0..5 .2, 2.5 3.0 3.5 4.0 . 5

Reinforcing area/Lost surface plate area
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Reinforcing area/Lost surfaceplate area

en

en1

a

"o
.0

Cr)
N

~0*

0

Cd

a
0

1. 5

1.4

1. 3

1. 2

1. I

I.0

0. 9

0.8

Circular opening
Plate reinforcement: K3

1....eris 2.Ot series -.-r .0t sernes -
1/2t series .- •''""

CO

.0

!.5

N" Square opening
* Plate reinforcement: K3

2.0t series -

02 •,z -1.Ot series *..:.---

10 1/2t series
0. 9

00 0.5 1.0 1.5 2: D 2.5 3.0 3.5 4.0 4.5

Reinforcing area/Lost surface plate area

0.0 0.5 1.0 1.6 2..0 '. 5 3.0 3.5 4.0 4.5

Reinforcing area/Lost surface plate area

*, E,A;Analytical'results
0 .;Experimental results

(OS ; Sleeve reinforcement)

Fig. 22. Reduction ratios and reinforcement.

4.4.3. Constitutive relations
Constitutive relations generally used for RC struc-

tures were applied in this analysis. The stress-strain
relationship in compression was modeled after Fafitis
and Shah (1985) and Darwin and Pecknold (1977). In

tension, tension stiffening was considered after lzumo
et al. (1987) (parameter c = 0.8). Shear transfer on
crack surface was considered after A1-Mahaidi (1979).
Stress-strain relationship for steel plate was modeled
in bi-linear.
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4.5. Analytical results

The load-deformation relationship of the test anal-
ysis was shown in Fig. 21 in comparison with the
experimental results. They were in good agreement.
Therefore, the constitutive relationships described be-
fore have good accuracy for SC panels not only for
RC structures.

The reduction ratios due to openings derived by the
analysis are shown in Fig. 22. This figure shows the
reduction ratio can be represented only as the amount
of the reinforcing steel plate. The vertical axes show
the quotient of strength or stiffness, which is the re-
duction ratio, given from the finite element analysis,
divided.by the reduction ratio calculated from Eq. (25).
The horizontal axes show the quotient of reinforcing
area, which is the reinforcing area in the section di-
vided by the lost area of the surface steel plate for the
opening. The figure shows that the quotient Of strength
or stiffness increases linearly as the quotient of rein-
forcing area increases. Especially, the quotient of the
yield strength and the ultimate strength show the same
results. These analytical results show the quotient of
strength or stiffness depends only on the quotient of
the reinforcing area, not on the width of the reinforc-
ing area.

4.6. Consideration of the analytical results

4.6. 1. Reduction ratio considering reinforcement
If we were able to evaluate the strength or stiffness

by the calculation method based upon rational theory,
the effect of reinforcement could be considered for the
reduction ratio for the opening.

Practically, the calculation method for SC struc-
ture was based upon rational theory (truss mechanism)
and the results of the calculation method are in good
agreement with the experimental results (Takeda et al.,
1995).

Therefore, the reduction ratio for SC panels could
be considered to be caused by the effect of the rein-
forcement, except for the reduction ratio for tangential
stiffness, K1. KI is not included because it is insuffi-
ciently affected by reinforcement (Fig. 22). And the re-
duction ratios for yield strength and ultimate strength
considering the effect of reinforcement were almost
equal. Then we will determine these two reduction ra-
tios as the same, K. As the results, the reduction ratio

considering reinforcement is given by the recursion
formula of the results of the finite element analysis.

Hence,

In case of circular opening; K' = 0.065rs + K

In case of square opening; K' = 0.057r, + K (28)

where r, is the quotient of reinforcing area, which is
the reinforcing area in the section divided by the lost
area of the surface steel plate for the opening. K is the
reduction ratio for the panel without reinforcement.
The results of these equations shall not exceed 1.00.
These equations will be applied only for the reduction
ratios for yield strength and ultimate strength.

The dotted line in Fig. 22 show the calculated results
of Eq. (20).

5. Conclusions

The experimental and analytical study of the steel
plate reinforced concrete structures (SQ subjected to
in-plane shear was carried out.

The conclusions of the research program I are as
follows:

(1) The yield strength increased linearly as the thick-
ness of the surface steel plate increased.

(2) The cracking strength was influenced by axial
force. However, the influence of the other strength
was not remarkable.

(3) The partitioning web made the stiffness almost
rigid. The influence of the strength was not re-
markable.

(4) The equations based on truss analogy at
post-cracking behavior were derived.

(5) The proposed equations were in good agreement
for the experimental results.

The conclusions of the research program 11 are
mainly given in the following:

(1) Although specimens have an opening, the re-
sponses under loading were very ductile.

(2) Strain near an opening increase linearly as the
applied load increase. But the reinforcement kept
the strain in lower value.

(3) The reduction ratio for the panel having an open-
ing can be estimated by the calculation method
for RC structure.
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(4) A calculation formula of the reduction ratio by
opening considering the effect of reinforcement
was proposed.
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