
.-

NUREG/CR-6486
BNL-NUREG-52520

Assessment of Modular
Construction for Safety-Related
Structures at Advanced Nuclear '

Power Plants

.

J 'e m n, R. Morante, C. Ilofmayer

Brookhaven National Laboratory

Prepared for
U.S. Nuclear Regulatory Commission

O'pb

1

till)llifill!II@@!II
!!R*248RH 332
CR-6486 R PDR

,

, m .



_________ ____ _ _ _ _ _ ----

i

e

AVAILABluTY NOTICE

Availabiltty of Reference Matenafs CRed in NRC Puolcations

Most documents cited in NRC publecations wfil be ava:lable from one of the following sourcer:

1. The NRC Pubhc Document Room 2120 L Street, NW., Lower Level. Washington. DC 20555-0001

2. The Superintendent of Documents.1).S. Government Pnnting Office, P. O. Box 37082 Washington. DC
20402-9328

3. The National Technical information Service, Spnngfield, VA 22161-0002

Although the listing that follows represents the majonty of documents cited in NRC pubhcations, it is not in-,

tended to be exhaustive.

Referenced documents available fee inspection and copying for a fee from the NRC Public Document Room
include NRC corre;pondence and internal NRC memoranda: NRC bul!etins, circulars, soformation notwes. in-
spection and invettigation notices: licenses event reports; vendor reports and correspondence: Commission
papers; and applicant and licensee documents and correspondence.

The following documents in the NUREG series are availante for purchase trom the Government unnting Office:'
forma! NRC staff and contractor reports, NRC-sponsored conference proceedings, international agreement
reports, grantee reports. and NRC booktets and brochures. Also available are regulatory guides, NRC regula-
tions in the Code of Federal Regulations, and Nuclear Rngu story Commission Issuancas.

Documents available from the National Technicalinformation Service include NUREG-series reports and tech-
nical reports prepared by other Federal agencies and reports prepared by the Atomic Energy Commission,
forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and specla!technscallibraries inclJde an open literature items, such as books.
journal articles, and transactions. Federal Register notices, Federal and State legislation, and congressional

'

reports can usually be obtained from these 1.braries.

Documents such as theess, dissertations, foreign reports and translations, and non-NRC conference pro-
ceedings are avaltable for purchase from the orgPD!2ation sponsonng the publication etted.

Sagle copies of NRC draft reports are available free, to the extent of supply, upon written request to the Office
of AdmMistration, Distribution and Malf Sorvices Section U.S. Nuclear Regulatory Commission. Washington,
DC 20555-0001.

Copies ofindustry codes and standaras used in a r.ubstantke manner m the NRC regulatory process are main-
tained at the NRC Ubrary, Two White Flint North.11545 Rocevirle Pike, Rockville. MD 20852-2738, for use by
the pubile Codes and standards are usua9y copyrighted and may be purchased from the onginating organiIc-
Don or, if they are American National Standards , from the Art erican Nabonal Standards Instituto.1430 Broad-
way, New York, f(Y 10018-3308.

DISCLAIMER NOTICE

This report was prepared as an account of work sponsored by an agency of the United States Govamment.
Neither the United States Govemment nor any agency thereof, rnr any of their employees, makes any warranty,
expressed or implied, nr assumes any legal liability or responsibitity for any third party's use, or the results of
such use, of any information, apparatus product, or process disclosed in this report, or represen:s that its use
by such third party would not infringe pr:vately owned rightc.

|
l

, , y .
. . . _ _ _ _ _



. . . _ _ _ _ _ . _ _ _ . . _ - _ . _ . - _ - _ _ . . ___._. __ _ _ .

i

NUREG/CR-6486-

'

BNL-NUREG-52520-

|
..

. .

:
;

Assessment of Modular
Construction for Safety-helated
Structures at Advancec. Nuclear
Power Plants

Manuscript Completed: February 1997
Date Published: March 1997

Prepared by
J. Braverman, R. Morante, C. Hofmayer

Brookhaven National Laboratory
Upton, NY 11973 - 5000

H. Graves, NRC Project Manager

Prepared for
Division of Engineering Technology
OfDee of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001
NRC Job Code L2261

|



. . . - - - . .. . . . - - . .- - - - .. . - .. . . . . - - _ . . - _ . .

;

1

!

r

!

NUREG/CR-6486 has been
reproduced fross the best available copy

I
i

|

|

|

1

I

,

|
1

l

{
.

I

!

i

i
i

-- --- __ __ ._ ._



._ _ --

ABSTRACT
,

'

Modular construction techniques have been successfully used in a nunber ofindustries, both domestically and internationally.

Recently, the use of structural modules has been proposed for advanced nuclear power plants. The objective in utilizing modular

constmetion is to reduce the construction schedule, reduce construction costs, and improve the quality ofconstmetion. This

report documents the msults of a program which evaluated the proposed use of modular coastruction for safety-related structures

in advanced nuclear power plant designs. The program included review of current modular construction technology, development

oflicensing review criteria for modular constmetion, and initial validation of currently available analytical techniques applied to

concrete-filled steel structural modules. The program was conducted in three phases. The objective of the first phase was to

idcotify the technical issues and the need for further study in order to support NRC licensing review activities. The two key
findings were the need for supplementary review criteria to augment the Standard Review Plan and the need for vxified

design / analysis methodology for unique types of modules, such as the concrete-filled steel module. In the second phase of this
'

program, Modular Construction Review Criteria were developed to provide guidance for licensing reviews. In the third phase, an

analysis effort was conducted to determine if currently available finite element analysis techniques can im used to predict the
response of concrete-filled steel modules.

i

,
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EXECUTIVE SUMMARY
1

1

;

Advanced reactor plants will be designed to maximize the benefita which can be obtained through the use of mcdular

construction. Module designs attempt to maxmure the use of standardized elements with consideration for space provisions,

shipping, handling storage, and interfaces. As a result ofits proposed use in advanced reactor designs, the U.S. Nuclear

Regulatory Commission sponsored a program to study the reliability ofmodular construction. He purpose of this study was to

evaluate the application of modular construction to safety-related structures in advanced nuclear power plant designs. The types
of modules include steel / concrete composite floors, beams, and columns; cmcrete-filled steel modules; structural steel modules;
precast concrete modules; and prefabricated rebar mats, cages, and subassemblies.

:

The research effort consisted of three phases. In Phase 1, modular construction practices used throughout the world were
,

renewed. This was performed by surveying existing standards, tests, and practices relating to the use of structural modules. The '

use of structural modules in the nuclear and non-nuclear industry was reviewed. As part of this effort, the important issues

cffecting the use of structural modules in nuclear power plants were identified. Section 2 of this report presents the results of the,

survey of modular construction practices, Section 3 describes the specific structural modules proposed for the AP600 and SBWR
| plants, and Sectim 4 nunmarizes the Icey issuca

One of the fmdings of the Phase I effort was the need for specific licensing criteria for the use of structural modules in nuclear

power , iants. Therefore, the Modular Construction Review Criteria were prepared to provide guidance for use in licensing
review activities. The purpose of this document is to supplement criteria tha:is already presented in the NRC Standard Review

Plan. A sumraary of the Modular Construction Review Cnteria is presented in Section 5.,

A trw type of suuctural element, the concrete-filled steel modde, has been proposed for the AP600 simplified passive advanced
;

ligln water reactor. in Japan, tlus tyg of module is being studied for use in their nuclear powcr phut cmstruction programs. The
techniques used for analysis and desi,m of concrete-filled steel modules are not well defined. In addition, exir:ing codes and

standards do not specifically cover this type cf module. To pennit the practical and efficient applicatico of the concrete fdled
i

steel module end to satisfy licensing requirernents, the structural behavior for this type of structure must be well tnden;tooi

Therefore, an initial validation effort was performed to determine if currently hvailable analytical methods could be used to pmdict
the response of concrete-filled steel modules. A Japanese study, which contained detailed test data on a concrete-filled steel

module was selected. A three dimensional finite element ruodd of the rest specirnen was developed and analyzed for compressive

loading up to the uhimate capacity. A description of the validation effort and the results are presented in Section 6.

L: tion 7 of the report presents the overall cornlusions and recommendations of this program Modular construction nplied to
safety-related structures in advanced reactor designs can be a major contributor toward improving the cost competitiveness of

nuclear power. To *oe optimally effective, a high level of planning and coordination must be achieved, from the initial design

concept through campletion of construction. Unique fabrication, handling, transportatim, and field assembly / fit-up activities
must be perfbtred in a manner which preserves the design integrity of the as-built, finirhed structure. The Modular Construction

Review Criteria were developed to address these special requirements. For unique stractural module desips, such as the

concate-ftlied steel module, verification nNesip/ analysis methods is necessary, in the absence of accepted industry codes and
standards. To this end, validation of analytical methcds by comparison to test data is recommended. The limited validation effort

conducted under this program demonstrated the capabili:y of a emvently available finite element method to predict the stmetural
r esponse of a specific configuratica subjected to corr.pressive loads.

Several recommendations are also suggested to verify the safe a;) plication ofconcrete-filled steel modules in nuclear power plants

within the United States. They include expanding the validation effort to other configurations an;l other loadings (shear and

bendmg) and purruing ri cooperative program with Japan which has recently begun a major muhi-year modular construction
research program to evaluate the behavior of concrete-filled steel modules.

,
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1 INTRODUCTION

1.1 Background needed in order m support NRC licensmg review activities.
Phase I is summarized in Sections 2,3, and 4. Appendix A

Modular construction techniques can be applied to many Provides the complete documentation of the Phase I effort.

structures found in adveced reactor plants The Electric
Power Research Instis a's (EPRI) program on Advanced The second phase (Phase II) was performed to develop

Light Water Reactors (ALWRs) recognized this and the Modular Construction Review Criteria which provide

associated benefits of a reduced enstruction schedule and guidance for use by the NRC staffin licensmg review

lower costs. In the Utility Requirements Document (Ref. activities. This effort was necessary because the Phase I

I), EPRI has mandated that ALWR plants be designed to w rk confirmed that no specific document prosides

maxmuze the benefits of modular construction techniques. guidance or criteria for the application of structural modules

The Utility Requirements Document lists examples of m nuclear power plants. Section 5 summarizes the criteria

modules which have been previously developed and developed in Phase II. Appendix B provides the complete

represent the muumum level ofeffort expected for ALWRs. d cumentation of the PhaseIl effort.

These include: basemat reinforcing steel assemblies;
reactor vessel pedestal structural steel; reactor vessel nozzle The third phase (Phase III) was implemented to validate

support ring; containment vessel or liner plate; refueling currently available analytical methods for a unique type of

pool and spent fuel pool liner plates; and precast concrete structural module: the concrete-filled steel module. No

walls, beams, and slabs (where practical). generally accepted design / analysis methodology currently
exists for this type of module. Section 6 provides the results
fPhase III.Several proposed advanced reactor designs utilize modular

construction to shorten the construction schedule and reduce
costs, thereby making these plants more competitive with I.3 Scope
alternative sources of power. These benefits are achieved
by fabricating stmetural modules in off-site facilities in The scope of this study covers safety-related structural
parallel with other fabrication and constmetion related modules that may be used in advanced nuclear power
activities. An additional benefit should be improved plants. The type of modules include steel / concrete
construction quality. To be successful, the use ofmodular composite floors, beams, and columns; concrete-filled steel
construction techniques should be factored into A: modules; structural steel modules; precast concrete
conceptual design phase. Engineering should be modules; and prefabricated rebar ma's, cages, and
substantially complete prior to start of construction, in order subassemblies. A more detailed description of these
to maxmuze the use of standardized elements. modules and their application to advanced reactors is

provided in Section 3. The advanced reactor designs
As a result of the proposed use of modular construction in resiewed during Phase I were the Westinghouse AP600 and
advanced reactor designs, the U.S. Nuclear Regulatory the General Electric SBWR.
Commission sponsored a research program to study the
reliability of modular construction applied to safety-related The key issues addressed in this study include: (1) strength,
nuclear power plant structures. (2) ductility, (3) stiffness and stiffness degradation, (4)

reliability ofjoints and connections, (5) damping values,

1.2 Objective e,d (6) QA/QC for design, constmetion, and transportation.
Identification of other important issues and parameters was

The objective of this study was to evaluate the proposed also part of the Phase I effort.

application of modular construction to safety-related
structures.in advanced nuclear power plant designs. The
study was separated into three phases, which were
performed sequentially.

!

The first phase (Phase I) consisted of resiewing modular '

construction practices used throughout the world. This
'

included both nuclear and non-nuclear applications of
modular construction techniques. This resiew was
performed by surveying existing standards, tests, and
prcctices that have been used in modular constmetion with
the goal ofidentifying what issues exist and what more is

1 NUREG/CR-6486
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2 SURVEY OF MODULAR CONSTRUCTION PRACTICES

The initial effort in Phase I was to survey current practices non-marine projects have included a sulphur recovery unit,
and activities related to the use of modular construction. hazardous and toxic waste treatment systems, and a
The review covered both nuclear and non-nuclear hydroelectric power plant. The last example involved a
applications within the United States and around the world. large powerhouse module, approximately 456 x 150 x 120
he U.S. Department of Energy (DOE) has sponsored a feet, which was floated from its shipyard construction
number of studies on the use of modularization in nuclear location to its final location a distance of 208 miles up the
power plants as part of DOE's technology programs. Japan Mississippi River [Ref 10]. The shipbuilding and
has already utilized prefabrication and modular construction petrochemical industries have used modular construction<

techniques in recent nuclert power plants. In addition, techniques a great deal and appear to offer the best
numerous tests and studies have been performed in Japan to examples for technology transfer to the nuclear industry.
understand the behavior ofconcrete-filled steel type The fossil power industry is also studying power plant
structural modules. These sources were surveyed to learn modularization and formed a workin8 Eroup to identify the
what progress has been made, what are the significant major issues [Ref 11].
issues and concems; and what additional work is needed to
support NRC licensing activities for ALWR's. The Advanced Light Water Reactor Utility Requirements

Document developed by the Electric Power Research

2.1 Overview Institute [Ref 1] includes a requirement that ALWR plants
"be designed to maximize the benefits which can be

A Technology Transfer Task Team on Modularization was btained through the use ofmodular construction

formed by DOE to survey the current use ofmodular techniques? Westmghouse is applying modularization

construction in the nuclear and non-nuclear industries and to concepts in the design of the AP600 [Refs.12 and 13]. The

assess and evaluate the techniques available for potential major application of modular construction in this design is
,

the use yc neretefdled steem dules melude steel (leave m| plate structures. Otherapplication to nuclear power [Ref. 2]. The major objective
of the team was to identify methods which utilities could -place) form modules, and

tpply to better control nuclear plant construction costs and c9uipment modules. General Electric has also proposed a

schedules, as well as total power generation costs over the large scale modularization scheme for the SBWR [Ref 14].
lifetime of a nuclear power plant facility. A major In this design GE is considerinF the use of rebar modules

conclusion reached by the Task Team is that the use of f r pml walls, diaphragm floor modules, rebar modules for

modularization could result in a 12 percent reduction in the RPV pedestal, containment wall Imer modules, vent

total capital costs compared to nuclear pinnts built in a wall modules, and pool liner plate modules. Details of the
conventional manner. In addition, it was estimated that the stmetural rnodules proposed for use m the design of the

overall construction schedule could be reduced from 8 years AP600 and SBWR are discussed in Section 3.
,

to 6 years.
Modularization has also been considered in the design of

DOE sponsored additional studies regarding the use of ther advanced reactors such as the Sodium Advanced Fast
modularization in nuclear power plants. Duke Power Reactor (SAFR), the Modular High Temperature Gas-

Company performed the Design for Constructability cooled Reactor (MHTGR), and the Prototype Reactor

Program with the overall goal ofidentifying and addressing Inherently Safe Module (PRISM) [Ref 15] and the

changes in the nuclear industry to restore nuclear energy as CANDU3 Reactor. As part of the studies for these designs,

f an attractive option. The results of this program are new techniques for partial preassembly of concrete
'

contained in an extensive four volume report [Refs. 3 - 6]. structures have been developed. Studies were also

Stone & Webster Engineering Corporation (S&W) also performed to and in the development of gmdelines for

conducted studies to improve constructability and to transporting modules, m, terface control and cost estimating.

simphfy the design offuture nuclear plants. References (7] The authors of Reference 15 provided a very concise

and [8] report on two of the seven tasks perfonned by definition of a " module,",which is also directly applicable
S&W. The results of the Duke and S&W studies as they to the manner m which it is used in this report. The term

reltte to modular construction are discussed in Section 2.2. "madgls"is defined to be "a maior system or structural

abassembiv. which can be assembled and tested in an

A comprehensive system ofmodular construction employed fisite or out-of-nosition location. and installed by field

by Avondale Industries is described in Reference [9]. The I I "' "" " "I""I* "I* * ~

| system was developed for marine programs, based on

approaches used in Japan. They are now expanding their It is apparent from the cited reference material that there is a
.

system for use in the industrial and utility markets. Major great deal ofinterest in modularization in both the nuclear

and non-nuclear mdustries. There is much discussion on

3 NUREG/CR-6486
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Survey ofPractices

how modularization impacts current construction practices 2*2 DOE ProEramsand the potential savings in costs and schedule, as wcIl as
improvement in quality. However, there is very little ** * D3 neNSC TPoration (S&W) anddiscussion of any potential safety issues that may be

Duke Pwer Company studied the use of modularization in
introduced by adapting modularization on a large scale to

nuclear P wer P ants as part of the Depar ment of Energy'sl
the nuclear industry, Bagchi and Tan [Ref.16] have looked
at modular construction from a regulatory perspective. fechn ogy pmgramsin support of advar

pt water
,

~

Some of the issues they have cited include (1) assurance of
composite action between steel elements and concrete in

wall and floor elements, (2) assurance of the ductility of 2.2.1 Stone and Webster Study
connections andjoints between modules, (3) thejudicious
apphcation of codes and standards, and (4) the As part of the S&W study, a number of modularization

establishment of an impeccable quality assurance and approaches for a typical advanced light water reactor plant

quality control program. were developed and reviewed. It was emphasized that for
modularization to be cost effective it must be considered

In the international r.rena, Japan has taken a leading role in fr rn the plant's inception. In particular,it was noted that

the development and application of modular construction the general arrangement of a plant should consider the

tecimiques for heavy construction projects, including f 11 wing features ta support the modular concept: (1) align

nuclear power plants. Significant resources have been structural walls, columns and floors; (2) mmmuze bulk

invested in testing of concrete-filled, steel wall structures quantities and group functionally-related equipment;(3)
#

(called "SC" structures in Japan). Recent Japanese studies minimize curved walls; (4) provide a clean interface

(Refs.17 thru 26] are discussed in detail in Section 2.3.
between m-place and modular construction; and (5)
accorunodate modular access, interfaces, and equipment
removal / maintenance.S&W reviewed sureign nuclear power modularization and

prefabrication experience. Some of the examples cited are:
Based on the above guidelines, the study developed typical

1, France . Containment dome liners, reactor module units for the radwaste and auxiliary buildings of a

auxiliary piping, and mechanical modules for nuclear plant. The modules were repeated several times for

small equipment. use throughout the plant and ranged in weight from 20 to
300 tons. The largest module was 30 ft wide,50 A. long

2. h22n - Large liner preassemblies of the and 30 A. high. Some of the conclusions from this study
are:containment vessel, pipe whip struc:ures and

pipe penetrations, modularized pipe and ,

1. The use of templates :s mandatory to assurevalve assemblies, and reinforcing steel.
the proper fit up ofmodules.

3. Sw eden - Staircases, wall elements, slab and
2. Interfacing components of modules must beroof elements, containment steel liner,

process piping and pipe supports, and rack, designed with excess material, to be trimmed
in the field to accommodate installationmounted units for the scram system.
tolerances, stacking, and misalignment

4. Swit7erland - Reinforcing steel; concrete problems. Slotting connection holes, the use

elements for stairs, mcf plates and shield of shims and filler plates, etc. should be

blocks; portions of the drywell; composite included in the module design.

steel and concrete reactor shield building
3. Modular extremities must be located topenetrations; and the biclogical shield wall.

assure proper clearance during installation.

5 Taiwan - Reactor pedestal and containment
liner. 4. The interface between structural wall

modules will require closure plates.

The Duke study also reviewed international nuclear
5. Beam anchorage details were simphfied byconstruction experiences, including that at the Muelheim-

Kaerlich plant in Germany and Tsuruga II and Takahama the use of hold down clips which eliminates

3&4 in Japan. the need for the tight tolerances associated
with the use of anchor bolts.
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6. Specialty Q-decking is recommended to However, there was consensus that the modular
provide the ability to hang components from construction approach did recessitate an evaluation of code
the underside of a concrete slab. requirements, with at least some revisions and/or additions

to current codes. Some of the issues to be addressed
7. The concept of stay-in-place steel form include (1) the need for ard the role of the Authorized !

modules can be expanded to suit specific Nuclear Inspector; (2) the need for manufacturer vs
|building and component layouts. constructor stamping pro;; rams for code piping; (3) the '

mixing of code work on the same module; and (4) |
8. The choice of the optimum method for standardization of the NF 'ooundary. i

splicing rebar for modular construction i

mquires further study. I

J Recent Japanese Studies9. Modules may require the design of temporary
structural steel supports to facilitate
assembly / fabrication, transportation and

Japan has utilized a number ofprefabrication and
modularization techniques in the design and construction ofI "8'
recent nuclear po,.er plants. Studies are being conducted to |

10. When concrete is not required for structural improve these techniques and tests are being performed to
'

mtegrity, wall and floor modules could use develop analysis methods and demonstrate the adequacy of.

altemative radiation shieldmg products such selected designs. The results of some of these applications

as lead / steel shot or sheets, boron-
and studies are presented in References 17 to 26 which are
summarized below. Ipolyethylene pellets and sheets m '

combination with lead, orlithium-
polyethylene pellets. 2.3.1 Large Block Prefabrication. .

Tokyo Electric Power Co., Shmuzu Corp., and Hitachi, Ltd. !
have jc intly developed the large block prefabrication |2.2.2 Duke Power Study method (Ref.17). In their method, they have distinguished I

betwe en " prefabrication" wherein only a few types of l
Duke Power Company sponsored a number of workshops constr action materials are preassembbd into standardized
and meetings as part of their DOE program. In particular, and sis uplified blocks and "large block prefabrication" in
the Third Designing for Constnictability Workshop was which i number of materials are integrated into larger and
devoted to the review ofmodular construction approaches more cxnplex units and installed using a large capacity
and a discussion of the concems that such approaches pose crane. Examples of both are shown in Figure 2.3-1. They
to the owner and/or constructor. A summary of the issues have bee.n used dudng the construction of the Kashiwazaki
discussed at the workshop is provided in Table 2.1. Kariwa nuclear power plant. The method has been shown

to save labor, shorten the construction period, improve
One of the major issues was the degree of standardization construction safety, and improve working conditions / reduce
necessary to enhance moduladzation and the need for laborious work. To be successful, the study concluded that
standardized equipment specifications. It was concluded the following engineering practices must be exercised (1)
that such specifications should address items such as selection oflarge block prefabrication units; (2)
accessibility, maintainability, procurement, electrical, construction planning utilizing advanced engineering tools
avoidance /minimintion ofrework and module delivery fm such as 3D-CAD and a 3D survey system; (3) design
installation. Other issues included: (1) the need for up front improvement; (4) lifting and installing; (5) connecting parts
planning and preparation as part of a detailed construction together efficiently; and (6) implementing an intelligent
plan, (2) the development of a standardized QA program network for data transmittal between head office, site office,
which includes the owner, as well as multiple vendors and general contractor, sul ' tractors and mechanical
module fabricators, and (3) the need to maximize owner QC manufacturer,
inspections at the module fabricator's shop and to add
mspections related to transportation induced loading. 2.3.2 Concrete-Filled Stea!(SC) Structures

The workshop also included a discussion of the need for a
separate "Modularization" or " Module Fabricator" code.

Mitsubishi Heasy Industries, Ltd., Kajima Corp. and
There was no consensus as to the need for a separate code.

Ohbayashi Corp. jomtly studied the feasibility of using

5 NUREG/CR-6486

- -



J
_

1

? Suney cfPractices

. cocereL-filk. I steel (SC) .;tructures for a PWR type nuclear sec/Hz.
i

|'
control building and waste disposal building. The buildings The calculsted concrete crack load and steel plate yield load j

plsrat (Ref.18). Mudy ncluhl the reacter b'nidmg. ;
i

i

'

consisted of SC bearing walls, cobaren; cf concrete-Alled were found to comnare well with the test results. In terms i

steel pipe, girders and beams of steel, ard s! abs and ofstitiness degradation, the tests demonstrated r reduction
foutdatico matn oireinforced concrrn The build &s,s vmre of 30% frc:a the stiffm at clastic conditions for the SC '

designed fcr a high seismic losd (0.35g to 0.5g) on a rock structure at the S, lor.d level. For the RC structure the
site. Arar.itUrr of the constructico method is shown in corresponding stiffness decrease was 65%. The S, load 1
Figure 2.3-2. The comiusions of the stody are (1) tevel wcs r: ported as corresponding to a U.S. SSE. ;

" Equivalent cwnqu ke resistarce to ceaventional
|

reinforced concreta (RC) sisuctarers caa be insintained with Equivdent viscous danping values wue also determined
sipificaut reduction in scar u Al t% bess. Tuis indicates from the test results. For the SC strm. tare the damping is -

$ that the SC storture becomes more desirable when the ahnon constant at 5% before the steel yielda and it |

est thquake force becomes larger," (2) "Regarding the dramatically incre^.ses der that. For the RC structure the
crutmetion, as it is possible la grtatly increase the ratio of damping is ahnost constant at 5% before and after rebar,

prefabrwating wes k st the factory, a signif; cant decrease in yielding. |
thejob site raan hours ed fielJ manpower is anticipata-

'

Also, as a supplement to abrementioned, the possibility Based on the results of this test it was concluded that the SC :
edsts for redacing the job site man bours of the stn cture is superior in ultimate streagth and ductility !

ekctro/m .chanical estems work by faing pipes ard wires capabity compared to the RC stra:ture. It Mso<

to the SC blocks at the fhet.xy," and (3) "A significant demoastrat- ! well behaved bysteresis characteristics. The
saving of half to ou year in constraction period i.e possible r:s"fts of this test and those from funhet studies, which are i
due to :he rat;onalizatiau of the cons ruction blocio " apparently undmvay, will be used to estaMish a rarkeal

design method for SC stractures 'n Japa
2.3.3 Stetic and Dyanmic Testhig of"SC" |

WaHs for Horizont,alInfng 2.3.4 Compression and In-Plane Shear Tests
of"SC" Walls

lo crder to obtain seismic design infonnetion, a mode; te t
of a concre,e structure inside containment composed ul In order 'o establish a ratimal design method for SC I
concretesfilled steel (SC) bearing walls was condumd (Ref. structures, additional compamen and shear loading tests of
19). The tests provided information on elastic and ineinstic SC wall specurans were pe: farmed (Ref 20). 'Paese tests
behavior, stiffhess, ultimate strength, el hysterctic and apparerdy are pan of an overal! program to estrMish SC |
vibrational charact .ristics under horizontal seismic Icads. design methods 'or determining:
The SC struture is a sandwich struenr. e in which concrete i

is placed between two steel surfwe plates, as shown in 1. compressicn ultimate strength
Figure 2 3-3. St"As, shear bus, and web plaws are
attached to the steel plate in order to obtain a cornposite 2. shear ultimste strength
effect of concxte od rteel plates. Tir, model, which is a

1

1/101cale of the nisting 1000 MWE class plant, and test 3 vombined co:npression and shear uhanate
apparatus are depicted in Figure 2.3-4. It corisists of the SC strength,

primary shield wull of the. ructor vessel and a secondry
shiel;l wall for the steun generator, pressurizer, and fuel 4. adepacy of joints

i

transfer canal h also includes reinforczed concrete (RC)
stn.v:tures conusting of the base me und the upper and 5 reinforcing methods for details such as
lower loading sir.bc. opemr.gs.

The test consisted of two phases. Stado horizcotal loading The tests described in Refercace 20 are being used to
tesu were performeo by applying horizontd forces on the address items (1) and (2) above. Stud bolts were welded to
upper and lower Icadmg s'ab in proportion to the the surface p%te at s azious spacings For the compression
estribution of shear forces and bendng moments predicted tests, repeated cenpression loads are applied. Fer the shear
in the actual stracmral design. In addition Wbration tests tests, repeated positive ard negative leads are 1,pplied usmg
were conducted with an inenia t,pe hydraulic shaker. A four hychaulicj .cks. The method ofleading the tes'.
sine sweep excitation was applied v,ith a sweep freqq mcy specir w.s is shown in Figure 2 3 5. The conclusions from
range between 20 and 200 Hz and a sweep velocity of 10 these tests were (1) " stud bolts are effective to prevent

,
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buckling of the surface plate;"(1) '' occurrence of buckling evaluates wall-floorjoint connections, has not been reportedi
can be predicted by applying Euler's equation for a column as yet.

| pin-suppoded at one end and fixed at the other end for

{ compression loads and by the theoretical equation of a pin. The results of the first test (Ref. 23) are discussed in detail
i supported plate of which the aspect ratm is infmitely large in Section 6; data from this particular test w:re compared
! for shear loads," (3) " occurrence of buckling has little to analytical predictions. Some of the results/cuaclusions
| cHect upon the load-displacement behavior of the from the second test are (1) steel surface plates are rnore
; structts e;" and (4) " ultimate strength of the whole structure effective than steel reinforcing bars because, unlike rebars,
i can be evaluated by the sum of the ultimate strength of they do not have directionality; (2) the ultimate strength of
j concrete and steel plate." the concrete is improved by the restraining effects of the
1 steelplates(confmement effects);and (3) suddenload
| 2.3.5 In-Plane Shear Tests of"SC" Walls of dmps caused by brittle failure of the concrete is suppressed

) Various Design Configurations by the steel plates.

i

) More recently, obayashi corporatioc performed an 2.3.7 Miscellaneous Studies
experimental study on the acar chsracteristics of a

concrete-filled steel plate wall (Ref. 21). Seven wall-panel Other studies have also been conducted in Japan on the
i specimens were tested under iepetitive in-plane pure shear strength ofconcrete-filled steel box elements, which may be

loading. The specimes consisted of a pair of surface steel useful in establishing the design criteria for such structures
;; plates with connecting partitioning webs and shear bars, in nuclear plants. Refet ence 25 reports the results of

*

which are filled with concrete. The parameurs investigated analysis and tests of such elements when subjected to
were the thickness of the surface steel plat , the number of combined oending. shear and axial fc-ces. Reference 26
pa2titioning webs, and the presence or absence of stud bolts. presents the results of an experimental study on the strength

! The staty also presented an analfucal modd for predictmg md deformation of concrete-filled box columns.
rigidity (before and after buckling), eracking strength, yiald4

{ strength, and ultimate strength.

:

2.3.6 "SC" Structures for ADWR Buildings;,

Comg.ression,In Plane Shear and
i Bending Tests
1

In another program (Ref. 22), Tokyo Electric Power Co.,.

i Uni.ersity of Tetyo, and Kajima Corporation ofJapan
3 condreted a feasibility study and various ter,s on concrete-

fdled steel structutes termed *SC structures." The,

: feasibility study evaluated the use of SC structures for

constmeting an ABWR building. The study investigated lle
: constmetion pedod, the raaterial quantity and construction

cost, and the maripon er requirements using the SC
totnictural system approach. An estimate of the quantity ofy

umstniction material showed that a decrease of steel of.

. oba,: 20% is pmsible, and the use of fbrms beerxne
unnece=sary. The total r.uraber of construction ivorkers in-

) the fMd will also decrease by around 30%. Altimugh the
'

study mdicates that the con'aniction cost woull be about the

sur.e as for RC buildings, the construction period would be
2 to 5 months shorter than that of a canent RC building.

|

To sudy the stmetural properties and workabibty, three I

separate tests were performed. Reference 23 presents the '

results of the compression loading test of the SC wall
specimens. Reference 24 presents the results of the shear

4 and betx!!ng test of SC shear walls. The third test,which

7 NUREG/CR-6486 |
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Sut$ect Comment issuesMxameles

Quality New concerns on QA * Code class work ,

assurance and documentation * Mixed code classes on the same
arise when a modular module
approach is applied to * Configurstion control

'a major construction inspection responsibilitiesa

Inspection of partially completedproject. ' *
,

! modules ;

Added inspection requirements !; *

upon receipt of modules j
Damage protection* '

Owner "c;nbrella' vs. I*

vendor-controlled QA programs ,

QA interface accountabilities*

impacts bn Modularization will Modularization not requiring*

vendor and - require innovative miniaturization for maintainability j
site . approaches to vendor Impact on productivity and rework*

approaches activities and side Standardized vs. site-specific.*

efforts. modules
;

Procurement of module -*
|

subcomponents
Storage and damage protection*

Construction plan and sequencing '*

Schemes for getting modules into*

buildings.

Impact on "normally later' items*

such as electrical, start-up, and
testing activities
Field run items*

influences of tolersnces and fielde

fit-ups
* Configuration control*

Union Jusisdictions vs. a teama
,

concept

Owner Modularization Cascading effect oflate items and*

commitment, definitely benefits site 'Just in tirne' deliveries
cash flow, schedule and cost. Balancing delivery schedule vs. I*

and risks The owner will be absence of a critical module
Owner cash flow for earlier ]concerned with: *

* Changes created IE " '**"
* * *E *in timing croject
* ' " ' " "I* *

commitments Insurance against schedule=

* O@ Ce
I'' '" **

B dening of the financial base*

-Table 2.1 Summary of Issues Discussed at the Third
Designing for Constructability Workshop (Ref. 4]

.
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3 APPLICATIONS TO ADVANCED REACTORS

This Section provides a description of the types of structural the location. Shear studs are welded to the inside faces of
modules being proposed for two advanced light water the steel plates to form a connection to the concrete. i

reactors: the AP600 plant and the SBWR plant. In addition
to describing the configuration of the modules, available A typical M-1 modular subunit is shown in Figure 3.1 3.
information on design / analysis approaches is provided. A These subunits are constructed off-site. Due to size
more detai!ed description and discussion of the modules limitation on commercial railways ttzse subassembly imits
maybefoundin Appendix A. are transported to the site where they are assembled into the

M-1 structural module. The entire M-1 assembly is lifted
3.1 Westinghouse AP600 into Positim using a sling detail shown in Figure 3.1 4. '

The AP600 plant is a 600 MWe simplified passive The wall modules are anchored to the concrete base by ;

advanced light water reactor that is being designed by rneans of dowels or other embedded steel connections in the

Westinghouse and its subcontractors. The plant houses a cmaete below. ARer erection,6e waHs am Eed widi

pressunzed water reactor and has a number ofinnovations c nerete. Concrete is used where radiation shielding is

that make it economicaUy more competitive with other required.

sources ofpower. These innovations are intended to
shorten the construction schedule, reduce costs, and make Stmetural wau mod.iles are also used in the auxiEary

the plant operate more s tfely. building. The areas include the spent fuel pool, fuel transfer
canal, and cask loading and wash down pits. The modules '

The plant design has been simplified and the plant are similar to the structural wall modules described above

arrangement has been optinuzed to reduce the number and for the containment internal stmetures.

sire of systems and components. The benefits are reduced
.

.

building volumes and a corresponding reduction in the It is noted that the M module described in Appendix A is

quantity of building materials needed to construct the plant. s mewhat different because Westinghouse has recently

A modular construction approach is also utilized to achieve revised the modale design. The major change is to use

the desired goals oflower costs and a reduced construction shear studs instead of angles welded to the faceplates and

schedule. This can be achieved by prefabricating modules me use f the trusses instead ofdiaphragm plates to hold the

in off-site shops or subassembly arens, permitting modules two faceplates. In addition, the design approach has also

to be constructed in parallel, rather than " stick-by-stick". been revised as discussed later m this Section.

Generally, shops and subassembly areas are more
. .

productive and should result in higher quality work than the Wall modules without concrete fill are also utilized m. side

conventional construction practice. c ntainment. Thewestwallofthein-containmentrefueling
water storage tank (IRWST)is this type of module which ts

,

Several types of structural modules are utilized in the e nstmeted siely from structural steel. This steel wall

AP600 plant design. While most of the modules are located m dule consists of a stamless steel plate suffened with
,

within the containment strecture, modules are also used in structural steel tee shaped sections in the vertical direction

the auxiliary building. The following describes the specific and angles m the horizontal direction (see Figure 3.1-5).

location and configuration of each type of structural module,
based on the AP600 SSAR, Rev. 8 (Ref. 27). 3.1.2 Steel Form Modules '

3.1.1 Structural Wall Modules At the lower elevations inside containment, conventional

reinforced concrete is used, except that permanent steel

The constmetion of containment intemal wall structures fams ar e utilized in lieu of removable forms. The |

utilizes a concrete-filled steel module, designated the "M'' Permanent steel form modules consist of steel plates

module. The M modules consist of the walls surrounding reinforced with angle stiffeners and tee sections. The angle

the reactor, refueling canal area, two steam generators and and tee sections are welded to the steel plates on the
,

the pressunzer The location of the wall modules are shown concrete side of the module. Where loads from attached ,

e9ui ment or components may be transferred to the steelPin Figure 3.1 1. These modules consist of steel faceplates
connected by steel trusses as shown in Figure 3.1-2. The f rm modules, studs or sunilar embedded steel elements are <

trusses are primarily utilized to stiffen and hold the two welded on the concrete side of the plates.

faceplates during handling, erection, and placement of
.

concrete. The steel faceplates are % inch thick and are Generally, the advantage of using permanent steel forms is j

spaced apart either 30 inches or 48 inches, depending on that these wall modules can be fabncated and preassembled

|
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Applications

off-site in parallel with other ongoing constmetion structure, a three-dimensional (3D) finite element model is
activities. This reduces constmetion efforts at the site which developed. De walls are represented as 3D shell elements
resuhs in cost savings to the project. In addition, savings with equivalent shell element thickness and modulus of
are achieved by eliminating curing time and th: need to strip elasticity. The equivalent properties are computed based on
fonns, clean-up, and patch exposed concrete surfaces. the combined concrete section and steel section properties,

assummg integral behavior.

3.1.3 Structural Floor Modules
For seismic analyses of the containment internal stmetures

Several floors inside containment utilize floor modules and the auxiliary building modules, the monolithic initial

consisting of steel tee sections welded to honzontal steel stiffness is used, because the stresses due to mechanical

plates. The steel plates are stJfened by angle stiffeners. loads including the safe shutdown earthquake (SSE) are

Reinforcing bars are placed above the top flange. After expected to be less than the concrete cracking stress. Some

erection, concrete is poured on top of the horizontal plates reductions in stiffness in portions of the structural modules

embedding the steel sections and reinforcing bars. See that are boundaries to the IRWST are expected due to -

Figure 3.1-6 for details of a typical floor module. abnormal thermal transients. The SSE loads are obtained
from a response spectmm analysis of the 3D finite element

3.1.4 Finned Floor Module m del f the stmetural modules inside containment. A
damping value of 5 percent is used, based on cyclic load

Floors located above the main control room and tests of stmetural modules perfonned in Japan (Ref.19).

mstrumentation and control rooms in the auxiliary building
are designed as fmned floor modules. The purpose of the ne general des.ign philosophy for the concrete-filled steel

finned floor modules is to provide a passive heat sink for m dules is to design them as reinforced concrete stmetures

each room. The heat sink limits the temperature rise during ".accadance with the requirements of ACI-349 (Ref. 28)

the 72 hour period following a loss of operation of the non- with some supplemental requirements. This philosophy is

radioactive ventilation system. The concrete mass of the f 11 wed because the faceplates are considered as the

ceilings and walls are designed to provide the required heat reinf reing steel, which is bonded to the concrete by headed

3;g studs. Structural steel modules, without concrete fill are
,

designed as steel structttres in accordance to AISC-N690

A finned floor is comprised of a 61.0 cm (24 in) thick (Ref. 29) with supplemental requirements.

reinforced concrete slab poured over a stiffened steel plate
ceiling. Composite action of the steel and concrete is 3.2 General Electric SBWR
dev6 ped using shear studs welded to the steel plate and
embed &d in the concrete. The honzontal steel plates are The Simplified Boiling Water Reactor (SBWR) concept
stiffened ty welding steel plates perpendicular to the ceiling proposed by General Electric (GE) relies on building
thtes. Th a steel fins project into the room and act as arrangements which optinuze the layout of systems and
tr ermal fin to enhance the transfer of heat from the air to accommodate personnel and equipment access for operation
the concret . See Figures 3.1 7 and 3.1-8 for details of this and maintenance. By reducing and simplifying the total
module. Se' eral modules cut to the room width are quantity of systems and equipment, the total building
prefabricateo in a shop. On site they are installed side by envelope required to house safety systems was greatly
side perpendicular to the room length. reduced. The improvements have resulted in the placement

of all safety functions within the reactor building. A

3.1.5 Summary of Analysis and Design reduction of more than 22% was achieved in the volume of

Methods the SBWR reactor building compared to existing nuclear
plants. In addition to reducing the total quantity of material,

The analysis and design methode described in this report are enhancement of constmetability is another objective of the
, ,

based on the most current information presented in the design of the SBWR. This is achieved in the SBWR design

AP600 SSAR Rev. 8 (Ref. 27) and meetings with by applying modular construction techniques. The use of

Westinghouse. Some portions of the methodology are still modules for concrete and steel components should shorten
i

under review by the NRC and ;hus may be revised. the construction schedule, improve the quality of I

fabrication, and reduce the overall costs of construction. I

The methods of analysis used by Westinghouse to analyze
the concrete-filled wall modules are similar to the methods
used for reinforced concrete. For the containment intemal

|
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Applications

3.2.1 Initial Proposed Applications of the steel superstructure. The containment wall and pool

Modular Construction liners will be prefabricated and installed as modules.

Numerous steel structures mside containment will be placed

"IL: GE SBWR Standard Safety Analysis Report (Ret. 30) into position and later filled with concrete. This type of

does not describe the use ofmodular construction.
modularization will be used for the reactor pedestal,

Therefore, specific information was extracted from other diaphragm floor, wall between drywell and suppression 4

sources (Refs. 31,32). Structural components initially
chamber and the GDCS pool walls. I

'

proposed formodularization were
An open-top constmetion method will be employed for

1. Reinforcing bar assembbes for the installation of the modules. A heasy lift crane will be used
to place the prefabricated modules into the structure as soon

basemat, building and containment walls,
>

as areas become accessible and before the overhead floor is Idrywell and suppression chamber slabs- '

containment top sle.b, columns, flmr constructed. This work would progress in parallel with civil

slabs ard beams construction activities on site. Figure 3.2-4 shows the
placement of a vent wall module in the reactor building by a
heavy lift crane. |

,

2. Structural steel assemblics for the reactor '

building and turbine building
. Large composite modules will be used for the

superstructures. These modules will ,

superstructure in the region above the grade clean area of I
melude roof trusses and siding.

the reactor building which houses the electrical and HVAC
|

. rooms. "Ihe large composite modules will contain a !3. Structural steel assembh.es meludm.g
stairs and platforms. structural steel frame, precast siding panels, equipment and ,

connecting piping, ducts and cabling. These modules will |

. be assembled in a site fabricstion area from smaller4. Steel liners for the containment, gravity-
modules and components fabricated locally. OE stated that I

driven cooling system (GDCS) pool,
isolation condenser (IC) pool, isolation the use of these composite modules will require more

investigation and evaluation in the next moddarization
condenser makeup pool, reactor well*

review phase to confirm their applicability and economic
steam separator storage pool, fuel

benefit.
transfer pools, spent fuel storage pools
and spent fuel thipping caskloading

3.2.2 Revised Application ofModularpool.
Construction

.

5. Steel structures that will also serve as
forms for the turbine pedestal, drywell In subsequent correspondence between GE and the NRC !
vent wall and RPV pedestal. (Ref. 33), GE summarized its planned use of modular

construction for SBWR as follows:
6. Equipment assemblies containing

components such as piping, condensers, 1. Rebar cages with liner plates for
cranes, diesel generators, HVAC units containment and RPV pedestal walls.

and numerous other equipment. These
modules are for the reactor, turbine and 2. Rebar cages with steel beam and metal

radwaste buildings. deck for floor slabs.

7. Precast walls in the reactor, turbine, and 3. Structural steel modules for veut wall
radwaste buildings. structure and diaphragm floor slab.

Some of the major structural modules initially proposed for 4. Rebar cages for the isolation condenser

the SBWR reactor building are shown in Figures 3.2-1 and pool girders and basemat.

3.2-2. Some alternate modules for the reactor building are
shown in Figure 3.2-3. Reinforcing bar modules for the GE stated that there will be no precast concrete modules for

basemat, columns, walls, and beams will be prefabricated major structural elements.

and lifted into position with cranes. Structural steel
snodules will be lifted above the operating floor to constmet

15 NUREG/CR-6486
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:
,

Appm 'ha

*3.2.3 Summary of Analysis and Design
Methods

It appears that GE is still in the process of developing its |

final plan for utilit4 ''on of modular construction. To date,,

; no specific information pertaining to design / analysis
methodology has been submitted. Since Design .j

_

i

. Certification of the SBWR is currently in:ctive, submittal of
design / analysis methodology is not expected.
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Figure 3.2-4 SBWR Structural Module Placement [Ref. 31]
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! 4 STRUCTURAL MODULE ISSUES

! 4.1 Design and Analysis ^1sC standards do not cover configurations such as the
concrete-filled steel modules proposed for the AP600. A,

!
The use of structural modules in the nuclear power industry 8Pecial concem with these modules is the design equations

has been very limited. He survey of modular construction and criteria required to address buckhng and shear transfer.

practices has identified a number ofissues which need to bea

addressed. Other issues were identified based on the Issue No. 2: Unique types ofloadings arise due to the

specific reviews of the licensmg submittals for the AP600 modular constmedon approach. Significant loads may
. and SBWR advanced licht water reactor plants. develop due to prefabn, cation, handling, transportation,
!

'

storage and erection ofstructural modules. The loads are
i The major issues identified for design and analysis of safety. CXPected to be significant because the modules will tend to
'

related structural modules are be very large, heavy, and difficult to handle. All of the
4 lo dings need to be clearly identified, accurately calculated, ,
l 1. Lack of codes and standards for certain and carefully evaluated. Usually these types ofloads are not
i
-

types of modules' evaluated in the design of structures because the structures
|

are assembled from smallindividual elements. However, |

2. Unique loads during the fabrication, with modular construction techniques, a large assembled

handling, transportation, storage and structure may be lifted into position by a crane with cables-

;

necdon, that may place very large concentrated forces at a few

>. discrete points on the assembled structure.
|
1

3. Determination ofinitial stiffness and I

i stiffness degradation' This issue was also highlighted in Reference 35 which
stated: " Applicable standards need to be modified to

4. Damping values for usein dynamic inc rP0" ate construction loads and transportation loads as.

g ,,,, normal design loads for modular construction."y,

5. Validation of analytical methods, Issue No. 3: The accurate determmation ofinitial stiffness
j and stiffness degradation with increasing load is essential
4 6. Reliability ofjoints and connections, f r dynamic analysis, because the natural sibration
; characteristics are a function of stiffness. The natural

7. Determination of effective ductility, vibration ci:aracteristics, in turn, determme the magnitude of '

response to a given dynamic excitation. When stiffness

8. Determination of ultimate load capacity. degradation is sigaificant in the load range of interest, it is j
necessary to ensure that the assumed stiffness is consistent |

Issue No.1: Currently no specific code, standard, or with the calculated response level. |
licensmg criteria exist for the analysis and design of

'

structural modules to be used in nuclear power plants. The sti1Tness behasior of structural modules which combine

While there are industry recogmzed codes such as the steel and concrete in a unique manner must be well

American Institute of Steel Construction (AISC) undestood m orda to develop a safe design for dynamic

Specifications (Refs. 29 and 34) for stael structures and the 1 adings. It is well known that the load deflection curve for

American Concrete Institute (ACI) Code 349 (Ref. 28) for a reinforced concrete section is not linear due to stiffness

reinforced concrete structures, they do not address certain degradation with increasing load. Similarly, for certain

types of structural modules. types of structural modules, such as concrete-filled steel
modules, stiffness degradation will occur. This has been

As discussed in Section 2.1, Bagchi and Tan (Ref.16) have n ted in tests on concrete-filled steel modules performed in |

Icoked at modular construction from a regulatory Japan (see Section 2.3).

perrpective. They concluded that the design of concrete and
steel modules needs careful study because most likely the Reference 19 reported that the m.-plane shear stiffness

ACI 349 code and AISC code are limited in their degradation for this type of module configured with studs,
web lates, and shear bars. s substantially less than forPepplicability to these types of structural modules.
reinforced concrete structures. However, for configuration

Additionally, Reference 35 specifically reviewed industry details which differ from the tested configurations and for

structural codes and standards for application to advanced ther loadings, such as compression and bending, the extent '

nuclear power reactors. It concluded that the ACI and f stiffness degradation, compared to reinforced concrete
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StmeturalIssues

structures, needs to be evaluated. requires adequately designed joints and connections. If the
cross-sections of modules are designed to carry specified

Issue No. 4: Another important parameter necessary to design loads then thejoints and connections must also be
evaluate structural modules is the appropriate value of carefully evaluated to ensure they can transmit these loads to
damping. For welded steel type structures or reinforced the next module or attachm:nt point to the building.
concrete structures, criteria is presented in the NRC
Regulatory Guide 1.61 (Ref. 36). However, for hybrid type The concern with adequately designedjoints and i

s:ructures such as concrete-filled steel modules or for connections was also identified in Reference 16. It noted
modules with special joints and connections for which test numerous catastrophic failures of stmetures built of precast
data is not available, the selectica of an appropriate and prefabricated concrete elements during earthquakes
damping value is an important issue. This is a concem only such as in Armenia. An examination of these structures
for dynamic loads such as seismic, safety relief valve revealed the root cause to be primarily poorly designed and
actuation or LOCA loads. constructedjoints.

Reference 19 is the only source identified that provides issue No. 7: Ductility is important for safety-related
actual test data for determmmg the damping value of stmetural modules because they must withstand significant
concrete-filled steel modules. From the hysteresis response dynamic loads due to earthquakes. Ductility enhances its
characteristic of the specimen, equivalent viscous damping safety because energy can be absorbed through large
values were determined. The damping value at the design inelastic deformation prior to collapse. Even under static
load level was equal to 5%. It should be noted that loads, it is common practice to ensure ductile behavior in
Regulatory Guide 1.61 indic.ates that damping values of 4% order to preclude a sudden catastrophic failure. It is
for welded steel structures and 7% for reinforced concrete necessary to ensure that structural modules have an energy
structures should be used for the SSE load level. Herefore, absorption capacity comparable to conventional steel and
the use of 5% damping for concrete-filled steel stmetures reinforced concrete structures. The design of ductilejoints
under SSE loads seems reasonable but should be reviewed and connections between modular sub-units is also of
on a case-by-case basis. paramount importance.

Issue No. 5: Arulytical methods used to predict the issue No. 8: Determination of the ultimate local capacity is
response of certain types of modules such as the concrete- necessary to establish the design safety margin of a
511ed steel modules are not well established. Typically, a structure. The typical design process relies on codes and

1

computerized mathematical model is developed to perform standards to ensure an adequate safety margin between
'

the necessary analyses. However, questions arise as to how design allowable loads and ultimate load capacity. For
to calculate the achial properties of the modules and how to unique stmetural modules not covered by existing codes and
develop a realistic mathematical model which is standards, knowledge of the ultimate load capacity is the
representative of the module. For a wall constructed from first step in developing a design methodology which ensures
concrete-filled steel modules as an example, a fmite element a safety margin comparable to that inherent in currently
model of the wall may be developed using equivalent shell accepted codes and standards.
elements. However, how would one develop an equivalent
shell element that has all of the same properties as a All of these issues are described in greater detail in the
concrete-filled steel module section? How accurate is the Phase I report (Appendix A).
model representation, what are the important properties to
be simulated, how sensitive is the response to variation in 4.2 Modular Construction Process
material and analysis parameters, and how can one verify
these?

Modular construction includes the entire process from
. offsite fabrication all the way through construction and

Analytical methods for concrete-filled steel modules were
operation of the plant. Therefore, the issues associated with

studied in Phase III of this program, to detemune if
the modular constmetion process encompass many areas.

currently available analytical methods can be used to predict
The major phases of the modular construction process can I

the response of a concrete-filled steel module. See Section
be categorized as follows: |

|

* *
Issue No. 6: A very crucial issue is the reliability ofjoints
and connections. Just as a chain is only as strong as its

2. Handling
weakest link, the assembly of multiple modular subunits
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StructuralIssues

3. Shipping constmetion process is presented in Appendix A.

4. Storage The Modular Construction Review Criteria, which are
, summarized in Section 5 and detailed in Appendix B,J

5. Erection address the Design / Analysis and Constmetion Process

issues in a svestic manner, in order to provide guidance
6. Inspection / testing for licensm; m u of advanced light water reactor plants.

7. Quality assurance / quality control

8. Maintenance

The issues associated with the modular construction process
can be described by identifying the special provisions |
and/or requirements needed to ensure that the original

,

design basis of the modules is maintained. Thus, all phases '

of the modular constmetion process must prevent excessive
distortion or overstress conditions, maintain the geometric
layout assumed in design, and prevent material degradation
of the modules. From the Phase ! review effort, specific
issues related to the modular construction process have
been categorized as follows:

Provisions in design and fabrication to assure fielda

fit-ups (e.g., tolerances or excess material to
permit field adjustments).

Designated lihg points for handling and erection; I
.

designed in advance.

Configuration control (e.g., centralized and*

computenzed with access by all subcontractors).

Mixed code classes on the same module.*

Storage and damage prevention.*

C mstruction plan and sequencing.*

Procedures for module likg/ placement.*

Owner " umbrella" vs fabricator controlled QA*

programs.

Shop and site inspections.*

Specification for supporting, securing, and*

protecting modules during transportation.

Material degradation due to 60 year operating life*

(e.g., may require inservice inspection or
consideration of degradation in design).

Further discussion ofissues relating to the modular
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5 MODULAR CONSTRUCTION REVIEW CRITERIA l

5.1 Introduction flwrs, beams, and mimnns. Therefore, they can be used, as
applicable and as supplemented by current NRC technical

The modular constmetion approach has been adopted as p sitions and Regulatory Guides.

one of the major features of the advanced reactor plant
designs. The use of structural modules has been submitted 5.2.2 Concrete-Filled Steel Modules
for review under the NRC Design Certification process. 'Ihe
objective of the NRC Design Certification process is to The lack of U.S. codes and standards covering this type of
evaluate and approve, from a safety perspective, a standard nniutar construction lends uncertamty to the
nuclear power plant design which can be constructed at design / analysis /mnstruction basis. Reliance on a program
most U.S. sites without a detailed, site-specific design. of analysis and test is the only viable altemative until
Pro;x> sed utilization of modular construction must be applicable codes and standards are developed and accepted
evaluated in depth, to ensure that structural performance by the NRC for use in safety-related, nuclear power plant
and margins of safety are maintained at levels comparable to applications.
existing nu.: lear plant structures.

Guidance can be obtained from accepted codes standards
Currently, there are no specific licensing criteria that and regulatory guides, to the extent of their applicability. It
provide guidance for the use of structural modules in is reasonable to limit steel and concrete stresses and

nuclear power plants. Consequently, the Modular defonnations to AISC and ACI design allowables as
Construction Review Criteria was prepared to provide 8Pecified in SRP Section 3.8 prosided the predicted stresses

guidance for use in licensmg review activities. Its purpose and deformations are obtained from verified analysis
is to supplement criteria already presented in the NRC methods, benchmarked against test data. Both overall

Standard Review Plan (SRP) (Ref. 37). behavior and local interaction of the steel and concrete '

portions of the module need to be evaluated.
The scope of this review criteria is limited to structural

; modules. The type of modules include steWconcrete 5.2.3 Structural Steel Modules
j composite floors, beams, and columns; concrete-filled steel

modules; structural steel modules; precast concrete The provisions of the AISC Specification (Ref. 34) or
modules; and prefabricated rebar mats, cages, and American Society of Mechanical Engineers (ASME) Boileri

j subassemblies. and Pressure Vessel Code (Ref. 38) as appropriate to the
d specific application, and as supplemented by current NRC

The sections that follow summarize the modular technical positions and Regulatory Guides, caa be used as
construction review criteria developed tmder Phase II of this the design / analysis / construction basis. He only difference
program. The complete Modular Construction Resiew from current practice is in the modular construction process.
Criteria, which was issued as a BNL Technical Report, is
Provided in Appendix B. 5.2.4 Precast Concrete Modules

5.2 Applicable Codes, Standards, The use of precast concrete modules for safety-related

and Specifications stru tums rsestm turesisexpectedtobelimited. The
ACI Code 349 can be used as the design / analysis
construction basis, provided the precast module meets the,

5.2.1 Steel / Concrete Compos,de Floors, requirements wh ch would apply to the corresponding
Beams, and Columns poured-in-place concrete structure. Any applicable NRC

technical positions and Regulatory Guides should also be

These types of modular stmetures have been previously satisfied. Special prosisions to limit trataportation loads,

accepted for use in commercial nuclear power plants. The especially vibration and impact loads, are necessary to

American Institute of Steel Constmction (AISC) Preclude damage during transit to &e site. Special

Specification * (Ref. 34) and the American Corscrete Institute connection detailing is required tojoin pre cast modular

(ACI) Code 349 (Ref. 28) cover steel / concrete composite units into a fmal modular assembly. Inspection of precast
modular units is necessary to ensu e that the as-received
condition and the in-place condition meet the applicable

*When endorsed by the NRC, it is expected that ANSPAISC N690 (Ref S #

29) will replace the A!SC Specification as the refunce standrrd for steel
struaures in tlw SRP.

33 NUREG/CR-6486



_ __ _. _ _ _ _ _ _ _ _ _ .

Review Criteda

5.2.5 Prefabricated Rebar Mats, Cages, and combined with the operating loads dermed by the SRP

Subassemblies because they do not occur concurrently. The exception to
this would be any residual effects resulting from

Either the ACI Code 349 (Ref. 28) or the ASME Code (Ref.
c nstmetion-related loads. For uample,in concrete-filled
steel modules, some residual stress and deformation of the

39) defmes the steel reinforcing requirements, depending on
the application. Adherence to these design requirements is steel plates is possible as a result of the in-place concrete

,

i necessary De in-place placement, connectivity, and Par process. 1

splicing ofrebar must ineet the appropdate code
requirements, regardless of the semence leading up to the 5.4 Design and Analysis Procedures
concrete pour. Any applicable NRC technical positions and

! Regulatory Guides should also be satisfied.
5.4.1 Steel / Concrete Composite Floors,

Beams and ColumnsHe procedur.s to ensure that the in-place geometry of the
reinforcing steel meets the design requirements should be
speci5ed. In addition, the procedure for ,ioining ofrebar Current NRC requirements and industry codes and'

subassemblies to create a complete reba assembly should standards are sufficient to derme acceptable design and-

oc spwified, with emphasis on ensunng the continuity of analysis requirements for composite structures. The AISC

load transfer. Specification, supplemented by NRC technical positions,
provide requirements for composite construction consisting

i 5.3 Loads and Load Combinations f steel kams r girdas supponing a reinforced c= crete
slab or steel deck m nuclear facilities. ACI 349 proddes

.

requirements for composite compression members for
The SRP defmes the loads and load combinations, expected nuclear facilities. The ACI code covers two types of.

during plant operation, to be used for structural design. composite columns. a structural steel encased concrete core
These are directly applicable to design of stmetures erected and reinforced concrete around a structural steel core.
utilizing modular constmetion techniques. For modular

.! construction, however, the process of off-site fabrication, While acceptable criteria exist, special consideration should I

transpxtation, and site erection may impose significant be given to unique aspects pertaining to modulanzation of
*

additiceal loads which typically are not considered for in- composite stmetures. The design of the modules must
place constmetion. While these additionalloads re not consider the loads generated as a result of the fabrication, |
likely to control the overall structural design, it it important handling, transportatic 1, and erection of steel as well as the |

that each modular unit has sufficient strength and stiffness ta pmring of concrete. These loads will often require
resist these loads without any degradation of operating load supplementary steel to provide sufficient stiffness to

| capacity and without unacceptable permanent deformation. maintain the module configuration from off-site fabrication
To allow either condition could negate the initial design to fmal placement.4

assumptions.

5.4.2 Concrete-Filled Steel ModulesDuring off-site fabrication, the method of supportmg the
module during the vadous stagss of fabrication and the
method oflifting and moving the module fmm one work The lack of design and construction experience for j
station to the next will control the induced stresses and * "*".aed suel modules has led to a number ofissues, j

deformations. The completed module must be hoisted onto as desenbed in Section 4. Lm, uted expedence is available
,

from work conducted in Japan for concrete-filled steel , jthe transportation vehicle, supported, cr.d tied down. These
operations will impose a second set ofloads on the module. m dules smular to those proposed for advanced reactors m

During transit, the module will likely be subjected to both the U.S. While the reported test results provide a get,eral
,

,

vibration and impact. Upon arrival on-site, the module is
sense of" robustness", the scope of the reported results is '

hoisted off the voicle and supported on the ground. Final insufficient by itself to support gcac,a wus about proper

site assembly will impose lifting and fit-up/ joining loads on design / analysis assump* ions.

the module. All of these construction-related activities must 1

be executed in a manner which limits stress, deformation, The extent of applicability of existing codes and standards j

and fatigue usage to acceptable levels (i.e., mamtain the to new design concepts can be subject to considerable
'

initial design ksiO' disagreement. Given the NRC's responsibility in ensure
with a high level of confidence that tLe public safety is

in general, the construction-related loads need not be maintained for all credible events, it is necessa.y to
demonstrate that the applica' ion of existing codes and

NUREG/CR-6486 34
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standards to new design concepts maintains safe:y margins and overall structural tehnior. The need
chich are at least et,uivalent to existing safety margins. for so. called " conservative" assumptions
Therefore, any structural design concept which falls outside should be minirmzed, and utere
the boundaries of current y accepted codes and standads necessary, the sensitivity of the stmetural

l

should require vaificatim of the design /analyris behavior of the rnodular unit to ac

rnethodology by comparison to applicable test data. parwneter variation should be performed
. to verify the original perception of

If a suf!kient body uf applicable test data already exists in " conservatism".
the open literstac, then project-specific testing may not be
required. However, it is the applicant's responsibility to 4. The complex interaction between steel
st.bmit a sufficiently detailedjustifica&m for the prop'ised and wncrete cannot be adw[uately
design / analysis methodology, bued on the existing tes: data. evaluatedif the design methodology

selectively relies on only one of the two
A structural verification progs am shouki be performed to stmetural elements to carry specific types
substantiate the design / analysis tnethods for ccaciete-filled ofloading (i e., bending. shear, and
stcol modules 'This program should demonstrate that these compression). A potentiaUy serious
methois maintain sufficient margins of safety when pitfallof this approachis that the4

j compared to design / analysis standards for other structural designer / analyst must wak aith sevaal

4,

canponents such as reinforced concrete or structural steel. "different structures" to cmy the appbed
loads. The probability of making an ator

3 Some impoatant points that should be considered in the is increased and the use cf engiacering
design and analysis of couerete-filled steel moddes are judgement to quah% Ncheck;

! numerical results becon,es diffalt.
' l. Structur al behavior of ny.vlular unit.s must ht important, interactions which are
I

be well understood h is 33 sufficient to i, tiby thedesip methodologymay
rely on perxived " conservative" preaptate a loadmgpsth and

: assumptions of stiffness, !oad path, and progresive faihu e wl.ich is the limiting
structural strength criteria. In the desip condition ofstmetural strengdt
ofmodular units and tne connection

f details,it is very likely that subtle 5A.3 Structural Steel Modules
; situations exist, fbr which a simplifying

assumption niay not be readily clesSified
in view of the successful use of structural steel modules inas "caservative "
the past, current NRC guidance and industry codes and
standards are sufficient to derme acceptable desip and

2. The connections between modular units @ h ihidation
whichmake up a complete modular

needs to be given to several items that are unique to
assembly are criticalelements m the

modular construction. The additional loads resulting from
response of the assembly. Tbc the mWeMlpflege addes need to be
connection detail will determine the load

addressed. Currently, larger capacity lift crees are,

transfer path between modular units and
ava lable which may impose sipificant concer.trated loads.

thejomt " ductility". This must be well
These loads must be considered early on in the desip stage l

understood to accurately evaluate the Iof the moddes.
local behavior of the modular unit and the {
overallbehavior of the modular

In addition, supplementry steel will need to be pre-
885*'*I -Y engmeered to provide sufficient stiffness to maintain the

module ccafiguration from preassembly through
3. Given the current state-of-the-art .m

t.ansporting, lifting into place, and placement of concrete.
- computer. aided structural analysis,

. Itis additional steel would not be wasted in a good desip if
detailed modeling/analysa of the modular

its load carrying capability is included in the analysis red
urut and modular assembly can be

desip of the assembled structure. I
performed. This analysis coupled with I

confirmatory testing of the basic modt) tr
{unit and emnection details, should make

it possible to accurately predict both local
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Review Critesia

|
1SAA Precast Concrete Modules 5.5 Structural Acceptance Criteria
|

, '

Current NRC requirements and industry codes and If the design of a specific type of modular unit is govemed

. <

standards define seceptable design ara analysis by recosmzed AS!E, ACI, and AISC codes, as
e

i rgtirementr which would apply to precast concrete supplemented by the SRP ard Regulatory Guides, then the
'

elements. ACl M9 provides requirement: far design of only additional consi3erations for modular coestruction are
precast concrete members, wiis it defines as concrete those related to off-site fabrication, handling. shipping, I,

elements cast elsewlwre than : heir final position in the storage and site erection.
<

structure. Provnions are present21 m the Code to aMresa
,

special conditi e important to the design of precast The desip process assumes that the geornetry of the as- !

| concrete nunbers. These include consideration of all built structure is the same as the nomtnal design geometry,
y loading and restaint cotditims from initial fabrication to

to within the dimensiona! tolerances which are accounted ;i cornpletion of the structure, requirements for desip of for in the desip analysis. For modular construction, there
cormections, detailing requirements, and provisions for are three mtjor operations which potentially contribute to,

! precast wall panels. Additional requirements are also deviations from the nominal design geometry; off site I
t specified far identifying and marking the members and for fabrication, transfer to site, and final erection of fne ;

j transporting, storing, and crecting the precast members. structum using modular units. The cumulative effects of all 1

| three opnations must not exceed the allowabic dimensional
! la view of the limited use of precast concrete modules for toterances accounted for in the design .malysis. Off-site

'

; esfety-related struernres at nuclear power plants, the fabrication in a controlled environment should permit i

| analysis and desip procedures should be carefully adherence to fairly tight tolerances. Handling, shipping and
i reviewed, particularly in the critical area of connections- stcrage operations should be controlled by procedures to
: The effects of all interconnecting details must le considered ensure that no permanent distortion is introduced. The :

in the analysis and design to assure proper performance of major som ce ofdimensional deviation is expected to be fit- |
-

! the structural system. The connection details must be up of the individual modular units to form the completed
'

designed to provide for enmifacturing and erecti@ jstructure.3

J- tolerances and temporary creatiou stresses.
i

! For steel modules and steel compments ofcomposite |
| 5A.5 Prefabricated Rebar Mats, Cages and modules, applied static loads due to liRing, handling, tie j,~ Subassemblies down and other operations should not cause material

,

; yielding, except at very localized stress concentratiom. ,

1 Prefabricated rebar modules do not represent a final Vibration bds during transit or other operations should not |
4 structural unit. Rebar is covered as part of the reinforced induce altemsting peak stres: cycles which exceed the

! concrete design / analysis process, which is addressed in material endurance limit, per the applicable code. If an
; existing accepted codes and standards. However, the operation, such as shipping, subjects a modular unit to

i prefabrication of many rebars into mats, cages, or impact loads, every effort should be made to minimize them.

| subassemblies does introduce concems dealing with the The worst case combination of ambient temperature and
,

lu.ndling and placement of the rebar elements. Some rebar impact loadmg should be evaluated, to preclude the |
modules may require the design of r,pecial steel support pocsibuity of brittle failure during any construction-related j,

structures to hold them in place De structural suppon operatmn. i

! system may also be required to maintain the rebar spac!v', I

I to stiffen the rebar modules to prevent * racking'' during For precast concrete modules and composite steelkoncrete I

i handling, and for alipment to adjacent rebar modules. modules fabncated off-site, concrete stresses should be |
q maintamed below applicable code design allowables for all |
} Special attention should be given to the splicing of cmstruct;on-related operatiens. Possible vibration and
'

adjoining rebar modules, since staggeririg of the splices may impact loads should be r M by procedural control.
; be impractical. Staggering ofrebars is dearable, to avoid Crecku g of concrete as a result of corntruction-related
. dewloping a weak section at the interface. Special activities is not acceptable, unless such cracking has been

l procedures will be necessary to ensure that the final adequately considered in the design analysis. All potential
placement of the reinforcement matches the design causes of concrete material de:erioration must bed

i requirements to within acceptable tolerances. eliminated.
;

| For unique structural module designs, not presently

| governed by neognized codes and Regulatory Guides, a j
!
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specific set of structural acceptance criteria must be dermed. allowance for degradation - based on insenice experience
To the extent feasible, these should be drawn from at currently operating plants and a defmed schedule for
appicable sectiocs of currently recognized codes, as periodic inspection - should be factored into the design
supplemented by Regulatory Guides. Any unique calculations. A remediation caiterion should also be

'

acceptance criteria should reflect the design philosophy dermed.
embodied by the currently recogmzed codes. A detailed
analysis ptogram, verified by supponin g test data, will be 5.6.2 Quality Control
necessary to dr.fme the two key behavior 4 states of the

nodule tmder laad. He onset ofnonlinear behavior The SRP invokes the Quality Control requirements of
esabimbes the lanit of applicability for linear analysis ASME Section III for containments, ACI 349 for concrete
methods, which are traditiondly used for desigE structures, and AISC Specification for steel structures.
calculations. He behavior of the structure beyond the limit here is direct applicability of these requirements for all
of linear retpuc.re must be investigated, to determine the

types of rnodular construction considered herein, except for
ultimate load capacity cnd elfde " ductility" Design concrete-fi.lled steel modules. The applicant should
msrgins agsut failure cr.n then be defmed in a manner

specifically derme the quality control measures to be
consistent with there in currently recogmzed codes. The implemented for any type ofmodular construction not
objective is to ensure thr.t a comparable factor of rafety is directly covered by one of the aforementioned codes. As
maintained. Th: ap,Aicant must submit the techit cal basis

applicable, the quality control requirements of these codes
i,

for the structural acceptance criteria for unique module shoukt be incorporated. The goal is to ensure that a level of
designs. He infbrmation must be both comprehemis e cad quality control comparable to that regtured by existing
concise, to accommodate an independent review. coks is implernented for any unique type of modular

cons'ruction.
5.6 Materials, Quality Control, and

Special Construct. ion rechniques For concrete-filled steel modules where composite behasior. ,

of %,7,1, gtg ;, ,,um,a i, g 3,,;g ,,g ,;,,g y
control ciconstruction processes which affect the soundnes:.16.1 Materials
of the interface betuen steel and concrete is cuential to
ensure achievement of der!gn assumptions. The applicant

The current guidance presented in the SRP is directly should specifically adJress the measures to be taka and the
applicable to modular construction. Concrete and steel proposed methods ofvenficatien.
materials should meet the applicable specifications of ACI,
AISC, or ASME. Any material not covered by the For all types of modular construction, proper control of
appropriate code or not previously accepted for the handling, shipping and storage operations is essential to
proposed application must be reviewed on a case-by-case meet overall quality requirements. For unique types of
basis for acceptability. The applicant should provide modular constructior, the applicant should describe the
stCicient test data and user experience documentation to measures to be taken to control these operations, citing
establish acceptability for the proposed application. In the prior applicable industry experience, existing ted results,
utilization of modular construction, a widely accepted and/cr proposed verification methods as the validanon
material may be proposed for a unique application. It is basis. For other types of rnodular construction, the
imponent that the material / application combination be applicant should commit to the implementation ofmeasures
reviewed for acceptability. which have previously been successful, by reference tu an

Special comideration should be given to the potential for
insenice material degradation. This is particularly As previously discussed in Sesction 5.5, it is essential that
imponant for a sixty-year operating life. Potential matmial final erection tolerances assumed in the design / analysis are
degradation should be addressed in one of two ways: not exceeded. Each step of the modular construction
insenice inspection and remediation g initial design to process must be sufficiently controlled to ensure that the
preclude the degradation Susceptible areas which will be cumulative effect of all operations satisfies the tolerance
inaccessible after completion of construction slwuld be critena. For unique types of modular construction, the
addressed as part of the design process; i e., eliminate the applicant should describe the control measures to be :
potential for insenice degradation. implemented to meet the specified des 2gn tolerances.

For susceptible areas which will be accessible for

inspection after completion of construction, an appropriate
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Review Critena |

|

5.6.3 Special Construction Techniques can be utilized in the development of design, construction,
Iinspecdon, and maintt.ance specifications.

Modular ccostruction techniques which are new or unique
,

should be fully descrioed so that an evaluation can be made 5.8 Quality Assurance Program ito ensure that the structural integrity of the completed ;

structure is maintained. The description of the modular An effective QA program is essential to achieve the desired |
construction techniques should cover the entire process improvements in construction cost and schedule, which are {
from fabrication of the modules through transportation, c.xpected from utilization of modular construction j
storage, handling, mspectiorviesting, and erection. The techniques. Special consideations pertinent to the use of '

information provided should demonstrate that the methods modolor construction are discussed in the criteria report {
used do not degrade the structural quality of the modules in (see Appendix B). '

any manner that might affect the structural integrity of the
siructure.

5.7 Testing and Inservice Inspection
Requirements

Regulatory Guide 1.70 (Ref 40) and the SRP defmc |
specific testing and inservice inspection for concrete and
steel containments, per the ASME Code Section III and
applicable Regulatory Guides. For steel containments,
Regulatory Guide 1.70 also specifies that " programs for
insenice inspection in areas subject to corrosion should be
provided." Also applicable to containments, Regulatory
Guide 1.70 states: "If new or previously untried design
approaches are used, the extent of additional testing and
insenice inspection should be discussed." The SRP !

specifies that this be reviewed on a case-by-case basis. |
These requirements are all directly applicable to

'

containments assemblecy modular construction
techniques.

For structures other than containment, there is no specific
testing and inservice inspection defmed in Section 3.8.3,
3.8.4 and 1.8.5 of Regulatory Guide 1.70 and the SRP. The
extent of ompliance with applicable codes (e.g., ACl,
AISC, MME) and Regulatory Guides should be indicated
by the applicant. The need for and scope of testing and
insenice inspection of these structures is initially j
determmed by the applicant, subjvt to review and ;

'
acceptance on a case-by-case basis.

Advanced reactors have a design life of sixty (60) years -
50% longer than current operating plants. Based on the I

recent NRC study (Ref. 41) on aging degradation of i

civil / structural features at several older operatir.g plants, it
was concluded that with proper maintenance, insenice
inspection, and occasional repair and correction of an
unforeseen degradation condition, civil /stmetural features
should not be a controlling factor in the life extension ofi

existing pl :nts to 60 years. The conditions obsen'ed at

operating plants were evaluated in the context of a 60 year
design life for Advanced Reactors. The results of this study

NUREG/CR-6486 38



- - . . - . - -. _- -. . - - - -

6 VALIDATION OF ANALYTICAL METHODS

6,1 Purpose concrete. Concrete with a compressive strength of 31.2
MPa (4,525 psi) was placed inside the specimens. Figure

The purpose of this phase of the research program was to 6.2-2 shows die nmlinear properties of the steel plates and

validate the use of currently available analytical methods in the cmcrete. The test specimens were placed in a

predicting the response ofconcrete-fdled steel modules. Cm1pressive test machine as show m Figure 6.2-3(a).

The concrete-filled ste-1 module was selected because this hey were subjected to four loading cycles as shown m

is a new type of structure that is not speci5cally covered by Figure 6.2 3(b).

existing codes and standards. Also, techniques used for
analysis and design are not well defmed. As a result, this Geometric similarities of the test specimens to the

type of structural module had the most issues which were Wesunghmse concretofilled steel module, are summarized

identifiedin Phase L as f4ows:

Geometric Tist Westinnhcuse
To permit the practical and eff.cient application of the Parameter Specimens DMgn
concrete-filled steel module and to satisfy licensing
requirements, the structural behavior for this new type of Width / thickness 63.7 60 to 96
stmeture must be well understood. Some test data on (WA)
concrete-filled steel stmetures are available in the literature.
This data can be used to address some of the issues and to Stud spacing / plate 20 to 50 15 to 20

validate analytical methods that would be used to design drickness

ccecrete-filled steel modules. (BA)

Stud dia/ plate 1.56 1'5
6o2 Test Data Used For Validation thickness

(&A)
Concrete-fdled steel modules have been proposed for use
P Y ^ ** * "" *

6.3 Description of Anal tical StudIIcontainment. These structures would be subjected to dead
load, live load, pressure loads, seismic loads, and thennal
loads. An individual wall section would primarily A three dimens.onal (3D) fmite element model (FEM) of
enperience in-plane axial compression, in-plane and out-of- one f the test specimens was developed. The test specimen

plane shear loads, and bending about two perpendicular in- c rresponding to BA equal to 20 was selected, thereby

plane axes. The analysis effort in Phase III evaluated matching die BA ratio of die Westmghouse configuratim.

concrete-fdled steel modules subjected to in plane axial The FEM of the test specimen is shown in Figure 6.3-1.

compressive loads. Recommendations for the evaluation of The model utilizes plastic shell elements to represent the

the modules for other loads are discussed in Section 7. steel plates and 3D reinforced concrete solid elements,
without reinforci ig bars, to represent the concrete.

From the survey of modular constmetion practices, a few
smdies were identified which tested concrme-filled steel Due to symmetry conditions, it was possible to reduce the

structures in compression (see s2bsection 2.3). One test size of the model to one-eighth of the actual specimen

(Ref. 23) was perfonned on concrete-filled test specimens tested. For modeling purposes the specimen was cut in half

similar to the type being proposed by Westinghouse for the with respect to its height, then in half along a vertical plan:

AP600. Compared to the other tests, this reference in the front-to-back direction and in half again along a

provided the most complete information (numerous figures, vertical plane in the side-to-side direction.

tables, and oumerical information), which is essential in
making an independent analysis of the test for validation The discretization of th: concrete elements for the one-

eighth model is two elements by six elements by six
,

purposes.
elements as shown in Figure 6.3-1. The nodes for the

Figure 6.2 1 presents the configuration of the test c nerete elements in the vertical plane were located to

specimens. The specimens were one-fifth scale models. A match the actual location of the smds. For the steel

total of four specimens were tested with varying stud elements, a fmer mesh representation was utilized as shown

epccing to thickn ss (BA) ratios of 20,30,40, and 50. He m Figure 6.3-2, where the concrete elements have been

thickness (t) of the steel surface plate wa:: 3.24 mm (.128 removed for clarity. The steel surface plate lies on the X-Y

inches). Studs, having a diameter ($) of 5 mm (.197 plane and has a pattem of four by four steel shell elements

inches), were used to anchor the surface plates to the f r each full size concrete element to capture the expected
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buckling defortnation. He studs were sepresented by such as seismic and hydrodynamic events, where the natural
springs which connect the concrete nodes to the coincident frequencies of the structure determme the magnitude of the j
nodes of the steel shell elements. He use of springs applied loads. The ultimate capacity and ductility are also

'

enables forces in the studs to be obtained directly from the important to ensure that the available design margms and
computer output and facilitates the evaluation of module energy absorbing capability are comparable to other j
response to varying stud stiflhesses conventional strnetures made from reinforced concrete or

stmetural steel.
To match the test specimen, the FEM also included the

1

vertical side plate, connecting the two surface plates of the The initial stiffness of the computer roodel was determined
specimen, and the horizontal ribs. It is believed that the ribs to be 5.94 MN/mm (33,940 kips /in). The ultimate capacity
were provided to prevent bulging of the site plate, was determined to be 5.81 MN (1,307 kips). These results
simulating the continuity of the wall. are compared to the test data and hand calculations in Table

6 4-1. Excellent agreement is observed between the
ne nonlinear material property of the side plate was computer analysis, test results, and even hand calculations. ;

modeled using a bilinear stress-strain curve. The nonlinear l

material property of the surface plate was modeled using a To gain an understanding of stifhiess degradation (when it I
Imultilinear stress-strain curve because the transition from occurs and how severe it is), the load-deflection curves for

the elastic region to the plastie r egion is gradual (see Figure the computer model and test specimen are presented in 1
6.2-2). For the concrete elements, a multilinear curve was Figure 6.4-1. From the load-deflection curve of the

'

also used to match the stress-strain values shown in Figure computer model, the initial stiffness is relatively constant
,

6.2-2 up to a strain of.002. Beyond this strr.in, the curve up to approximately 4.45 MN or 78 percent of the uhimate )
used in the analysis remained flat at the peak stress value of value. When this is compared to the test data, good |
30.8 MPa. This approach was implemented to simulate the agreement occurs up to 3.02 MN and then the computer ;
expected behavior ofconfined concrete. The steel plate model somewhat overpredicts the stiffness at higher loads.

'

enclosing the concrete would prevent the crushing of the Reference 23 also noted an overprediciton of stiffness at
concrete and the corresponding loss of stiffness as shown in higher loads. It attributed this to the localized failure of the
Figure 6.2-2 beyond a strain of.002. concrete in the region between the stud heads and steel

faceplate during the test. This effect was not captured in the ;

ne boundary conditions consisted of symmetric boundary existing computer model because a very refined region near I

conditions at all nodes in the three planes where the each stud would be required. Another factor that msy have
specimen was cut to obtain the one-eighth model. Two contributed to the differences is the cyclic loading of the test
different boundary conditions were evaluated at the top. specimen, as shown in Figure 6.2-3(b). The cyclic loading
The two different boundary conditions, fixed and free, were may have introduced some cracking in the concrete prior to !

considered because from the information contained in the the finalload cycle to failure. '

paper, it was not evident which case is applicable. I
The load-deflection curves shown in Figure 6.4-1 begin at !

The loading consisted of monotonically increasing vertical a displacement of.09 mm (.0035 in) rather than 0.0. This i

donward displacement at all nodes at the top. Summing was done because the load-deflection of the test specimen I
the reaction forces at all the nodes at the bottom provides between 0.0 and .09 mm indicates that there was some j

the load corresponding to the imposed displacement. The tmexplained initial condition. There might have been small |
resulting load-deflection data from the computer analysis initial slippage due to the test apparatus or redistribution of I

can then be compared to the data obtained from the test. loads in the imtial load application (e.g., from the steel to |
the combination of steel and concrete). Thus, the ANSYS |

6.4 Results of Analysis and load-deflection curve was shifted .09 mm, to match the j
starting point of the linear elastic curve of the test specimen. i

Comparison to Test Data j
Infonnation regarding the top and bottom end conditions 1

To validate the analytical methods used, the resnonse of the during the test were not provided in Reference 23.
concrete-filled steel structure in terms of load-deflection Therefore, two separate analyses were performed, one
data was determined. This data can be used to obtain based on fixed boundary condition at the top and a second
important design intormation sudi as the stiffness of the analysis with a free boundary condition. The fixed
structure, the extent of stdfness degradation, the ultimate condition corresponds to full restraint in all degrees-of-
capacity, and the level of ductility. Accurately predicting freedom (DOF) except one. The remaining DOF, which
the stiffness of the structure is extremely important for loads corresponds to translation in the vertical direction, is used to
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impose the dispiacement input. The free end condition case circle at locations of cracking. Rese synabols are shown at
has all of the DOF released ev.ept for translation in the all integration points for each element where cracking
vertical direction The results of these two analyses on ar. occurs. Each integration point can crack in up to three
earlier model for the two different end conditions were very diderent planes. The plane formed by the circle defmes the
close (within 3%). Therefore, end conditions are not a orientation of the crack plane. Examination of these figures
signif% ant factor for this configuration. indicate that most cracks occur near the end plate, closer to

the bottom of the model, and are oriented along a vertical !

Analyses were also performed to evaluat: the effect of the plane. This suggests that the cracks occurred primarily due
stud / anchorage stiffness. The first run was based on very to the constraint conditions caused by the relatively stiff end
high stiffnesses for all the springs in all three translational plate and thick ribs. These cracks do not affect the
DOF Another run was made using a realistic stiffness for compressive load capacity of the modeled structure.
the axial (pull out) direction of the studs. The realistic axial

stiffness used was based on the actual stud diameter of 5 The effective ductility for the concretc-filled steel module is
mm (.197 in) and a length of 57.1 rrm (2.25 in) which was evident by exammmg the load-deflection curves in Figure
scaled from Figum 6.2-1. The resuP.s from these two 6.4-1. The area bounded by the load-deflection curve
analyses were almost identical indicating that, for this provides a measure of the ductih:y or energy ebsorption !
configurat on and stiffness range, the respoose is not capability. Considering the range ofdisplacements )sensitive to changes in stiffness values. A review of the analyzed, the level of ductility and energy absorption i

forces in the springs revealed that the maximum forces are capability from the analysis is comparable to the test data.
5.04 kN (1,134 lbs) in the X direction. 5.32 kN (1,195 lbs) It should be noted that the analysis was performed up to a

,

in the Y direction, and .351 kN (79 lbs) tensile force in the displacement of 2.63 mm which corresponds to the peak i

2 diruction. load capacity of the test specimen. Based on the actual test l

results, the specimen continued to support gradually i

To evaluate the effect of buckling on the response of the diminishing loads at displacements well beyond 2.63 mm.
concrete filled stmeture, the large strain option in the Thus, the concrete-filled steel module has much larger
ANSYS program was activated. This permitted the analysis ductility than is shown by Figure 6.4 1.
to account for the stiffness changes that result from changes
in the element geometry. Figure 6.4-1 shows the load- 6.5 Conclusions
deflection results for 'his analysis with buckling and also for
the case without buckling.

The results of the analytical effort demonstrate that, for thei

These curves demonstrate that buckling occurs above 5.34 configuration investigated, cunently available analytical
MN (1,200 kips) where the two emves diverge. The tnethods can be applied to predict the response of concrete-
difference in capacities between the two curves is very filled sted modules subjected to compressive loads. The
small. After backling occurs, the load-deflection curve comparison of the load-deflection curve obtained from the

slowly drops off and matches the test data at a displacement analysis and the corresponding curve from the test has led to

of 2.63 mm (.104 in). The buckling defor:aation at the last the following conclusions:

load step is shown in Figures 6.4-2 and 6.4 3.
(1) Currently available analytical methods can be used

he results of the analysis indicates that the surface plate to predict the response of the module up to
begins to yield near the top comer at a vertical input yielding of the steel faceplates. This would
displacement of.76 mm (.03 in). General yielding of the typically be the level to which structural elements

surface plate occurs at approximately 1.0 mm (.04 in). A are normally designed.

vertical input of 1.0 mm is equal to an average strain of
.001587 mm/mm. At this level of strrdn the concrete (2) The analysis predicted with reamnable accuracy

inelastic deformation begins to be more pronounced. the ultimate capacity of the module when faceplate
buckling is included in the analysis. Without

With increasing displacements, the concrete also begins to buckling, the comparison is still reasonably close,

crack near the top corner, at a vertical input displacement of because the closely spaced stud pattern precludes

epproximately 1.3 mm (.05 in). Then the cracks extend buckling prior to yieldmg.

down to tbe bottom predominantly near the side plate. The
locations and orientation of the cracks are shown in Figures (3) Beyond the yielding of the faceplate, which

6.4-4 through 6.4-6 for the last load step corresponding to corresponds to 78 percent of the ultimate capacity,

2.6 nun (.10 in) displacement. A crack is displayed as a the computerized analysis somewhat overpredicts
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the stiffness. Reference 23 also noted an overprediction of
stiffness at higher loads. It attributed this to the localized
failure of the concrete around the studs. Another
contributing factor may be the cyclic loading applied to the
test specunen. This may have introduced some cracking in
the concrete prior to the final load cycle to failure.

(4) Considering the range of displacements analyzed,
the level of ductility and energy absorption
capability from the analysis is comparable to the
test data. Based on the test data, the concrete-
filled steel module has energy absorbtion
capability well beyond the deflection magnitude
reached in this study.

(5) The response of the analytical model was not
sensitive to the axial stiffness of the studs. Varying
the axial stiffness of the studs resulted in almost
identical results. The pullout forces in the studs
are relatively small (a maximum of.35 IkN (79

lbs)).

(6) The boundary conditions at the top and bottom do
not affect the response of the analytical model.
This is based on evaluating the model for both
?xed and frec boundary conditions at the loaded
su. faces.
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Table 6.4-1 Analysis results

lie n BNL Coniputer Model Test Specimien Hand Calculation,

Initial stiffness

MN/mm (kindm) 5.94 (33,940) 5.63(32,150) 5.84 (33,350)*

Ultimate Capace 5.81 (1,307) 5.73 (1,288) 6.06(1,352) " -

MN (kips)

*
K = (E x A + Emx Am + E x Am)/hc c m, -

" ** Puxx = fcx Ac + 0ynx Am + 0yaxAm

c: mte

m: faceplate

a: end plate
h: height ofspecimen
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7 CONCLUSIONS AND RECOMMENDATIONS
,

!

7.1 Conclusions . Detemunati n finitiai stmess and stmess
degradation

The use of modular construction in both the nuclear and . Damping values for use in dynamic analyses
non-nuclearindustrywasinvestigated. TheU.S.
Department of Energy sponsored a number of sulies on the . Validation of analytical methods
use ofmodularization in nuclest power plants. Japan has
also performed many studies and has conducted scale model . Reliability ofjoints and connections
tests on concrete-fdled steel type modales. These and other
sources were surveyed to learn what progress ha been . Determination ofeffectiveductility
made; what are the significant issues and concerns, and

what additional work is needed to support NRC licensing . Determmation of ultimate load capacity
activities for ALWR's. 'ne conclusions reached from thei

research effort are as follows:
(5) Issues related to the modular construction process,

which includes offsite fabrication, hsmdling,
(1) Structural modules have been used successfully :n shipping, storage, erection, inspection / testing,

the shipbuilding, petrochemical, and fossil power quality assurance / quality control, and snaintenance,
industry. In the nuclear industry, foreign countries have also been identified. Specific issues related
which include lapan, France, Sweden,

to the modular constmetion process are
Switmrland, and Taiwan have used structural

modules to varying levels. Within the United . Provisions in design and fabrication to assu:e
States the use of structural modules has b n field fit-ups (e g., toler : aces or excess material
relativelylimited. to pennit field adjustments)

(2) Modularization has been proposed for two ALWR . Designated li&g points for handling and
plants con isting of the Westinghouse AP600 and erection; designed in advance
the GE SBWR. Other advanced reactors which
have also considered the use of structural modules . Configuration control (e.g., centralized end
include the Sodium Advanced Fast Reactor, the computenzed with access by all subcontractors)
Modular High Temperature Gas-cooled Reactor,
the Prototype Reactor Inherently Safe Module and . Mixed code classes on the same module
the CANDU3 Reactor.

. Storage and damage prevention
(3) Previous studies have concluded that modular-

ization could result in approxi'nstely a 12 percent . Construction plan and sequencing
reductica in total capital costs compared to nuclear
plants built in a conventional manner. In addition, . Proceduresformodulelihg/ placement
it was estimated that the overall construction
schedule could '.c reduced from 8 years to 6 years.

. Owner " umbrella" vs fabricator controlled QA
A third benefit would be improvement in the programs
quality of construction.

. Shop and site inspections
(4) From the survey ofmodular construction practices

and the specific reviews of the licensing submittals . Specification for supporting, securing, and
for the AP600 and SBWR, a munber ofissues protecting modules during transportation
related to design and analysis of safety-related '

structural modules were identified as follows: . Material degradation due to 60 year operating
life (e.g.., may require in service inspection or

. I ack ofcodes and standards for certain types of consideration of degradation in design)
modules

(6) Currently, there are no specific licensmg resiew
. Unique loads duric g the fabrication, handling, criteria that pmvide guidance for the use of

transportation, storage and erection structural modules in nuclear power plants. A
Modular Construction Review Criteria document
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Conclusions ')
:

wu prepared as part of diis program to provide In-plane shear behavior of concrete-filled steel modules is
gmdance for une in licensmg review activities _ extremely important fe the evaluation of seismic iesponse;

: Its purpose is to supplement criteria already consequently, any additional anal}tical verification should
preamted in the NRC Standard Review Plan first concentrate on this behavior. Out-of plane bending -

and shear loads are also generated by seistnic loads, but are j
,(7) An analytical research eilbrt was conducted on typically less significant. However, the use of concrete- j

concrete #dled steel modules with studs to fdled steel modules as pressure retaining boundaries, such |

determme if currently available analytical methods as in tim AP600 IRW5T, requires that out-of-plane )
can be used to predict their response. The results b.,havior be accurately evaluated. In this case, the :

of the anafysis for compressive loads led to the combination of pressure and out-of-plane seismic loads will )
followmg major conclusions: significantly influence the selection of design parameters for ;

a concrete-filled steel module. The response to secondar) {
y

. ~ Curtently available analytical methods can be loadings, such as thermal gradients, may also play a |
used to predict the response of the module up to sign!Ecant role in the design of concrete-filled steel j
}ieldm6 of the steel faceplates. This would modules. I

typically be the level to which structural
elements are normally designed. Over twenty (20) variations of configuration details havei

already bcon tested in Japan, for one or more of the I
. The analysis predicted with reasonable accuracy significant loadings discussed above. The applicability of |

the uhimate capacity of the axxtule when current analytical methods should be verified for a selected
Ifaceplate bucklingisincluded. group of tested configuration variations,in order to establish

a reasonable confidence level for future analyses of untested
. Beyocd the yielding of the faceplates, the condigurations. ]

computerized analysis somewhat overpredicts |

the stiffness. Based on the referenced test Japan has recently begun a multi-year modular construction !
report, the overprediction of stiffness is judged rnearch program to evaluate the behavior of concrete-filled !

to occur because oflocalized failure of the steel modules. Therefore, it would be very benefici21 if a !
concrete near the stud during the test. Another cooperative program could be developed which would i
contributing factor may be the cyclic loading of perndt us to share information. This could proside valuable :
the test specimen. data useful in verifying the safe application of structural I

modules in nuclear power plants within the United States. i

. Ductile behavice was cortrparable to the test ;
data.

|
!

These conclusions, obtained from the analy6ical i

research cffort, provide strong evidence that
'

;
currently available analytical methods can be used -

to predia the response of concrete-filled steci
;

modules subjected to compressive loads.
J,

<

7.2 Recommendations I

;
;>

>

The limited validation of analytical methods applied to j
concrete-filled steel modules, conducted during Phase III,
should be expanded to encompass (1) additional loadings !

(in-plane and out of-plane shear and out-of-plane tending)
and (2) a broader range of gecanetric configurations. While

:
the initial results appear to confirm that currently available

.

analytical methods are indeed applicable to design analysis |
and quantificdan of design margin, it is emphasized that I

only a single configuration, subjected only to in-plane
compressiveloadingwasinvestigated. Generalizationof j.

these results cannot be supported at this time. i

1

|
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APPENDIX A

RELIABILITY OF MODULAR CONSTRUCTION

PHASE I REPORT - IDENTIFICATION OF ISSUES

BNL TECHNICAL REPORT NO. L-2261-1-S/93

,

NOTE: This report was issued in August 1993 and thus, is based on the module
configurations proposed at that time. Since then, Westinghouse has made some
revisions to their modules, particularly the concrete-filled steel modules.
Therefore, the following sections no longer apply to the current Westinghouse
design of concrete-filled steel modules:

Section 3.1.1
Section 3.2.1
Section 3.3
Section 3.4
Section 5.0

A1
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1.0 INTRODUCTION

Advanced , reactor plants will be designed to maximize the
benefits which can be obtained through use of modular construction. '

This will be achieved by applying ~ modular construction techniques
in the early conceptual phases of the design and through the i

construction phase with engineering substantially complete prior to
i

)start of consttuction. Module types will be classified as to '

whether the module will be fabricated in major elements off-site
with final assembly at an on-site shop, or will be fabricated
entirely on-site in a module assembly area. Module designs attempt i

to maximize the. use of standardized elements with consideration i
ifor: space provisions (for fit, maintenance, inspection); shipping;interfaces.and Finally, an erection plan based on delivery

requirements and a QC program for on-site storage are important
because potential deterioration or damage from on-site storage can
have a negative impact on the structural integrity of the modules
if completed modules are stored on-site for an extended period.

As a' result of its possible use in advanced reactor designs,
!the U.S. Nuclear Regulatory Commission is sponsoring a program to
{study the reliability of modular construction. This study involves |modular safety-related structures usually found in. side the

containment and designed for postulated encthquake and pips rupture.
loads. Standards to assure strength, ductility and reliability of
joints and connections are needed to complete the licensing review I
of advanced passive and evolutionary reactors. Additionally,damping values for seismic analysis and information on stiffness
degradation during earthquakes of modular elements are needed.
Criteria for QA/QC' during transportation and installation of
structural, modules are also needed. For this program, the term
" advanced roactors" is intended to include the following reactor
designs which may use m,odular construction:

(1) AP600 (600MW reactor by Westinghouse)
(2) SBWR (600MW Simplified Boiling Water Reactor, by GE)

,

|The scope of this study is limited to structural modules. As !'

a minimum, and to the extent that they are used in the above '

referenced advanced reactor designs, the following types of modules
will be addressed:

(1) Prefabricated rebar mats, subassemblies, cages, etc.,
for:

a. Base mat,
b. Building and containment walls,
c. Drywell and suppression chamber slabs (SBWR)
d. Containment top slab (SBWR),
e. Columns, beams, walls, floor and roof slabs.

1-1
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(2) Precast concrete frame, wall, floor and roof elements, ;

either prestressed (pre- or post-tensioned) or j
conventionally reinforced.

,

(3) Precast. concrete modules, such as box or cylinder units
for compartments.

-(4) Composita or sandwich panels, consisting of concrete
cores between two steel faces. ;

!

(5) Prefabricated structural steal assemblies for dual *

purpose - serving as forms for turbine pedestal, drywell
vent wall, and reactor pressure vessel pedestal.

|

The parameters'to be addressed include the following items:
i (1) ' Strength.
!-

(2) Ductility i

{ (3) Stiffness and stiffness degradation
.

(4) Reliability of joints and connections of modules.

;

. ' ' (5) Damping values
!

(6) QA/QC for design, construction and transportation

Whila' advanced ' reactor vendors should be responsible for
development of modular construction technology and its
implementation to nuclear reactors, this study aims at providing i

adequate safety and. quantifying margins (as defined by current ACI t

349 and ACI 359 load combinations, and ASCE 4-86 requirements on
seismic ductility of conventional structures) against design basis
accidents and ultimate structural capacities. ,'

Phase I of this program focusses on a review of existing
standards, tests and practices that have been used in~ modular
construction with the goal of identifying issues and what more is '

,

needed in order to support NRC licensing activities. Based on this
review, Phase II will concentrate on providing acceptance and ITAAC '

(Inspection, Test, Analysis, & Acceptance Critairia) criteria, and
outline a program of . tests and analyses that could be used to
establish safety margins against design basis accidents and
ultimate structural capacities. In Phase III the tests and
analyses identified in Phase II will be performed, as well as any
additional research/ testing that may need to be done. The results
of this effort will also be used in the development of attributes
for ITAACs for construction of modular units.

Section 2.0 discusses the results of a survey of modular
construction practices with emphasis on studies conducted by the

t
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j U.S. Department of Energy and ongoing activities in ~ Japan.2 Sections 3.0 and 4.0 present the results of evaluations of
~

Westinghouse And General Electric applications of modular
,

construction techniques- based on the information available to date.
Finally, Section 5.0 provides a summary of the technical issues and

', recommendations regarding the direction of future efforts.
i
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i 2.0 SURVEY OF MODULAR CONSTRUCTION PRACTICES
i

| 2,1 Background
:

In 1985 the' Department of Energy (DOE) formed a Technology<

i Transfer Task Team on Modularization to "briefly survey the current
: use of modular construction in the nuclear and non-nuclear
i industries and to assess and evaluate the techniques available for
i potential application to nuclear power" [1]. The emphasis of the
i team's efforts was on identifying the means.for utilities to better
: control nuclear plant construction costs and schedules, as well as

total power generation costs over the lifetime of a nuclear power
; plant facility.
;

|- The Task Team study concluded that modularization could result
;. in a 12 percent reduction in total capital costs compared to
i nuclear plants built in a conventional manner. It was also
i estimated that the overall construction schedule would be reduced-
i frca 3 years to 6 years. These estimates are based on average j
j construction experience for many plants. The Team also recommended

|
| that guidelines be established for future advanced reactors which !

i identify how modularization can improve construction, maintenance,
life extension and decommissioning.

1

! As part of its technology programs in support of advanced
light water reactors, DOE has sponsored additional studies

i

regarding the use of modularization in nuclear power plants. Duke,

Power Company performed the Design for Constructability Program
with the overall goal of identifying and addressing changes in the,

j nuclear industry to restore nuclear energy as an attractive option. I
i The results of this program are contained in an extensive four
; volume report [2-5]. Volume II of the report provides information

on modular construction experiences.and summarizes the results of4

| a workshop on concerns that modularization would present to nuclear
plant owners, designers and constructors. Stone & Webster ;

} Engineering Corporation (S&W) also conducted studies to improve j
constructability and to simplify the design of future nuclear,

f plants (References (6) and [7] are reports on two of the seven J

! tasks performed by S&W) . One of the S&W studies (7) identifies I
i present and past practices of modularization in both the nuclear

.and non-nuclear industries and presents a number of prefabrication, !
;~ preassembly and modularization approaches for a typical advanced

reactor plant. The results of the Duke and S&W studies as they |

relate to modular. construction are discussed in more detail in
Section 2.2. )

All of the above studies highlight the fact that |
modularization has been used ' in most U.S. industries, including
shipbuilding, petrochemical, aircraft, aerospace and automobile.
Furthermore, a number of examples are cited where modularization
has been used in the U.S. nuclear. industry. These include the use
of reinforcing steel modules; precast concrete; containment and

2-1
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fuel related liner modules; tank, piping and equipment !preassemblies; etc.[7]. However, modularization has not been
iextensively and systemacically used in the nuclear industry. The '

shipbuilding and petrochemical industries have used modularconstruction techniques a great deal and appear to offer the best
;examples for technology transfer to the nuclear industry. The '

fossil power industry is also studying. power plant modularization !and. formed a working group to identify the major issues [8). The iissues identified by tha group include labor, quality, !standardization and transportation.
t

Reference [9] describes a comprehensive system of modular !construction employed by Avondale Industries. The system was ideveloped.for their marine programs based on approaches used in !Japan. They are now expanding their system for use in . the !industrial and utility markets. Major non-marine projects have iincluded a sulphur recovery unit, haze.rdous and toxic waste itreatment systems, and a hydroelectric - power plant. The last iexample involved a large powerhouse module, approximately 456 x 150 ix 120 feet, which was floated from its shipyard construction
location to its final location ~ a distance of 208 miles up theMississippi River [10]. Tha steel structure consisted of over 200 Imodular units which were assembled together with eight turbines and '

generators to form one Irrge powerhouse module (see Figure 2.1) .
Once in place the steel + :tle is filled with 110,000' cubic yards

|of concrete. Avondale ~ also it.volved with the application of
!nodular constraction to Westinghouse's design of the AP600. One of

the major applications of rodular construction in thirs. design is ;

the use of concrete-filled cteel plate structures.

The Advanced Light Water Reactor (ALWR) Utility Requirements j
,

Document developed by the Electric Power Research Institute [11] ;includes a requirement that ALWR plants "be designed to maximize jthe benefits which can be obtained through the use of modular
!construction techniques." As noted above, Westinghouse is applying imodularization concepts in the design of the AP600 (12,13]. In |addition to the concreta-filled structural steel modules, the other

techniques being considered include steel (leave-in-place) form
modules, wall rebar curtains, equipment modules and containment'

vessel modules. General Electric has also proposed a large scale
modularization scheme for the design of the SBWR [14]. In this
design GE is considering the use of rebar modules for pool walls,
diaphragm floor modules, rebar modulau for the . RPV pedestal, i

,

containment wall liner modules, vent wall modules, and pool liner !plate modules. Further details of the structural modules currently jbeing proposed for use in the design of the AP600 and SBWR are
discussed in Sections 3.0 and 4.0, respectively.

Modularization has also been considered in the design of other
advanced reactors such as the Sodium Advanced Fast Reactor (SAFR),
the Modular High- Temperature Gas-cooled Reactor (MHTGR) and the j
Prototype Reactor. Inherently Safe Module (PRISM) [15]. As part of
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the studies for these designs, new techniques for partial
. preassembly of concrete structures have been developed. Studies
were also. performed to aid in the development of guidelines for
transporting modules, interface control and cost estimating. Since
the term " module" appears in the names of two of these designs and
is used in several ways, the authors of Reference (15] provided ae

very concise definition of this term which is also directly
applicable to the manner in which it is used in this report. The
term " module" is defined to be "a maior system or structural ;

subassembiv which can be assemble 4_ god tested in an offsite or.

out-of-rosition location, and installed by field forces as a sinole ;

Diece "s

The S&W study also reviewed, foreign nuclear power
modularization and prefabrication experience [7]. Some of the i

,

examples cited in their report are summarized as follows:

' * France - Containment dome liners were fabricated and ,

j erected in one piece. Reactor auxiliary piping was |
prefabricated to the extent that 75% of the pipe welds j,

i were done in the shop. Mechanical modules for small .

j equipment are used. I
,

i Japan - Large liner preassemblies of the containment*

i vessel are shop fabric ted. Pipe whip structures and |
pipe penetrations are preinstalled in the containment i
preassemblies. Modularized pipe and valve assemblies are i-

used to reduce field welding. Reinforcing steel is
: preassembled on the ground.
t
2 Sweden - Prefabrication of concrete structures such as*

E staircases, wall elements, and slab and roof elements was
used. Containment steel liner, process piping and pipe
supports were prefabricated. Modularized rack-mounted,'

units for the scram system were installed.

| * Switzerland Reinforcing steel was preassembled.-

Concrete elements for stairs, roof plates and shield
blocks were prefabricated. The lower part of the drywell-

was modularized by welding steel plates into inner and
outar rings. composite steel and concrete reactor shield
building penetration modules and the biological shield
wall were prefabricated.

Taiwan - The reactor pedestal was preassembled as a steel*

structure. The containment liner was prefabricated into
four quadrant sections per ring and lifted into place by
crane.

The Duke study also reviewed international nuclear
construction experiences, including that at the Muelheim-Kaarlich
plant in Germany and Tsuruga II and Takahama 3&4 in Japan (3].

2-3
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Since Japan appears to be extensively developing modularization
techniques and they have traditionally invested a great deal of
resources in testing to demonstrate the adequacy of the designs, a

,

more detailed discussion of.recent Japanese studies is provided in I
Section 2.3.

I|It is apparent.from the above cited reference material that ;there is a great deal of interest in modularization in both the I

nuclear and non-nuclear industries. Their is much discussion on
how modularization impacts current conr.truction practices and the I_

potential savings in costs and schedule, as well as the improvement '

in quality. 'However, the literature does not appear to include
much discussion on any potential safety issues that may be j
introduced by adapting modularization on a large scale _to the ;
nuclear industry. A paper by Bagchi and Tan [16] has looked at !

modular construction from a regulatory perspective. Some of tho |issues they have cited which should be addressed include the ;

following:

assurance of composite action between steel elements and [
*

concrete in wall and floor elements I

* assurance of the ductility of connections and joints
between modules ;

the judicious application of codes and standards*

the establishment of an impeccable quality assurance and*

quality control program '

i

The -following sections of this report will discuss in more
detail some of the modular construction studies cited above and f

the application of modularization. techniques by Westinghouse and iGeneral Electric to their advanced reactor designs. The intent of
this~ discussion will be to fully identify the issues from a *

regulatory viewpoint and to recommend a course of action for their
resolution.

' ,

|
2.2 DOE Programs

As discussed in Section 2.1- Stone & Webster Engineering '

Corporation (S&W) and Duke Power Company studied the use of i

modularization in nuclear power plants as part of the Department of
Energy's technology programs in support of advanced light water j

,

reactors.
'

<

As part of the S&W study [7], a number of modularization
aoproaches for a' typical advanced light water reactor plant were
developed and reviewed. It was emphasized that for modularization
to be cost effective it must be considered from the plant's
' inception.' In particular, it was noted that the general l

,

arrangement of a plant should consider the following features to
2-4
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support the modular concept:
f

:
*

.

.

. align structural. walls, columns and floors. !E
I i

* minimize bulk ' quantities and group functionally-
related equipment.3

:
.

I~ minimize curved walls.*
.

i*

provide a clean - interf ace between in-place and !
*

modular construction.,

.
,

L

* accommodate modular access, interfaces, and.

i equipment removal / maintenance.
:

; ' Based on . the above guidelines, the study developed typical
emodule Units for the radwaste and auxiliary buildings of a nuclear I'

plant. The module units for the radwaste building included |
) - domineralizer, waste evaporator and charging pump cubicle composite '

} modules,'as well as a pipe rack module. The modules developed for ;
j the auxiliary building included an emergency feedwater pump cubicle ;

i composite module, an electrical switchgear room composite module
i

! 'and'a structural wall module. The modules were repeated several
:times for,use throughout the plant and ranged in size and weights1 4

i from 20 to 300 tons. The largest module was 30 ft. wide,'50 ft.
I 'long and 30 ft. high.

'

:
:

| Some of the conclusions from this study are as follows:
,

1 !
! * 'The use of templates is mandatory to assure the ;

proper fit up of modules. j>

Interfacing components of modules must be designed |
*

with excess material to be trimmed in the field to i

accommodate installation tolerances, stacking, and imisalignment problems. -slotting. connection holes,
:the'use of shims and filler plates, etc. should be j
included in the module design i

|* Modular extremities must be located to assure
proper clearance during installation.

|
The interface between structural wall modules'will*

require closure plates. )
1

Bean anchorage details were simplified by the use I*

of hold down clips which eliminates -the need for !
the tight tolerances associated with the use of |
anchor bolts. '
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I

specialty Q-decking is recommended to provide the |
*

L ability to hang components from the underside of a
i

concrete slab. '

,

I
The concept of stay-in-place steel form modules can -

'

*

be expanded to suit specific building and component !
1ayouts.>

|

The choice of the optimum method for splicing rebar '*

for modular construction requires further study.
t

* Modules may require the design of temporary !
;| structural steel supports to facilitate !'

assembly / fabrication, transportation and lifting. j
.

;
'* When concrete is not required for structural 'j

integrity, wall and floor modules could use ;
alternative radiation shielding products sach as :

lead / steel- shot or sheets, boron-polyethylene
pellets and sheets .in - combination with lead, or

,

lithium-polyethylene pellets. j
i

The study also provided recommendations and conclusions
regarding mechanical, piping.and electrical modules, as well.as i

cost and schedule analyses, which are not discussed here since they j
are not relevant to the scope of this report. I

I

The Duke Power Company sponsored a number of workshops and i

meetings as part of their. DOE program [3). In particular, the
Third Designing for Constructability Workshop was devoted to the
review of modular construction approaches and a discussion of the !

concerns that such approaches pose to the owner and/or constructor. !

The workshop was held on March 14-16,1989 in Orlando, Florida
and was attended by more than thirty industry representatives,

,

]including designers, fabricators, constructors, vendors, and*

utility owners. The workshop included a discussion of issues
]associated with quality assurance, impacts on vendor and site i

approaches, and owner commitment, cash flow, and risks. A summary
of the issues discussed at the workshop is included in Table'2.1.

One of the major issues was the degree of standardization !
necessary to enhance modularization and the need for standardized
equipment specifications. It . was concluded that such
specifications- should address items such as accessibility,
maintainability, procurement, electrical, avoidance / minimization 1
of, rework and module' delivery for installation. This last item

'

includes inspections, packaging and preparation for shipment,
handling, receiving, storage, and module and component protection.
Other . issues included: (a) the need for up front planning and
preparation as part of a detailed construction plan, (b) the
development of a standardized QA program which includes the owner,

2-6
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as well as the potential for multiplo vendors and'modale
fabricators, and (c) the need for maximizing owner QC inspections
at the module fabricator's shop and adding inspections related to
transportation induced loading.

The workshop also included discussions as to the need for a
separate "Modularization" or " Module Fabricator" code. There wasno consensus as to the need for a separate code. However, there' '

was consensus that the modular construction approach didnecessitate an evaluation of code requirements. with at least some
revisions and/or additions to current codes. Some of the issues tobe addressed include the following:

* the need for and role of the Authorized Nuclear
Inspector.

<

the need for manufacturer vs constructor stamping*

programs for code piping.

the mixing of code work on the same module.*

standardization of the NF boundary.*

The workshop brought together a number of key individuals
involved with the development of modular construction techniques.
The issues discussed focussed primarily on the needs and concerns
of owners and constructors. However, further discussions with
these individuals would assist in further defining the modular
construction issues from a regulatory viewpoint and assist in
developing an approach for their resolution.

2.3 Recent Japanese Studies

Japan has utilized a number of prefabrication and
modularization techniques in the design and construction of recent
nuclear power plants. Studies are being conducted to improve these
techniques and tests are being performed to develop analysis

-methods and demonstrate the adequacy of selected designs.- The
results of some of these applications and studies are presented in
References (17) to (22) which are summarized below.

Tokyo Electric Power Co., Shimizu Corp. and Hitachi, Ltd. have
jointly developed the large block prefabrication method (17). In
their method they have distinguished between " prefabrication"
wherein only a few types of construction materials are preassembled
into standardized and simplified blocks and "large block
prefabrication" in which a number of materials are integrated into
larger and more complex units and installed using a large' capacity
crane. Examples of both are shown in Figure 2.2 and have been used
during the construction of the Kashiwazaki Kariva nuclear power
plant. The method has been shown to:

2-7
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(1) save labor
(2). shorten the construction period
(3) improve construction safety i

(4) improve working cenditions/ reduce laborious work ;
1

In carrying out the method, the follot ing engineering
practices must be exercised: |

|

(1) selection of application parts ;
(2) construction planning utilizing advanced engineering 1

tools such as 3D-CAD and a'3D surycy system- |

(3) design improvement
'

(4) lifting and installing ;

(5) connecting parts together efficiently
(6) carrying out en intelligent network for data transmittal |

between head office, site ' office, general contractor,
|sub-contractors and mechanical manufacturar

,

Connecting is cited as one of the most important aspects of
the method. To meet the need to align all joints at once under
complicated conditions, a new rebar splicing adjuster was developed
and new rebar splicing methods were applied. Further studies are-
being performed to improve the technology, including the,

enlargement of blocks, promotion of automation and mechanization
and improvement of structures. The last item includes-
consideration of steel (S), concrete filled steel (SC) and pre-cast
concrete (PC) structures.

Mitsubishi Heavy Indust. ries, Ltd. , Kajima Corp. and Ohbayashi
corp. jointly studied the feaEibility of using concrete ' filled
steel (SC) structures for a PWR type nuclear plant (18) . The study
included the reactor building, control building and waste disposal ,

building. The buildings consisted of SC bearing walls, columns of
concrete filled steel pipe, girders and beams of steel, and slabs
and foundation mats of reinforced concrete. The buildings were
designed for a high seismic load -(0.35g to 0.5g) on a rock site.
The assumptions used in the SC wall design are shown in Table 2.2.
An outline of the construction method is shown in Figure 2.3. The
conclusions of the study are as follows:

1. " Equivalent earthquake resistance to conventional RC
.

structures can be maintained with significant reduction !

in shear wall thickness. This indicates that the SC j
structure becomes more desirable when the earthquake !

force becomes larger." |

2. "Regarding the construction, as it is possible to greatly
increase the ratio of prefabricating work at the factory,
a.significant decrease in the job site man hours and
field manpower is anticipated. Also, as a supplement to
aforementioned, the possibility exists for reducing the
job site man hours of the electro / mechanical systems work
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1

i

by fixing pipes and wires to the SC blocks at the !
factory." ;

:
3. "A si'gnificant saving of half to one year in construction lperiod is possible due to the rationalization of the

construction blocks."
j

In order to obtain seismic design information, u 'model test of
a concrete structure inside containment composed of concrete filled

i

,

steel (SC) bearing walls was conducted [19]. The tests provided '

information on elastic and inelastic behavior, stiffness, ultimate
strength, and hysteretic and vibrational characteristics under f

horizontal seismic loads. The SC structure is a sandwich structure
in which concrete lies-between two surface steel plates as shown in

;Figure 2.4. Studs, shear bars, and web plates are attached to the
steel plate in order to obtain a composite effect of concrete and s

;

steel, plates. The model, which is a 1/10 scale of the existing
1000 MWE class plant, and test apparatus are depicted in Figure
2.5. It consists of the SC primary shield wall of the reactor
vessel and a secondary shield wall for the steam ' generator,
pressurizer, and fuel transfer canal. It also includes reinforced '

concrete (RC) structures consisting of the base mat and the upper jand lower loading slabs.
|

lThe test-procedure consists of two parts: j
,

1. Static horizontal loading tests were performed by ,

applying horizontal forces on the upper and lower loading j
slab in proportion to the distribution of shear forces i
and bending moments predicted in the actual structural
design.

2. Vibration tests were conducted with an inertia type
hydraulic shaker. A sine sweep excitation was _ applied
with a sweep frequency range between 20 and 200 Hz and a
sweep velocity of 10 sec/Hz.

The calculated concrete crack load and steel plate yield load
were found to compare well with the test results. The concrete
crack occurrence load was determined by dividing the tensile
strength of concrete by the principal tensile stress in the

<

concrete as determined from an elastic FEM analysis. The steel I
plate yield load was also determined using the calculated forces
from the elastic FEM analysis and the following assumptions:

1. All tensile forces are resisted by the steel plates.

2. The compressive forces are resisted by the steel plates
and concrete in proportion to their stiffnesses.

Figure 2.6 shows the stiffness degradation. The vertical axis
indicates the: secant modulus of stiffness and the horizontal axis

2-9 '
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indicates the relative rotation angle (R). For the SC structure
0.48 x 10'8 rad.the stiffness at the S, load level with R =*

decreased by 30% from the stiffness at elastic conditions. For the
RC structure the corresponding stiffness decrease was 65%. The S,
load level.was reported as corresponding to a U.S. SSE.

Figure 2.7 shows equivalent Viscous damping results. For the |
SC structure the damping is almost constant at 5% before the steel
yields and it dramatically increases after that. For the RC j
structure the damping from the second cycle loop is almost constant i

at 5% before and after rebar yielding.
1

Based on the results of this test it was concluded that the SC |
structure is superior in ultimate strength and ductility capability
compared to the RC structure. It also demonstrated well behaved
hysteresis characteristics. The results of this test and.those i

from further studies, which are apparently underway, will be used |
to estaolish a rational design method for SC structures in Japan. |

In order to establish a rational design method for SC
structures, additional compression and shear loading tests of SC
wall specimens were performed (20). These tests apparently are

,

part of an overall program to establish SC design methods for !
|determining:

(a) compression ultimate strength
|

(b) shear ultimate strength
(c) combined compression and shear ultimate strength
(d) adequacy of joints
(e) reinforcing methods for details such as openings

The tests described in Reference (20] are being used to
address items (a) and (b) above. Table 2.3 shows the type of test
specimens included in this program. Stud bolts are welded to the
surface plate at spacing B. For the compression tests repeated
compression loads are applied. For the shear tests, the repeated
positive and negative loads are applied using four hydraulic jacks.
The method of loading the test specimens is shown in Figure 2.8.

For the compression tests the initial stiffness, buckling of
surface plates, and ultimate strength were evaluated. The initial
stiffness was calculated by the following formula:

K= (EA),,/H = (E,A, + E,A,) /H
Young's modulus of concrete and steelwhare E, , E, =

Section area of concrete and steelA , A, =

Height of specimenH =

The ratio of the test results to the calculated values based on the
above formula were about 0.8.

2-10
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The buckling strength was calculated by Euler's equation with
a buckling . length equal to 0.7 x stud spacing. Based on this
assumption, the ratio of test results to calculated values ranged
from 1.02 to 1c44.

The ultimate strength was calculated by the following formula:

N,,, = N, + N, + N, = A,f, + A, a,y + A ap rm
1

where N, , N, , Np Strength of concrete, side plate and=

, surface plate.
| A, , A,, Ap Section area of concrete, side plate and=

surface plate
f, Compression strength of concrete=

a,y Yield strength of side plate=

Buckling strength of surface platea =rm

Using this formula the ratio of test results to calculated
values ranged from 0.99 to 1.06.

For the shear tests the initial stiffness, buckling of surface
plate, and ultimate strength were also evaluated. The initial
shear stiffness was calculated by the following formula:

K, = (GA),q/h, = (G,A, + G A,) /h,r

where G, , Gr shear modulus of concrete and surface=

plate
section area of concrete and surfaceA, , Ag =

plate
h, height of wall=

The ratio of test results to calculated values was 0.94 to
1.25.

The buckling stress values were found to be nearly equal to
the theoretical values of a pin-supported plate of which the aspect
ratio is infinitely large. No buckling occurs in test specimen
SS50 (see Table 2.3) for which B/t is 50.

The ultimate strength was calculated by the following
equation:

+ 4. 5 % A,qmax = a /2 Agn

Section area of surface plate andwhere A, , A, =

concrete

Yield strength of surface plateo =n

Compressive strength of concretef, =

2-11
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The ratio of the test results to the calculated valuec ranged
from 1.00 to 1.02.

The conclusions from these tests were reported as follows:

1. " Stud bolts are effective to prevent buckling of the
surface plate."

2. "occurence of buckling can be predicted by applying
Euler's equation for a column pin-supported at one and
and fixed at the other end for compression loads and by
'the theoretical equation of a pin-supported plate of
which the aspect ratio is infinitely large for shear
loads."

3. "Occurence of buckling has little effect upon the lead-
displacement behavior of the structure."

4. " Ultimate strength of the whole structure can be
evaluated by the sum of the ultimate strength of concrete
and steel plate."

Other studies have also been conducted in Japan on the
strength of concrete-filled steel elements which may be useful in -

establishing the design criteria for such structures .in nuclear
plants. For example, Reference [21] reports the results of
analysis and tests of such elements when subjected to combined
bending, shear and axial forces. The paper presents closed form,

solutions for selected problems with verification by tests.
Reference [22] presents the results of an exparimental study on the
strength and deformation of concrete-filled box columns. In this
study, ten specimens (six concrete-filled steel box columns and
four steel box columns) were tested to failure under concentric
compression. From the test results it was concluded that high
ductility as well as high strength can be expected from concrete-
filled columns. It was also found that longitudinal stiffeners can
have a significant effect on the strength of both the steel columns
and concrete-filled columns.

,

2-12
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Table 2.1 Summary of Issuss Diccussed at the Third Dasigning
for constructability Workshop [3]

sutdoet Comment issues / Examples

Quality New concerns on QA * Code class work
assurance and documentation * Mixed code classes on the same

arise when a modular module
approach is applied to * Configuration control,

j a r.iajor construct.on * Inspection responsibilities
; project. * Inspection of partially completed
j modules

1 * Added inspection requirements
i upon receipt of modules
; * Damage protection
! * Owner " umbrella * vs.
j vendor-controlled QA programs
5

* QA interface accountabilities
, -

j Impacts on Modularization will = Modularization not requinng
j vendor and require innovative miniaturization for maintainability
j site approaches to vendor * Impact on productivity and rework

,

i approaches activities and side * Standardized vs. site-specific
j efibrts. modules

* Procurement of module
. subcomponents !,

! * Storage and damage protection
'

* Construction plan and sequencing I
'

; * Schemes for getting modules into 4

' buildings i

* Impact on "normally later" items-

such as electrical, start up, and .!
'

testing activities |
.

* Field run items !

* Influences of tolerances and field
fit-ups

'

* Configuration control4

* Union jurisdictions vs. a team
concept -

Owner Modularization * Cascading effect oflate items and !
commitment, definitely benefits site "Just in time" deliveries
cash flow, schedule and cost. * Balancing delivery schedule vs.

i and risks The owner will be absence of a critical module
;

concerned with: * Owner cash flow for earlier
procurement ,

* Changes created ;* Cash flow profile
in timing project'

ananh impacts=
commitments * insurance against schedule f* Outlay of funds

{delays* Changes in risk * Broadening of the financial base
factors ,

T

.

t
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Table 2.2 Seismic Design Method for SC Walls [18]

,
,

' Basic Design Principle Design Methodoad

Compressive Shared by. steel plates and ,

concrete according to Na = (Ac + As).* o e j
stiffness ratio. i

Tensile Disregard tensile strength of Ta =As fa i

Load concrete.

IShear Shared by cumulative strength
Qa = As fa+ 1.5 T v AcLoad of steel plates and concrete..

I

Same as RC design -methodLateral Follow RC designto disregard tensile strength
Bending method iof concrete.

Both steel plate and concrets ;
part are cumulated. i

Lateral Structural .

Steel plate Va = aQs + aQc '-
Shear steel Des.en

0*"*''I'' RC. design
Shear bar ]

.

I

t 1

i
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Table 2.3 Type of Test Specimens [20]

P

(a) Compression Test (b) Shear Test (c) Materials,

h *s c="" 8/* 3*aeam *s ca?
d d DagfewUt

waso iso so suo neo so y** g ,g
- = = ssi. = *--

stua son
NS100 M LOD S$150 m 150 |#N._

-

(d) Arrangement of Stud Bolts
(Compression Test) (Shear Test) (Section)

(NS50) (SS50) Sec. A - A
cA

| |
'

* * * * '5 trface Plate
....

*--

/ urface Plate ".C .iii!! iia., SC '-
, Surface F: ate

mi ~~fffI '/ Stud Bolt :ij'ij'*g,eStud Bolt m[
,,

, . .

-!
****

* *

t- Stud Bolt-'A ,
* '

- (NS75) (SS100)

[
- i

I
;

....
.,

.... i
. . . . , <

-

:::::i Sec. C - C.. .
. ...I Concrete

Surface Plate// ,

- Side Plate !(NS100) (SS150) IIKMNT
| | t' Etud Bolt, . .

;. . .

.. .,* * *

...y
. . .

.__

,

i

I

!

>
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3.0 EVALUATION OF WESTINGHOUSE APPLICATIONS

3.1 Description of Modular Systems

The AP600 Program is a simplified passive advanced light water
,

reactor that is being developed by Westinghouse and its
subcontractors. The AP600 plant which is rated at 600 Mwe utilizes
a Westinghouse designed pressurized water reactor. To be

'

competitive with alternative sources of power in terms of cost and
construction schedule a number of innovations have been
incorporated into the design of the AP600 plant.

A simplified plant design has been developed and the plant
arrangement has been optimized to reduce the number and size of
systems and components. This results in reduced building volumes
and a corresponding reduction in material quantities. Coupled with
these improvements, a modular construction approach is utilized to
achieve the desired goals of lower costs and a reduced construction
schedule. These can be achieved with modularization by
prefabricating modules in a shop or site subassembly area. This
permits modules to be constructed in parallel. In addition, the
shop and subassembly area is generally more productive and would
result in higher quality construction than work performed within
the plant structures.

There are a number of different types of structural modules
which are utilized in the AP600 plant design. Most of these
modules are located within the containment structure. Figure 3.1
shows an elevation view of the containment. The following sections
describe the specific location and configuration of each structural
module.

3.1.1 "M" Module

"M" modules are used in the construction of containment
internal wall structures above elevation 83' . The locations of the
M wall modules are shown on Figures 3.2 through 3.4. These modules
are prefabricated steel box sections with steel plates on each face
stiffened by vertical diaphragms and horizontal angle stiffeners.
A typical M-1 modular subunit is shown on Figure 3.5. These
subunits are constructed offsite. Due to size limitation on
commercial railways these subassembly' units are transported to the
site where they are assembled into the M-1 structural module shown
on Figures 3.6 and 3.7. The M-1 module consists of the walls
surrounding the reactor, refueling canal area, and two steam
generators. The entire M-1 assembly module is lifted into position
using a sling detail shown on Figure 3.7.

Wall modules are anchored to the concrete base by means of
anchor bolts and dowels embedded in the concrete below El. 98'.
After erection, the walls are filled with concrete. Concrete is
used where radiation shielding is required. There is no

3-1
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Ireinforcing steel used since the concrete is not required to carry
loads with some exceptions as noted in Section 3.2.

Wall modules without concrete fill are also utilized inside
containment. The west wall of the refueling water storage tank is ;

this type of module which is constructed solely from structural
steel (see Figure 3.2).

Structural steel modules are constructed from A36 carbon steel
plates and shapes. . Stainless steel plates are used on the surface
of modules that are in contact with water. *

3.1.2 "L" Module :

"L" modules are permanent steel forms used for. the containment
internal base concrete structures below Elevation 98 '-6" . - The l

steel modules consist of 1/4" steel plates reinforced with 2" x 2" ,

angle stiffeners and 4" WT suctions on the concrete side of the
'

plate (Figure 3.8).

The L wall modules are used in lieu of removable concrete I
forms. The advantage is that these wall modules can be fabricated I

'

and- preassembled offsite in parallel with other ongoing
construction activities. This reduces construction efforts at the
site which results in cost savings to the project. In addition,'
savings are achieved by eliminating curing time and the need to
strip forms, clean-up, and patch exposed concrete surfaces. I

1

-3.1.3 Floor Module 1
|

Floors in the containment interior above elevation 98' consist |

of steel tee-sections welded to horizontal steel plates. The steel l

plates are stiffened by angle stiffeners.' . Support is provided i

using deep gjrders whose webs pass through the horizontal plate. )
Reinforcing bars are placed above the top flange. After erection, '

concrete is poured on top of thw horizontal plates embedding the
upper.section of the beams-and reinforcing bars. See Figures 3.9
and 3.10 for the floor-plan and details of the floor modules.

3.1.4 Finned Floor Module

Floors located above the main control room and instrumentation
and control rooms in the auxiliary building are designed as finned
floor modules (28]. The purpose of the finned floor modules is to i

provide a passive heat sink for each room. The heat sink limits |
Ithe temperature rise during the 72 hour period following a loss of

operation of the non-radioactive ventilation system. The concrete j

mass of the ceilings and walls are designed to provide the rs. quired
'

heat. sink.

A finned floor is comprised of a 24 inch thick reinforced
concrete slab poured over a stiffened steel plate ceiling (see

3-2
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Figures 3.11 and 3.12) . Composite action of the steel and concrete !

is developed using shear studs welded to the steel plate and !embedded in the concrete. The horizontal steel plates are
stiffened by welding 1/2" x 9" steel plates perpendicular to the
ceiling plates. The steel fins project into the room and act as
thermal fins to enhance the transfer of heat from the air to the
' concrete.

Several modules cut to the room width are prefabricated in a
shop. On site they are installed side by side perpendicular to the
room length. Adjacent panels are made continuous by welding a flat
bar along the interface of two panels.

3.1.5 Fuel Pool and Refueling Canal Liner Modules

As Westinghouse develops the construction plan, they will be
considering the use of structural modules in the fuel pool area.
Typically, fuel pools are constructed from reinforced concrete with
stainless steel liners. The current plan is to use liner modules,
but if there are sufficient construction benefits, structural
modules would be used. These structural modules would be similar
to those used for the refueling canal inside containment.

3.1.6. Other Potential Applications of Structural Modules

Westinghouse did not describe other potential uses of
structural modules in the SSAR [23J or in their presentation to the
PRC [25-27) . However, in the " Westinghouse AP600 Plant Description
Document" [24), other types of structural modules were discussed. i
They include rebar support frames, rebar mats, and rebar curtain ;

walls.

Prefabricated' modular rebar support frames were proposed in
the Nuclear Island Basemat [24). After the bottom layer of rebar
is installed, the upper rebar support frames would be set into
position as one unit, aligned, braced, anchored and then the upper
rebar would be installed. One type of frame would be used in the
middle area of the slab, and another type, with pre-attached heavy
expanded metal mesh, would be used at the construction joints as
leave-in-place wire bulk heads (Figure 3.13).

Another application of modularization described in Reference
24 is for rebar mats. The upper and lower rebar mats would be
preassembled and attached together as a module within an interior
frame support system. This type of module would be used in thick
mats such as the fuel handling building.

Wall rebar curtains could also be preassembled as set in
components [24). This would be most feasible in buildings where
wall configurations and design details are standarized or common.
These rebar wall curtains would be modularized with a prefabricated
internal support frame with vertical and horizontal rebar attached

!
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as one. component. After assembly, they would be lifted and set |

into place as a single unit (Figure 3.14).

3.2 Summary of Analysis and Design Methods
i

The codes and standards used to design the structural modules
are AISC N690-1984 (29) and ACI 349-1990 (30). AISC N690 is
utilized primar;'v as the design code since the steel is designed j
to carry most aus. The:ACI 349 Code is used where credit is
taken for concrete.

Loads acting on the structural modules are the same as for i

other Category I structures described in Subsection 3.8.4.3 of the
SSAR [23). Tables 3.1 and 3.2 list the various loads and load

,

combinations used for steel and concrete respectively. However, j
loads such as wind loads, tornado loads, and earth pressure do not

I

apply because of the protection provided by the steel containment.

Using the M modules as an example, dead load consists of the
weight of the wall, equipment, floor above 135'-3" and hydrostatic ;

load. Live load consists of live loads from the floors above and i

the automatic depressurization system. Safe shutdown earthquake |

(SSE) load consists of hydrodynamic load, out of plane wall inertia |
load and in-plane seismic loads.

3.2.1 "M" Module f

The in-plane SSE loads are obtained from a response spectrum
analysis of the finite element model of the containment internal ;

structures (Figures 3.15 through 3.17). The finite element model i
consists of 3D shell elements representing the structural modules. J

Equivalent shall element thickness and modulus of elasticity of the :

structural modules are calculated ~ neglecting the embedded angle ;

stiffeners and vertical diaphragm plates.: The shall element
properties are calculated using the sum of the gross concrete
section and the transformed steel plates of the structural module.
. Other forces are obtained by manual calculations. For out of plans !

!loads, the wall is analyzed as a member spanning vertically between
the operating floor and the bottom of the refueling cavity. |

The design methoi followed for the M modules are dependent on
the type and direction of lohd. For in-plane loads, axial

'

compression is assumed'to be resisted by both the steel box section
and the concrete core, according to their relative stiffness (area !
times modulus of Glasticity). Slenderness effect of the wall in i

the out-of-plane direction is considered according to ACI 349 (30) . {
t

For minimum steel thickness requirements, paragraph 10.14.6.1
of the ACI 349 Code (30) is satisfied. This paragraph applies to i

composite members with a concrete core encased by structural steel. {
The steel section that is considered in the composite section is !

determined using an effective width based on the postbuckling ,

i
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strength of a plate. The plate is assumed simply supported with an'

unbraced length of the face plates equal to the span length between
,

the embedded horizontal angles. The spacing of the horizontal
stiffening angles is 18 inches. Figure 3.18 shows the effective

iwidth b, for the face plate and Figure 3.19 shows the postbuckling '
-

behavior of the plate.

Axial tension is assumed to be resisted only by the steel !
section. In-plane shear forces are assumed to be resisted only by

]the steel face plates parallel to the direction of shcar force.
4

For out-of-plane loads, shear forces perpendicular to the
plane of the wall are assumed to be resisted by the steel diaphragm
plates. The steel diaphragm plates are parallel to this shear -

load.'

Moments about the horizontal axis in the plane of the wall are I,
-

assumed to be resisted only by the steel section. The face plates,
<

are treated as flanges and the diaphragm is treated as the web. !,

i The effective width of the compression flange is calculated in the
t'

same manner as described above for axial compression. In general, !
the walls are designed to span in the vertical direction. The
moments about the vertical axis are assumed secondary.,

. The allowable stresses for each load combination are as set'
| forth in Table 3.1, and are based on the allowable stress limit
' coefficients per AISC N690 [29]. However, for critical locations
i in the face plates, an additional stress evaluation is performed to j

combine normal and shear stresses. This evaluation is based on the '

maximum distortion energy theory. By treating the face plates as )
a two-dimensional stress condition (out-of-plane shear stress is )
neglected), the stress condition at yield can be expressed as:e

on+3r2, (gyp) 2
|

For design of the structural modules the following allowable '

stresses are considered:

2 2Normal condition 0 + 37 $ (0.6a ,)'4

y

2 2Severe condition 0 +37 s (0.6a ,)2y

2 s (0.96a ,)8Extreme / abnormal condition a + 3 7 y.

3.2.2 "L" Module
t

'

Since the L modules are used only e.s forms, they are designed
only for construction loads. The modules are designed to resist
wet concrete pressures of 1050 psf. Modules extend to the full I.

height of the compartment but the concrete is placed in multiple |

! pours. Forms at the top of each pour are braced back to the !

concrete of the previous pour. )
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3.2.3 Floor Module

The floor modules are designed according to the requirements
of Section Q1.11 of AISC N690 (15). For vertical downward. loads,
the floor modules are designed as a composite section. The |
composite action is assumed to meet the intent of the requirements '

of Section Q1.11.1 for steel beams totally encased in concrete.
The bottom of the steel sections are not encased in the concrete.
However,- a steel plate is provided at the bottom of the slab welded
to the steel section which provides concrete confinement (Figure
3.9). The floor modules are designed as a one-way composite beam.
The ' effective width of the concrete slab is based on Section 1

Q1.11.1 of AISC N690 (29). The effective compression area of the I

concrete extends to the neutral axis of the composite member. The |
concrete area in the compression zone is transformed to an j
equivalent steel area by the modular ratio of concrete to steel.

For vertical upward loads, no credit is taken for composite
action. Only the steel members are relied upon to provide load ;
carrying capability. The concrete and angle stiffeners are assumed I

to provide stability to the plates.

For in-plane shear loads, resistance is provided by the steel
face plate alone. .

3.2.4 Finned Floor Module

The finned floors are subjected to. vertical and in-plane
forces. Vertical downward and upward loads are applied to the
floors. The floors behave as a one or two-way reinforced concrete
slab depending on the length to width ratio of the room.

The finned. floors are designed though, as simply-supported
one-way reinforced concrete slabs. A one foot wide strip parallel
to the vertical stiffeners is used to design- the floor in

accordance with ACI 349 (30). Under positive bending moments, the
concrete resists compression and the stiffened plate resists
tension forces. Under negative bending moments, the stiffened
plate resists compression and the reinforcing bars placed in the
top level of the concrete resist tension. Horizontal in-plane
forces are resisted by the stiffened plate and longitudinal ;

reinforcing bars.

3.2.5 Other Modules

No analysis or design method is presented by Westinghouse for |

the fuel pool and refueling canal liner modules as well as the
.rebar modules.
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3.3 Evaluation of Critical Parameters
3.3.1 Design Strength

For the M module, the general philosophy is that the steel isdesigned to carry most loads. This design approach is conservative
since in reality the concrete would share in carrying some of these
loads. The extent to which the concrete provides added strengththough, has not been quantified and is difficult to estimate. Theconcrete does not have any embedded reinforcement and is not
continuous from one wall section to the next due to the diaphragmsteel plates. Load transfer in shear from the steel plates to the
concrete is through horizontal angle stiffeners.

Although the strength of the concrete is not generally relied
upon, there are a few instances where the concrete is required toresist certain loads or provide stability. For example, inaddition to providing necessary shielding from radiation, the
concrete stiffness is utilized in the seismic analysis of the
reactor building to determine the loads imposed on the modules.
The stiffness consideration of concrete is discussed below in
Section 3.3.3 of this report.

For in-plane loads under axial compression, both the steel
section and concrete are relied upon to resist the applied loads.
The applied forces are distributed to the steel and concrete in
proportion to their relative stiffness (area times modulus of
elasticity). To satisfy minimum steel thickness requirements for
the two face plates, paragraph 10.14.6.1 of the ACI 349 Code (30)
is utilized. This paragraph applies to composite members with a
concrete core encased by structural steel. The effective width of
the steel plates is based on the pestbuckling strength of the
plate. The postbuckling strength of the plate is determined from
a plate simply supported with an unbraced length equal to the span
length between the embedded horizontal angles (Figures 3.18 and
3.19). The concrete is required to provide stability for the
horizcntal stiffeners.

This approach for the postbuckling strength of a plate assumes
that the total load is carried by strips adjacent to the supported
edges which are at a uniform stress equal to the maximum edge
stress f, in Figure 3.19. These strips are indicated by dashed
lines in Figure 3.19 (b) and by solid lines in Figure 3.19 (c).
One concern that arises with this entire approach is that when the
center strip of plate buckles, more of the load shifts to the
concrete core rather than to the edges of the face plates.
However, the design assumes that the compressive loads are
distributed in proportion to the stiffness of the concrete and
steel before buckling occurs. The transfer of loads from the
buckled plates would result in higher compressive stresses in the
concrete. How this may affect the concrete design needs to be
evaluated.
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I

Another concern arises with the interaction effect of in-plane
shear loads and compressive loads on the steel plates. All in-

; plane shear loads are carried by the steel plates.- The
i simultaneous application of shear Ioarls with compressive loads will
"

-affect the postbuckling' strength of the steel-face plates. This
i may result in a narrower effective width b,. Therefore, the

interaction effect of shear and compression should be' investigated;

further.
'~

J
i In utilizing the postbuckling strength of plates, another

question' arises in the selection of the K factor for determining,

.? the affective length of the steel plates between stiffeners. - The :

j design utilizes a value of 0.65 when the plate is continuous. This
design value corresponds to a fixed-fixed and condition for a
column. However, based on compressive tests on concrete filled |; steel bearing walls (20), the best agreement between calculated and

!test data was reached for an and condition of a fixed-pinned ,

j column. This and condition correponds to a recommended K factor I

| of 0.80 for design. Since the buckling load is proportional to K isquared, this difference in K becomes more significant. Thus, if |;

' the postbuckling strength of plates is utilized in the design of !
: structural modules, the use of an appropriate K factor needs to be I
; reviewed in greater detail. !
: 1

For the L modules the issue of strength only applies to !
'

construction loads because these modules are used only as forms.*

1Once the concrete hardens, the strength of the steel forms is not '

required nor relied upon. The steel modules are designed for |
concrete pressure of 1,050 psf. :

[

2 Composite floors consisting of steel beams or girders
supporting reinforced concrete slabs have been used extensively in !
all types of commercial, industrial, and residential buildings with !

'

r success. Provided the design follows existing design practices, !

the composite floor modules are expected to have sufficient I

strength and will perform their intended function. However, any )
deviations from currently accepted codes should be identified and
reviewed in greater detail. i,

The analysis 'and design of the structural modules is performed
in accordance with particular sections of the AISC N690

'

Specification (29), ACI'349 Code (30) and the ASCE Standard 4-86
(31). In some instances interpretations and assumptions are made
in applying the requirements contained in these documents. In the ,

a case of AISC N690,- Section Q 1.11 ' does address composite '

construction. However, it only covera composite construction of
steel beams or girders supporting a reinforced concrete slab. It
does not address composite construction of bearing 2nd shear wall
structural elements. For critical locations in the face plate,
Westinghouse performs an additional stress evaluation to combine
normal and shear stresses. This evaluation is based on the maximum ;

distortion energy theory. For design purposes, Westinghouse
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developed a set of allowable stresses corresponding to three load
combinations; normal, severe, and extreme / abnormal. Based on the
above examples., it is evident that there is no single code or
standard which provides all of the necessary requirements for the
analysis and design of composite steel / concrete structural modules.

The development of a standard for structural modules would be
very beneficial. While it need not duplicate the requirements,
equations or specifications contained in other documents, it should
provide guidance on various aspects that are unique to modular
construction. Topics should include analysis, design, fabrication,
erection, storage, handling, inspection, and QA/QC. Where existing
information on these subjects are available in other documents and
are applicable to structural modules, they could be referenced.
Where interpretations or new criteria are needed, they should be
specified in the new standard.

A related issue that still needs to be resolved is the
reliance by Westinghouse on criteria documents that have not been
approved as yet by the NRC. In particular, AISC N690 [29) has not
been formally approved. In addition, the ASCE Standard 4-86 (31)
has not been endorsed by the NRC staff. These criteria documents
should be reviewed for acceptance in the analysis and design of
advanced light water reactors.,

3.3.2 Ductility

Ductility of concrete and steel in conventional design vary
depending on the type of load and whether reinforcement is present
in the concrete. Reinforced concrete and structural steel in
flexure possess substantial ductility. In the case of the M
module, there is no steel reinforcement embedded in the concrete.
This should not be a concern since the concrete is not relied upon
to take flexural loads. The steel face plates are designed to
resist all bending moments.

In compression, both reinforced concrete and structural steel
typically exhibit very little ductility. The M module relies on
the concrete and steel to resist compressive loads. For the eteel
face plates, postbuckling strength is needed to resist the applied
loads.

For shear loads carried by concrete alone, the ductility is
also very low. A low value of ductility exists because when
concrete fails in shear, it is quite brittle. When steel stirrups
are present, the ductility ratio increases. The M modules do not
rely on the concrete to resist shear loads for design purposes.
The steel face plates are designed to resist in-plane shear loads.
However, as discussed in Section 3.3.3, the stiffness provided by
concrete in shear is utilized in the seismic analysis.
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| The. determination of the actual ductility of structural !

j modules which combine unreinforced concrete. and steel plates, |
| becomes very complex. Thus, the results of test data should be !

|
i reviewed to determine the ductility present for the specific
j configurations. |

Saveral tests have been performed in Japan . on composite j
i steel / concrete structures. These are described in Section 2.3 of
i this report. One test [20] applied compression and shear loads to
j concrete filled steel bearing walls. The steel plates were i
; attached to the' concrete using stud bolts. While the load- !-

: displacement' plots in the report demonstrate ductile behavior, an I

I estimate of the ductility ratios are difficult to determine fron ;

! the limited data contained in the report. In addition, the method ;

! of attachment of the steel plates using studs is different than the
j angle stiffeners used in the M modules.

'Another test (19) was performed in Japan on a 1/10th scale
j model of an inner concrete structure composed of concrete filled '

! steel bearing walls. This test was performed on both.a composite :
! steel and concrete configuration and an equivalent reinforced !

[ concrete structure. Repetitive positive and negative loads were
; applied at the upper and lower slabs while the base was fixed. A

review of the load deflection curve demonstrates that the composite, |e

} structure does have substantial ductility. A comparison of the 1-

1- curves for the composite structure with those of the reinforced
! concrete structure suggests that the composite structures'is even |

,

2 more. ductile than the reinforced concrete structure. However, it
'

should be noted that the configuration of the composite structure
, '

j in this test is different than the M modules. The test specimen
utilizac studs to join the steel plates and concrete, and shear;.

: bars to connect both face' plates. This is quite different from the
M module: configuration..

:

i To obtain a better estimate of the expected ductility of the
structural modules, a further review of the existing information

i should be obtained from Japan to the extent possible, and/or c
1 simple test program could be implemented. Such a test program
: could develop appropriate ductility ratios for the specific
; configurations and could be used to address some of the other
| issues and paramaters raised in this report.
i

j. 3.3.3- Stiffness and Stiffness Degradation

}
i The stiffness of the M module is determined based on the
! contribution of stiffness from the gross area of concrete and
L steel. This stiffness is used in developing the finite element
| model shown in Figure 3.15. This model is used to perform a

response spectrum analysis to obtain the in-plana SSE loads. Other
forces are obtained by performing manual calculations.

|

l
i
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!Since the concreta is unreinforced, the method used to
determine the contribution of stiffness from concrete needs to be '

examined further. In compression, for example, tests (19] indicate
that the initial actual stiffness is approximately 80% of the ;
calculated stiffness. This implies that the compressive stiffness
based on the gross area of concrete may overpredict the actual
concrete stiffness.

In shear, since there is no reinforcement, the ability of i

concrete to resist shear depends on many factors. These include I
the load path, concrete quality, consolidation, development of |
cracks, degree of concrete shrinkage and confinement, effectiveness
of the horizontal angle stiffeners, temperature, aging, etc. The ,

load path is a concern because if the load transfer from the floors !

to the concrete wall is not uniformly transmitted, then the entire
iconcrete cannot be considered effective in providing stiffness. In =

the case of the M modules horizontal floor loads must be
. transmitted to the face plates, then to the angle stiffeners and
diaphragm plates, and then to the concrete. For vertical loads
this concern is more obvious because loads are transmitted only at idiscrete locations from the uall to the base mat. '

Another question that arises is the effect of stiffness
,

degradation. Based on tests (19), stiffness degradation does occur I

and is approximately equal to a 30% reduction of the stiffness at
the elastic condition (at SSE load levels). While.this reduction
seems large, it is less of a reduction than for a reinforced

1

concrete configuration.. Once again, there are a number of
differences in these test specimens compared to the M modules as
noted earlier.

3.3.4 Reliability of Joints and Connections

Typically, in modular construction the connection between
structural modules has always been a concern. In the presentation

1

made by Westinghouse to the NRC on 2/10/93, Westinghouse stated
that the structural modules would be joined using full butt welds.
Therefore, the welded connections should be as strong as the steel
face plates. If there are other connections which do not develop :

the full strength of the joined modules, then careful consideration
should be given to the analysis of the structure and to design of
these connections.

3.3.5 Damping Values *

In the presentation made by Westinghouse to the NRC on
2/10/93, Westinghouse stated that a damping value of 7% was used in

,

the seismic analysis of the structural modules. Current NRC
'

requirements for damping are specified in the NRC Regulatory Guide
1.61, " Damping Values for Seismic Design of Nuclear Power Plants,"
October 1973. The specified damping values under the SSE loads are
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4% for welded steel structures and 7% for reinforced concrete
structures.

|

The structural modules are a hybrid of welded steel and
unreinforced concrete. Thus, an appropriate damping value for |
design should be somewhere between 4 and 7 percent. Based on the !

1/10th scale model test (19], a damping value of 5% was determined |
for the stress levels being considered. Therefore, Westinghouse i
would need to justify their use of 7% damping or additional testing
could be performed. Without further justification, a damping value
higher than 4 or 5 percent should not be used.

3.3.6 QA/QC for Design, Construction, and Transportation )
1

To obtain the full benefits of modular construction, quality I
assurance (QA) and Quality Control (QC) must play an important i

role. QA/QC in some respects is even more important in modular i

construction than in conventional site fabricated structures. To i

a large extent most of the engineering and design must be completed
before construction at the site begins. Modules may be mass
produced so any error or deficiency would be repeated for all
modules. Changes to suit site as-built conditions are more
difficult to make because the modules are already fabricated. In
addition, closer tolerances are required in order to properly join
and fit modules at the site.

In addition to the conventional QA/QC requirements for nuclear
power plants, additional concerns that are unique to modular j

construction need to be addressed. Some of the additional areas to i

!be addressed include the constructability of the pre-engineered
design, in-process inspection, tests, and hold points for
inspection ~of the modules during the fabrication process; and the
requirements related to the transportation, handling, storage, .

assembly, and erection of large modules. Information describing |

how these items will be addressed for modules in the AP600 plant |

was not provided. Guidance for these items could be given in a
standard developed for structural modules as discussed in Section
3.3.1.

3.4 Overall Conclusions and Issues

Based on the above evaluation of the Westinghouse AP600
approach to modular construction, it appears that the potential
benefits can be achieved if the design is well planned and
executed.

The general philosophy to primarily rely on the steel plates
to carry most loads is a conservative approach. In many ways the
use of composite steel and concrete appears to result in a better
design as compared to conventional reinforced concrete structures.
Tests suggest that the ductility and ultimate strength are higher
for composite structural elements than for reinforced concrete
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i elements. In addition, stiffness degradation appears to k,a lower
5 for composite structural elements than for reinforced concrete
i olements.
!

After reviewing the AP600 modularization concept, a number of I
;

4 issues were identified which should be addressed.- Some of the
! issues could be resolved by further review, some by additional

i

,

tests, and some may require justification or additional information l

from Westinghouse. These issues are described below:f

f 1. The postbuckling strength of plates is relied upon in the
{i design of the structural modules to determine the ij effective width of the steel plates. When the center || strip of plate buckles, more of the load shifts to the

i concrete rather than to the edges of tas face plates. ,

i However, the design may not include this additional
1

i compressive load since compressive loads were assumed to
| be distributed in proportion to the stiffness of the
; concrete and strial before buckling occurs.

,

. 2. The simultaneous application of shear loads with
,

j conpressive loads will affect the postbuckling strength '

i of the steal face plates. This interaction effect of
j shear and ccmpression should be investigated further. !

/
,

| 3. The appropriate K factor for determining the effective
j length of the steel plates between stiffeners when using j

j the postbuckling approach needs to be reviewed in greater
,

detail. :,

>.
>

a-

| 4. There is no single code or standard that provides all of
,

j the necessary requirements for the analysis and design of '

j composite ~ steel / concrete structural modules. The
,

I development of a standard for structural modules to '

| provide guidance on various aspects that are unique to
; modular construction could assist in addressing this
j concern.
!
j 5. AISC N690 (29) and the ASCE Standard 4-86 (31), which are

.

4 used for analysis and design of the structural modules, '

have not been approved by the NRC..

,
.

! 6. While tests were performed in Japan for somewhat
j- different composite structural modules, more information
| and/or testing for the AP600 modules should be pursued in
j the area of ductility, ultimate capacity, stiffness and |

! stiffness degradation and damping.
i 1

{ 7. .A damping of 7% is used for the seismic analysis of the
j structural modules. NRC Regulatory Guide 1.61 recommends ;

J a damping value of 4% for welded steel and 7% for
i

reinforced concrete. One test performed in Japan
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suggests damping is approximately 5%. Thus, i-
,

justification would need to be developed for the use of j
damping values higher than 4 or 5%. i

8. Information regarding QA/QC, f abrication, transportation, )
handling, storage, assembly, and erection of structural :
modules is lacking. Requirements and guidance for these.
items could be specified in the standard proposed above j
in issue number four.

:

i

i

>

!

!
1

I

3-14
:

,



. _ _ _ _ _ _ __ . . _ _ _ __ ~. _ _

s

Table 3.1 Loads and Load Factors for Seismic Category I
Steel Structures

.
;

~

:

d

i

Lead Combination and Fadors

Comibi=*i- No. 1 2 3 4 5 6 7 8 9 j

1 Load description
i

Dead D 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1

Liquul F 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 :
: Live L .1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

.

; Earth pressure H 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 ;
Normal reaction R, 1.0 1.0 1.0 1.0 1.0 1.0 :
Normal thermal To 1.0 1.0 1.0 1.0 |

; Wimt W 1.0 1.0 ;
SSE E, 1.0 1.0(3) 1

Tornato W 1.0
{

g

Acadast pnesure Pa 1.0 1.0 1.0 1
,

j Accident thermal Ta 1.0 1.0 1.0 '

Accident thenna!.

mactions R. 1.0 1.0 1.0
Accident pipe

i remedoes Y, 1.0 1.0 -

Jet impingemaet Y 1.0 1.04

| Pipe impact 1.0 1.0m
t

.

,

Senes Limit (1),(4) 1.0 1.0 1.6 1.6 1.6 1.6 1.7 1.5 1.5
C W ant

Notes:
1. Allowable stress limits coefficients are per AISC - N690.
2. Whose say Land raduces the effects of other Iceds, the coefficient for that land shall be taken as zero

unless it can be demonstr .ted that the load is always prueent or occurs sinaultaneously with the other
loads.

3. Seismic loei will only be combined with reptures of pipes that are not seismically supported.
4. In no inneance .shall the eBowable stress exceed 0.7F in axial tension nor 0.7Fu times the ratio of theu

plaene to elastic section modulus for tension plus bending.

!

!
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Table 3.2 Loads and Load Factors for Seismic Category I
Concrete Structures i

l

!

!
4

|

1

Lead e-=wa=esaa and Factors
|

Pa=Maa+ta= No. 1 2 3 4 5 6 7 8 9

Lead descripden
Dead D 1.4 1.4 1.0 1.0 1.0 1.0 1.0 1.05 1.05
I& pad F 1.4 1.4 1.0 1.0 1.0 1.0 1.0 1.05 1.05
IJve L 1.7 1.7 1.0 1.0 1.0 1.0 1.0 1.3 1.3
Earth H 1.7 1.7 1.0 1.0 1.0 1.0 1.0 1.3 1.3
Nonnal reaction R, 1.7 1.7 1.0 1.0 1.3 1.3
Normal thennel T. 1.0 1.0 1.3 1.3
Wind W 1.7 1.3
SSE E, 1.0 1.0(3)
Torando W 1.0t
Anoident psessure P. 1.5 1.25 1.0

.

Aseident absesmal Ta 1.0 1.0 1.0 (
Aeoident thennal l

ramencms R. 1.0 1.0 1.0
'

Accident pipe
meetions Yr 1.0 1.0

Jet * L -t Y- 1.0 1.0
Pipe impact Y,, 1.0 1.0

Notes:

1. Demga is in scoordance with ACI-349 Struesth Design Method for alllead heia==
2. Wbest any load redmass the enacts of other loads, the a. , - "; ooeffkaast for ibat load aball be taken

as 0.9 ifit een be dommaestrused that the load is always present or occurs mi==d*=====ly with the other
loads. Osberwise the coefficient for the load aball be taken as aero.

3. hi===c loads will only be W with ruptures of pipe abst are not ==i==1=ily supported.
.
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4.0 EVALUATION OF GENERAL ELECTRIC APPLICATIONS

4.1 Description of Modular Systems

The Simplified Boiling Water Reactor (SBWR) concept proposed
by General Electric (GE) relies on building arrangements which
optimize the layout of systems and personnel and equipment access
for operation and maintenance. By reducing and simplifying the
total quantity of systems and equipment, the total building
envelope required to house safety systems was greatly reduced.
These enhancements have resulted in the placement of all safety
functions within the Reactor Building. Figure 4.1 shows the SBWR
Reactor Building with the major components identified.

Another development in the SBWR design is to utilize modular
construction techniques. The use of modules for concrete and steel
components would shorten the construction schedule, improve the
quality of fabrication, and reduce overall costs of construction.

Since the GE SBWR Standard Safety Analysis Report (32] does
not describe the use of modular construction, this report relies
upon information presented in the "SBWR Technical Description for
NRC Staff" [33) and GE letter to the NRC [34). The SBWR report
presented to the NRC describes the various areas that,
modularization is being proposed. Specific structural components
proposed for the SBWR design include:

1. Reinforcing bar assemblies for the basemat, building and
containment walls, drywell and suppression chamber slabs,
containnt:r.t top slab, columns, floor slabs and beams.

2. Structural steel assemblies for the Reactor Building and
- Turbine Building superstructures. These imodules will

include roof trusses'and siding.

3. Structural steel assemblies including stairs and
platforms.

4. Steel liners for the containment, gravity-driven cooling
system (GDCS) pool, isolation condenser (IC) pool,
isolation condensor makeup pool, reactor well, steam
separator storage pool, fuel transfer pools, spent fuel
storage pools and spent fuel shipping cask loading pool.

5. Steel structures that will also serve as forms for the
turbine pedestal, dryvell vent wall and RPV vessel.

6. Equipment assemblies containing components such as
piping, condensers, cranes, diesel generators, HVAC units
and numerous other equipment. These modules are for the
Reactor, Turbine and Radwaste Buildings.

4-1
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7. Pracast walls in the Reactor, Turbine, and Radwasta
Buildings.

Some of the major structural modules for the SBWR Reactor
iBuilding are shown in Figures 4.2 and 4.3. Some alternate modules |for the Reactor Building are shown in Figure 4.4. Reinforcing bar

modules for the , basemat, columns, walls, and beams will be
prefabricated and lifted into position with cranes. Structural 1

steel modules will be lifted above the operating floor to construct '

the steel superstructure. The containment wall and pool liners iwill' be prefabricate.d and installed as modules. Numerous steel
'

structures inside containment will be placed into position and
-

later filled with concrete. This type of modularization will be"

used for the reactor pedestal, diaphragm floor, wall between !drywell and. suppression chamber and the GDCS pool walls.
1An. open-top construction method will. be employed for ;

installation of the modules. A heavy lift crane will be used to !
place the prefabricated modules into the structure as soon as aNas i

become accessible and before the overhead floor -is constructed. i

This work would progress in parallel with civil construction
|activities on s3ta. Figure 4.5 shows the placement of a vent wall 3

module in the Rsactor Building by a heavy lift crane. {

Large composite modules will be used for the superstructure in 'L

] the region above the grade clean area of the Reactor Building which
.houses the electrical and liVAC rooms. The large composite modules j,

will contain a structural steel frame, precast siding panels, |
'

equipment and connecting piping, ducts and cabling. These modules !

will be assembled in a site fabrication area from smaller modules )
and components fabricated locally. GE stated in Reference [33) |'
that the use of these composite. modules will require more !

; investigation and evaluation in the next modularization review
{

phaca to confirm their applicability and economic benefit. i;

,

, In a.more recent correspondence between GE and the NRC, some- ,

I additional information was provided via a letter to the NRC (34). !
This letter was written in response to questions / concerns outlined '

in an-NRC fax to GE entitled, " Draft Topics of Interest Related to
,

Modular Construction Techniques (351." ;
;

The GE letter summarized the types of structural modules used. !
The types of modules described in this letter are: !

1. Rebar cages with liner plates for containment and RPV h
pedestal walls.

2.- Rebar cages with steel beam and metal deck for floor
slabs. p

3. Structural steel modules for vent wall structure and
diaphragm floor sleb. I
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4. Rebar cages for the isolation condensor pool girders and
basemat.

GE stated that there will be no precast concrete modules for
major structural elements. A summary of the modularization is
shown in Figures 4.6 through 4.11 which were provided in the GE
letter. Explanations for each of the figures were not provided.
4.2 General Conclusions and Issues

The SBWR Technical Report (33] describes the extensive use of
modularization for structural components. The report also

4

describes the many benefits of modularization which include
reducing the construction schedule to 30 months; moving work away
from the congestion at the work sita; expanding the work force to
fabrication plants; and reducing onsite warehousing, labor,
management, inspection, and testing. The shifting of work to build
the modules at fabrication plants should improve the quality of
construction, inspection, and testing. The lifting of modules into
position using a crane from above, before ceiling slabs are poured,
eliminates the more time consuming and difficult horizontal
movement by rigging. The use of modules permits much of the work
to be performed in parallel, thereby reducing the construction
schedule. All of the improvements also lead to economic benefits.
as a result of the shortened construction schedule, less
interference among the different trades, better quality and less
rework required.

Although the various applications of modular construction were
described in the SBWR report (33), no information was given with
respect to the design, inspection, testing, handling, stc; age and
quality control / assurance of structural modules. In addition, the
SBWR report was presented in December 1989 to the NRC. Many of the
structural modules proposed were probably in the conceptual phase.
Since that time, some of the specific modularization concepts
probably were modified, eliminated, or new modules developed.

Upon reviewing the SBWR Standard Safety Analysis Report (32),
no description is provided regarding the use of modular
construction. Section 3.8 of the SSAR describes the reinforced
concrett; containment, containment internal structures and other
Seismic Category I Structures. However, no description of the use
of structural modules or analysis and design criteria is included
in the SSAR.

Based on a recent GE letter [34) it appears that fewer types
of modules are being considered while others have been modified.
Further clarification and descriptions are needed to fully
understand the configuration of the currently proposed modules.
Unfortunately, the figures provided with the GE letter do not
provide sufficient information.

4-3
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It also appears that the GE structural module design'may not
be that far along in the process based on the responses provided in
their letter. For example, in response to a request for a
description of the erection plans, GE wrote that "the erection
plans have not been fully developed, but will be available for the I

appropriate phases of the construction program as needed." In {response te a question on the QA/QC program for on-site storage, GE |
wrote that "the details of the QA/QC programs for on-site storage j
have not been developed, but will meet all applicable regulations
and industry standards as appropriate." |

1

In response to a question on the analysis and design criteria
resulting from the use of modular construction, GE wrote that
"there are no changes to the loading, loading combinations and
structural acceptance criteria due to modularization. However, lcriteria for the structural design of modules will be developed as I
appropriate." With respect to codes, standards, tests and
practices to be used to address various analysis and design
parameters, very brief responses were provided in the GE letter.
Some of their responses are as follows:

I
Since no precast concrete modules are anticipated to be ;*

used, degradation of ductility and stiffness due to |

modularized construction is not expected.

The strength of the joints and the connections between*

the modules are the same as the monolithic construction. '

The actual design and construction of the joints between
the structural steel and reinforced concrete members
requires detailed design and evaluation. This will be
performed as module design is developed, as applicable.

The kind of structural modules anticipated to be used for
l

*

SBWR, such as rebar and structural steel, are not
functionally sensitive to the parame:ers such as damping, i
stiffness, and ductility.

* Structural ultimate capacity is not affected by the
proposed modularized construction. Therefore, the
margins are not affected due to utilization of modular
construction techniques.

Based on these responses, there are a number of additional
questions that arise. Obviously, more detailed information is l
needed on the type of modules to be used, including engineering |
drawings and/or sketches showing more details of these modules. '

The responses given in the GE letter need to be expanded upon. The
basis for some of their statements also need to be explored. For
example, why is the structural ultimate capacity unaffected by the

,

proposed modular construction? '

4-4
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Probably the best way to obtain the additional information and
-

discuss the various areas of interest is to meet with theappropriate GE engineers and/or subcontractors. If they are far
enough along in their modular construction concept and design, manyof the above questions could be addressed,
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5.0 SUMMARY OF ISSUES AND RECOMMENDATIONS FOR FUTURE ACTIVITIES !
!

During Phase I'of this program, existing standards, tests and;

; practices used' in modular construction have been reviewed. . In |
! addition, the application of modularization to the Westinghouse
| AP600 plant and General Electric SBWR plant have been evaluated.
: The goal of these reviews was to identify what issues or concerns

exist and what more is required in order to support NRC licensingF

j activities.
.

One issue identified during these reviews is that there is no
single code or standard that provides all the necessary

j requirements or guidance for the analysis and design of composite
F steel / concrete structural modules. In the case of the AP600 plant,
j. the design relies upon the AISC N690 Specification [29], ACI 349

Code [30] and the ASCE Standard 4-86 [31). Various portions of-

AISC N690 and ACI 349 are used depending on the specific
'

| application. While AISC N690 does address composite construction,
! it only covers composite construction of steel beams or ~ girders
; supporting a reinforced concrete slab. It does not address
| composite construction of bearing and shear wall composite members.
i
: Another issue is the use of AISC N690 and ASCE Standard 4-86
i for the analysis and design of structural modules. The ASCE.
! Standard is used in the seismic analysis of the safety-related

structures. AISC N690 is utilized in the design of the safety-
related steel structures. Both of these documents have not been
endorsed by the NRC.,

The appropriate damping value is another issue that needs to
be resolved. The AP600 plant utilizes a 7% damping value for the
seismic analysis of the structural modules. NRC Regulatory Guide
1.61 recommends a damping value of 4% for welded steel and 7% for
reinforced concrete. Thus, an appropriate damping value for design j
should be somewhere between 4 and 7 percent. One test performed in i

Japan (19] suggests .that damping is approximately 5%. The
construction details of the composite structural modules used in
this test were somewhat different than the configuration proposed
in.the AP600 plant.

In reviewing the AP600 plant design approach for the composite !

structural "M" modules, a few concerns were identified with the use
of the postbuckling strength of steel plates. The postbuckling
strength of plates is relied upon in the design of the structural
modules to determine the effective width of the steel plates. When
the center strip of the face plate -(between the diaphragm plates)

,

buckles, some of the . load shifts to the concrete rather than to the i

edges of the face plates. However, it is not evident whether the i

design included this additional compressive load since compressive |

loads were assumed to be distributed in proportion to the stiffness
of the concrete and steel before buckling occurs. Another concern
is how the simultaneous application of shear loads with compressive

5-1
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loads ' may affect the postbuckling strength of the steel face i
plates. Also, the appropriate K factor for determining the

'

effective length of the steel plates between the horizontal
stiffeners needs to be reviewed in greater detail. Tests performed
in Japan (20) suggest values different than those used in the AP600
design.

]
Tests performed in Japan seem to demonstrate that the use of

composite steel and concrete modules result in a better design as-
compared to conventional reinforced concrete structures. Tests
suggest. that the ductility and ultimate strength are higher for
composite structural elements than for- reinforced concrete ;

$ elements. 'In addition, stiffness degradation appears to be lower
for composite structural elements than for reinforced concrete
elements. However, the construction details of the walls tested,

were somewhat different than those for the AP600 modules. In
addition, very limited information was included in the published
papers for these tests to permit making generic conclusions.

'

Industry standards or guidance regarding QA/QC, fabrication,
transportation, handling, storage, assembly, and erection of
structural modules could not be identified. For the nuclear
industry in particular, no information was submitted or developed
as yet for the two advanced light water reactors reviewed in this.
report. To address this issue and the applicability of sxisting
codes and standards _ for analysis and design of modular
construction, the development of a document to provide such'

guidance is recommended. This document or standard need not
duplicate the requirements contained in other existing standards or
codes but it should provide guidance on various aspects that are
unique to modular construction. Topics that could be included are
analysis, design, fabrication, transportation, assembly, erection,
storage, handling, inspection, and QA/QC. Where existing
information on these s bjects are available in other documents and
are applicable to structural modules, they could be referenced.
Where interpretations or new criteria are needed, they should be
specified in the new standard.

As described in Section 2.0, a number of companies have been
involved in studying the use of modular construction techniques in
nuclear power plants. Companies such as Duke Power and Stone &
Webster performed studies for the Department of Energy. Avondale
Industries developed a comprehensive system of modular construction
for use in their marine programs. They are now expanding their
system- for use in the industrial and utility markets. The
shipbuilding and petrochemical industries have already used modular
construction techniques. The fossi?. power industry has formed a
working group to-study power plant modularization. Thus, it is
recommended that meetings with key individuals associated with
Avondale Industries, AE/ Construction companies such as Duke Power
and Stone & Webster, as well as other organizations be arranged to
obtain additional information. In addition, meetings with

,

5-2
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4

'
.

;
.

|
;

Westinghouse and General Electric should be planned to addr'ess the
;

questions and issues identified at this time.;

i
b

! Based on the various studies and tests performed in Japan on; structural modules and composite structural elements, further
efforts should also be made to obtain more information from the'

organizations performing work in this area. In this regard, an
upcoming trip to Japan has been arranged for a BNL representative<

i
partly for this purpose. A meeting is planned with Professor H.

i Akiyama to discuss the development of design methods and testing of
. concrete filled steel structures. Professor Akiyama was involved!

in two of the test studies (19 and 20] referenced in this report. !
4

Visits are also planned with other researchers and a construction
'

'

company to discuss shear wall testing and the application of the,

: results to design procedures. Also to be discussed are modular! construction techniques for new plant designs. '

Another recommendation that should be considered is additionaltesting to address a number of the outstanding issues and iparameters. No tests on composite shear wall designs of the type
being proposed for the advanced light water reactors could be
identified. Tests were performed on some composite shear walls in ,

Japan. However, the configurations tested were somewhat different. i
'

one possibility is a cooperative effort with Japan to perform
additional tests and/or exchange information on composite steel and
concrete structural modules. Further testing could provide
additional information on the stiffness, stiffness degradation,
ductility, ultimate capacity, damping, cyclic load effects, andconfirmation of analytic / design approaches for differentsteel / concrete wall configurations.

The use of modular construction has been proposed in advanced
light water reactors to restore nuclear energy as an attractive
option. Apparently, modular construction can reduce the costs and
construction schedule thereby making nuclear power competitive with
alternate sources of power. To achieve these benefits of modular
construction while maintaining adequate safety and design margins,
the recommendations described above should be implemented as part
of this NRC research program.
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MODULAR CONSTRUCTION REVIEW CRITERIA

1.0 Ivruninrrios

The objective of the NRC Design Certification process is to evaluate and approve, from a safety
perspective, a standard nuclear power plant design which can be constructed at most U.S. sites
without a detaded, site-specific design / analysis effort. Once approved, economic benefits can be

realized by utilizing the standard design at multiple sites. However, if a design inadequacy should
,

i

be uncovered after design approval and subsequent construction of multiple identical plants, it
could have a very serious impact on the nuclear power industry.

The preposesi use of modular construction techniques for nuclear power plant structures is an
i

integrr.1 element of cost and schedule control for advanced reactor standard designs. Its use should I

also provide improved control of construction quality and uniformity. Given its importance to -|

overall plant safety, it is imperative that proposed utilization of modular construction be evaluated
in depth, to ensure that structural performance and margins of safety are maintained at levels
comparable to existing nuclear plant structures.

Currently, there are no specific licensing criteria that provide guidance for the use of structural
modules in nuclear power plants. Consequently, the Modular Construction Review Criteria was

prepared to provide' guidance for use in licensing review activities. Its purpose is to supplement
criteria already presented in the NRC Standard Review Plan (SRP)(Reference 10.1).S

'

The scope of this review criteria is limited to structural modules. The type of modules include !
stec!/ concrete composite floors, beams, and columns; concrete-filled steel modules; structural steel:

modules; precast concrete modules; and prefabricated rebar mats, cages, and subassemblies. A
more detailed desaigion of these modules and their application to advanced reactors is provided
in Section 3.0.

The modular construction review criteria have been developed following the same subsection.

headings presented in the SRP Section 3.8, Design of Category I Structures. This makes the
review criteria more functional because it describes for each SRP subsection, criteria unique to ;

moduhr construction.,

,

i

l
i

i !
!

1
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1

i

f
! 2.0 SCOPF1DmNrHON!i

; The Modular Construction Review Criteria are intended to supplement the SRP (NURFG-0800) i

| where additional guidance is needed to address unique structural design / analysis methodologies
.

'

. and/or construction techniques associated with the use of modular construction for advanced
j reactors. The scope is limited to Seismic Categcry I building structures covered by Sections 3.8.1

thru 3.8.5 of the SRP. 1

i

As used in this report, " Modular Construction" is defined as "any hullding structure or )
substructure which isfabricated at a remote site in transponable-sized modules, and then moved |,

to the erection siteforfmal assembly andplacement". The ' remote" site may be thousands of feet {
or thousands of miles from the erection site.

|
i

A number of specific types of structural modules have been identified for inclusion in the review
criteria, based on preliminary submittals for design certification of advanced reactors. These are:

Steel / Concrete Composite Floors, Beams, and Columns*

Concrete-Filled Steel Modules )
*

Structural Steel Modules j*

Pre-cast Concrete Modules |
*

Prefabricated Rebar Mats, Cages, and Subassemblies
]

*

1

Appropriate review criteria for other types of structural modules can be readily deduced from the |
specific review criteria provided for the identified module types. ;

1

SRP Chapter 17 (Quality Assurance) has also been studied in detail, to an ess whether . I
supplemental review criteria are required for modular construction. The SRP cov.m all areas of
quality assurance pertinent to modular constraction, as well as traditional construction. However,
the requirements are somewhat broad, raising the possibility that some important element for
mMuhr construction may be overlooked in the review. Therefore, additional guidance has been
developed to ensure that important elements for modular construction are reviewed in j
sufficient detail. This information is provided in Appendix A. |

|

2
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,

,

!
;

|

3.0 DESTRWr10N OF fiTRUCTTrnN,

;<

Modular construction techniques can be appliul to many strectures founid in advance 3 reactor |
plants. The Electric Power Research Institute's (EPRI) program ca Advanced Light Water
Reactors (ALWRs) recognized this and the associated benefits of a redumd construction schedule
and lower costs. Thus, through the Utility Requirements Document (Reference 10.2), EPRI has
requireo that ALWR plants be designed to maximize the benefits of modular construction
techniques.

The Utility Requirements Document lists examples of modules which have been previously j
developed and represent the minimum level of effort expected for ALWRs. These include:

i
|

Basemat reinforcing steel assemblies*

Reactor vessel pedestal structural steel*

Reactor vessel nozzle support ringe

Containment vessel or liner plate*

Refueling pool and spent fuel pool liner plates !
*

Precast concrete walls, beams, slabs (where practical)*

i

Examples of structural components which are candidates for reinforcing steel assemblies / modules
,

in future ALWRs are numerous. They include: crane wall modules; basemat and foundations; '

building walls, floor slabs, columns, and beams; containment walls; containment hatch cages; i

tunnel cages; primary shield wall cages; and composite containment liner and reinforcing steel '

cages. Some of the reinforcing steel modules require special steel support structures such as upper !
rebar mat support frames. Iarge rebar modules also require structural support systems to maintain l
the rebar spacing, to stiffen the cages or modules, and for alignment to adjacent rebar modules.
Examples of rebar modules for pool walls and Reactor Pressure Vessel (RPV) pedestal are shown
in Figure 3-1 (from Reference 10.3).

1

In the past, a number of nuclear plants have modularized the containment wall and dome liner in <

sections. Wall liner modules were typically preassembled into multiple rings from individual 30
feet long by 10 feet high panels. These modules included penetrstions, embedments, |
appurtenances, and temporary girders to resist wind leads. These girders are placed on the inside |
of each ring to maintain the circular shape of the liner. Containment dome liners have also been
preassembled and lifted into place in one or two sections.

3



_ __.._ __._._ ___ _ _ _ ___ _ _ _ _ _ _ _ _ . _ . _

i

|

De refuehng pool, fuel transfer canal, and spent fuel pool are candidates for liner type modules. )
Liner panels, sized for shipping limits, can be preassembled in fabrication shops. On-site, the

'

panels can be assembled into larger modules prior to erection. In previous nuclear plant i

construction, liner modules have been used inside containment (refueling pool and fuel transfer
canal) and in the fuel storagci building (fuel transfer canal and spent fuel pool). Examples of
containment wall liner modules and pool liner modules are shown in Figure 3-1.

Structural steel preassemblies/ modules have also been utilized to varying degrees in the past on
nuclear power plants. Preassembly of structural floor steel framing, metal decking, and
reinforcing steel has been used on some projects. Steel framing and metal decking are used to
support concrete slabs. Composite construction of steel floors, beams, and columns could be
modularized for use in advanced reactor plants. The steel modules would be prefabricated,
assembled at the site, lifted into position, and then filled with concrete. Figure 3-2 (from
Reference 10.4) shows a composite floor module consisting of a steel face plate, horizontal Tees ,

and angle stiffeners, and rebars. |

Another use for structural steel modules is for building superstructures. Tha.se modules could
include roof trusses, siding, equipment, and connecting piping, ducts, and cabling. Stairs and steel
platforms can also be modularized. Examples of structural steel modules for building
superstructures are shown in Figure 3-2.

Structural steel modules may be used as steel forms for concrete structures such as the RPV
pedestal, drywell vent wall, and containment internal base structures. These steel forms would i

typically consist of steel plates reinforced with stiffeners on the concrete side of the plate. These )
forms are permanent since they are lea in place after the concrete cures. The steel form modules )

are used in lieu of removable forms. The advantage is that these wall modules, can be fabricated
- and preassembled offsite in parallel with other ongoing construction activities. This reduces
construction efforts at the site which r:sults in cost savings to the project. In addition, savings are
achieved by reducing or alimiwing the time spent waiting for sections of concrete to cure before
other phases of construction can proceed. The need to strip forms, clean-up, and patch exposed
concrete surfaces is also eliminated. Figure 3-3 (from Reference 10,5) shows a structural steel
form type module which is left in place.

For walls where strength, stiffness, and radiation shielding are required, concrete-filled steel
modules may be used. Such walls exist inside containment, auxiliary building, and other seismic
Category I structures. These modules would typically be constructed from steel plates spaced apart
and f.onnected by web plates. The steel plates may be stiffened by structural angles connected to

,

the plates or held in place by studs welded to the plates. The angles or studs then become -I

embedded in concrete when it is poured. An example of a modular subunit for a concrete-filled
steel wall module is shown in Figure 3-4 (from Reference 10.6). The steel modules can be
prefabricated in offsite shops and transported to the site as subunits where they can be assembled I
into large modules. Then the modules can be lifted into position, anchored, and filled with |
concrete. Figure 3-5 (from Reference 10.6) shows an assembled concrete-filled steel wall module I

,

4

|
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being lifted.

Steel wall modules without concrete fill can also be utilized where shielding from radiation is not
required. Large water storage tanks are potential candidates for this type of module.

Precast concrete raodules have been previously used in nuclear power plants. The applications
;

include precast cxxacrete panels for superstructure curtain walls, manholes for electrical and piping '

use, vaults for calles, trenches for cable and for pipe, electrical duct banks, catch basins, and
precast architectural panels and walls. The use of precast concrete modules beyond these
applications is expected to be limited. Difficulties arise in the transportation and handling of large
and heavy precast concrete modules. In addition, the wall thicknesses of massive concrete
sections with congested robar make it extremely difficult to design and construct connections
between modular interfaces.

1

1
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.40 APPUCARrR COnM. STANDAurW AND SPECIMCATIONS1

4.1 STrrr>CONCRFIT COMPOSrrT FLOOnS. BrAME AND COWMNS

These types of modular structures have been previously accepted for use in commercial
nuclear power pirits. The American Institute of Steel Construction (AISC) Specification *

(Reference 10.? and the American Concrete Institute (ACI) Code 349 (Reference 10.8)!
;

cover steel / concrete composite floors, beams, and columns. Therefore, they can be used,
i

: as applicable and as supplemented by current NRC technical positions and Regulatory
Guides.,

:

4.2 CONPRPTE-FIT Y Rn Sn wr. MODin n !

|

The lack of U.S. codes and standards covering this type of modular construction lends i

uncertainty to the design / analysis / construction basis. Reliance on a program of analysis
and test, as described in Section 6.2, is the only alternative until applicable codes and
standards (typically based on pioneering applications such as the ones proposed for |

:
#

advanced reactors) are developed and accepted by the NRC for use in safety related,
nuclear power plant applications.,

. Guidance can be obtained from accepted codes standards and regulatory guides, to the
| extent of their applicability. It is reasonable to limit steel and concrete stresses and |

deformaticas to AISC and ACI design allowables as specified in SRP Section 3.8 provided;

! the predicted stresses and deformations are obtained from verified analysis methods,
! benchmarked against test data. Both overall behavior and local interaction of the steel and
: concrete portions of the module need to be evaluated.

Additional load combinations, dimensional controls, and inspections should be specified,
as needed to ensure structural integrity and proper fit-up of the complete modular
assembly.

4.3 STuncrUnAL STrrr. MODinRS

The provisions of the AISC Specification (Reference 10.7) or American Society of
Mechanical Engineers (ASME) Boiler and Pressure Vessel Code (Reference 10.9) as
appropriate to the specific application, and as supplemented by current NRC technical1

positions and Regulatory Guides, can be used as the design / analysis / construction basis for
i a structure assembled from steel modules. The only difference from current practice is in

the fabrication /crection process.

* When endorsed by the NRC, it is expected that ANSI /AISC N690 (Ref.10.15) will replace the AISC
Specification as the reference standard for steel structures in the SRP.

I1
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1

,

;
,

Additional load combinations, dimensional controls, and inspections should be specificd, j
as needed to ensure structural integrity and proper fit-up of the complete modular j

assernbly. |

4.4 PRECAST COhPRm Moun Es
1

!
'

The use cf precast concrete modules for safety-related structures or substructures is j

expec;ed to be limited. The ACI Code 349 (Reference 10.8) can be used as the i

design / analysis / construction basis, provided the precast module meets the requirements |
which would apply to the corresponding poured-in-place concrete structure. Any l

'

applicable NRC technical positions and Regulatory Guides should also be satisfied.
Special provisions to limit transportation loads, especially vibration and impact loads, are
necessary to preclude damage during transit to the site. Special connection detailing is ,

required to join pre-cast modular units into a final modular assembly. Inspection of l
,

precast madnhr units is necessary to ensure that the as-received condition and the in-place
condition meet the applicable design requirements.+

4.5 PnvrAnnvemn RFRAR MATS. CAGES AND SimARTP,fBT M9
)
IThese " structures" do not represent a complete structural unit. Either the ACI Code 349

(Reference 10.8) or the ASME Code (Reference 10.10) defines the steel reinforcing 1

| requirements, depending on the application. Adherence to these design requirements is j

necesnry. The it.-place placement, connectivity, and splicing of rebar must meet the |,

appropriate code requirements, regardless of the sequence leading up to the concrete pour. !
,

Any appli2ble NRC technical posidons and Regulatory Guides should also be satisfied.-

The procedures to ensure that the in-place geometry of the reinforcing steel meets the
design requirements should be specified. In addition, the procedure forjoining of rebar
subassemblies to create a complete rebar assembly should be specified, with emphasis on i

ensuring the continuity ofload transfer.

)
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5.0 LOADS AND LOAD COssfNAMONS

The SRP defines the loads and load combinations, expected during plant operation, to be used for
structural design. These are directly applicable to design of structures erected utilizing modular I

construction techniques. For modular constmetion, however, the process of off-site fabrication,
transportation, and site erecdon may 'mpose significant additional loads which typically are not
considered for in-place consttuction. While there additional loads are not likely to control the j
overall structural design, it is important that each modular unit has sufficient strength and stiffness :

to resist these loads without any degradation of operating load capacity and without unacceptable {
permanent deformation. To allow either condition could negate the initial design assumptions.

|
|

Du?ng off-site fabrication, the method of supporting the module during the various stages of {
fabdcation and the method oflifting and moving the module from one work station to the next I

will control the induced stresses and deformations. The completed module must be hoisted onto I

the transportation vehicle, supported, and tied down. These operations will impose a second set :
ofloads on the module. During transit, the module will likely be subjected to both vibration and I

impact. Upon arrival on-site, the module is hoisted off the vehicle and supported on the ground. I
Final site assembly will impose lifting and fit-up/ joining loads on the module. All of these
construction-related activities must be executed in a manner which limits stress, deformation, and
fatigue usage to acceptable levels (i.e., maintain the initial design basis).

1

In general, the construction-related loads need not be combined with the operating loads defined
by the SRP because they do not occur concurrently. The exception to this would be any residual <

effects resulting from construction-related loads. For example, in concrete-filled steel modules,
some residual stress and deformation of the steel plates is possible as a result of the in-place
concrete pour process.

|

|

5.1 STm> CONCRETE COMPOSTTE FLOORS. BEAMS AND COLUMNS i
|

These types of construction have been previously accepted for use in commercial nuclear
power plants by the NRC. Therefore, additional loads and load combinations are not

|
considered necessary in this case. Procedures for minimizing shipping and handling loads !

should be specified, to ensure no loss in capacity to carry operating loads and load |
combinations. '

5.2 CONCRm-Fm vn Srm MODinM
|

The size of the steel modular units is typically constrained by maximum shipping
dimensions / weight (e.g., see Reference 10.11 for Rail Transport) or by crane lifting
capacity. Lifting loads need to be considered in the design of the steel module, to select
the number, locations, and geometry of the lifting lugs. Fixtures for supporting the
modules during transportation to the site should be designed to ensure that vibration-related |

cyclic stresses and impact-induced stresses do not exceed specified criteria.

13
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,

;
;
;

I

I
A loading unique to concrete-filled steel modules is the hydrostatic pressure against the j
steel walls, during the on-site concrete pour. The pour rate (height of each concrete lift) '

must be limited to ensure that the steel plate stresses do not exceed a specified allowable
value or the steel plate thickness must be specified to ensure that a desired pour rate is
achievable. ;

!

5.3 STRt3crimAL SHEEL MODEJLES |
|

The discussion in Section 5.2 applies here, except that concrete pour loads do not exist.

5.4 PRECAST CONCRm MODtILES j

|

The discussion in Section 5.1 applies here. !

5.5 PREFABRICATED REBAR MATS, CAGES AND SimASSEMBilES

'Ihese structural elements are part of a poured-in-place reinforced concrete structure, which
is subject to currently defined operating loads and load combinations. Placement
procedures should be sufficiently detailed to preclude the development of excessive loads

.

during the handling and placement of the rebar. '

i
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6,0 DFRIGN AND ANALYSIS PROcEnunEs
'

1

There are unique aspects of modular construction that need to be considered in design and I

analysis. This section of the report describes the additional guidelines and procedures that should
i

be followed to demonstrate the structural adequacy of the design.
i

|

In view of the limited use of modular construction techniques for structures at nuclear power
plants, the design and analysis procedures used for advanced reactors should be carefully
reviewed. Three sources ofinformation for accomplishing this are 1) the Safety Analysis Report
(SAR), 2) the design reports, and 3) the structural audit. As indicated in Appendix C to SRP
Section 3.8.4, the design report provides the reviewer with design and construction information
more specific than that contained in the SAR. The design report also assists the reviewer in
planning and conducting a structural design audit.

A structural design audit is a necessary step in view of the unique modular constniction
techniques. In addition to the objectives currently described in Appendix B to SRP Section 3.8.4,
the audit should ensure that the analysis and design addresses all processes related to modular
con:;truction, including fabrication, transportation, handling, storage, and erection.

6.1 STm> CONCRETE COMPOStrE FLOORS. BEAMS AND COLUMNS

Composite steel / concrete floors have been previously utilized in the nuclear industry. The
composite elements consist of steel beams or girders supporting a reinforced concrete slab
whereby the two structural elements are interconnected so that they act together in resisting
bending loads. Floor systems can also be constructed from steel beams supporting steel
decking upon which concrete is poured. Composite compression members consist of
concrete reinforced longitudinally with structural steel shapes, pipe, or tubing with or
without longitudinal bars.

Current NRC requirements and industry codes and standards are sufficient to define
acceptable design and analysis requirements for composite structures. The AISC
Specification, supplemented by NRC technical positions, provide requirements for
composite construction consisting of steel beams or girders supporting a reinforced
concrete slab or steel deck in nuclear facilities. ACI 349 provides requirements for
composite compression members for nuclear facilities. The ACI code covers two types
of composite columns: a structural steel encased concrete core and reinforced concrete
around a structural steel core.

While acceptable criteria exist, special consideration should be given to unique aspects
pertaining to modularization of composite structures. The design of the modules must
consider the loads generated as a result of the fabrication, handling, transportation, and
erection of steel as well as the pouring of concrete. These are discussed in Section 5.0.
These loads will often require supplementary steel to provide sufficient stiffness to
maintain the module configuration frem off-site fabrication to final placement.

15
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6.2 CONCREIE-FILLED SIEEL MODULES

| 6.2.1 IvrnOntx rION
,

; 'Ihe current state-of-the-art for structural analysis of nuclear power plant structures :

: is sufficient to provide a solid basis for understanding and predicting the behavior of
j- modular structures, provided the physical conditions of the fabricated module and the
'

erected modular assembly are accurately known. However, the current lack of
: modular design and construction experience raises a number of issues that need to be -

j addressed.

i Limited experience is available from work conducted in Japan for concrete-filled

[ steel modules similar to those proposed for advanced reactors in the U.S. While the
reported test results provide a general sense of " robustness", the scope of the

i reported results is insufficient to support generalizations about proper design / analysis
'

assumptions. .

Consequently, the only currently viable approach to the design certification of .

; concrete-filled steel modules appears to be the performance of a detailed analysis and
; comparison to supporting test data, to substantiate both the design approach and the
! resulting design.

'

6.2.2 ANALYSIS / DESIGN CONSIDERATIONS

4

! The following points should be considered in the design and analysis of concrete-

| filled steel modules:

Structural behavior of modular units must be well understood. It is not*

sufficient to rely on perceived " conservative" assumptions of stiffness, load.

path, and structural strength criteria. In the design of modular units and the
,

connection details, it is very likely that subtle situations exist, for which a
simplifying assumption may not be readily classified as " conservative".

The connections between modular units which make up a complete modular.
.

4 assembly are critical elements in the response of the assembly. The
connection detail will detennine the load tmnsfer path between modular units
and thejoint " ductility". This must be well unhuod to accurately evaluate
the local behavior of the modular unit and the overall behavior of the
modular assembly.

Given the current state of the art in computer-aided strucuiral analysis,*

detailed modeling/ analysis of the modular unit and modular assembly can be

16
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j performeo. This analysis coupled with confirmatory testing of the basic i

2

modular unit and connection details, should make it possible to accurately
predict both local and overall structural behavior. The need for so-called
" conservative" assumptions should be minimized, and where necessary, the.

'

sensitivity. of the structural behavior of the modular unit to a parameter
variation should be performed to verify the original perception of;

" conservatism".-
,

1'

I The' complex interaction between steel and concrete cannot be adequately*
,

j evaluated if the design methodology selectively relies on only one of the two j
j structural elements to carry specific types ofloading (i.e., bending, shear,

and compression). A potentially sedous pitfall of this approach is that the4

i designer / analyst must work with several "different structures" to carry the
! applied loads. The probability of making an error is increased and the use

.

j of engineering judgement to qualitatively check numerical results becomes
difficult. Most importantly, interactions which are ignored by the design,

1

: methodology may precipitate a loading path and progressive failure which is )
i . the limiting condition of structural strength. |
.

i
Advanced reactors have a design life of sixty (60) years - 50% longer thana

; current operating plants. Based on the recent NRC study (Reference 10.12)
| on aging degradation of civil / structural features at several older operating ;

j plants, it was concluded that with proper maintenance, in-service inspection, !'

and occasional repair and correction of an unforeseen degradation condition, ;

. civil / structural features should not be a controlling factor in the life extension ;
} of existing plants to 60 years. Also, as part of this study, the conditions

,

observed at ap= Hag plants were evaluated in the context of a 60 year design j,

| life for Advanced Reactors. The results of this study should be considered
2 in the development of design, construction, inspection, and maintenance i

! specifications. <

i- ;

6.2.3 GENERIC PROGRAM mR SMtUCMTRAL VERMCAMON !

,

A structural verification program should be performed to substantiate the !
design / analysis methods for construction of safety-related concrete-filled steel ;
modules. This pregram should also demonstrate that these methods maintain
sufficient margins of sdcty when compared to design / analysis standards for other

'

structural components such as reinforced concrete or structural steel. To achieve ;

these objectives, the following elements should be included in the structural |
verification program:

,
.

Predictive Analyses*

Comparison to Test Data*

17
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Application of Analytical Methods to Final Designe

6.2.3.1 PREDICrTVE ANALYSES

Some of the steel and concrete modules being pmposed for advanced reactors ;

are quite unique in their design and application. To understand the complex
'

behavior of the concrete-filled steel module, analytical studies should be i

performed nd vedfied by test data. 'Ihese studies should first be performed
on small subunits or panel sections to understand the local behavior, to
identify in,r-1.nt parameters, and to assess the sensitivity of the modules to

,

these parameters. In addition to the subunits, analyses of connections also
need to be performed since connections are generally known to be a concern ;

with modular construction.
i

Using a general purpose structural analysis computer program, a finite
element model of a single subunit or panel section should be developed. To .|

understand the behavior, a simplified representation of the steel and concrete
can be made initially with layered shell elements. Then, enhancements in the
model can be introduced step-by-step to match the actual configuration and )
material behavicr. In this manner the response due to each modeling |

refinement can be evaluated as it is introduced. Some of the envisioned 1

modeling steps / evaluations are layered shell versus solid elements, vertical !
Idisplacement compatibility at embedded stiffeners, concrete cracking in

tension, face plate buckling, concrete shear slippage, and bond loss at ]
steel / concrete interface.

Initially, static analyses should be performed to investigate the stiffness
pvystics of the modules. It is desirable to determine the stiffness values for
shear (in-plane and out-of-planc), bending (about both in plane axes)
compression, tension, and interaction of two or more component loadings.
'Ihese analyses should be performed for inemmentally increasing loads since, !
at some point, the concrete would begin to crack and the stiffness value |
would decrease.

The results of the analytical studies should be compared to test data. The test ;

data could be obtained from existing available tests or new tests performed,

specifically for the modular design concept being proposed. A description
of acceptable test data and recommended test program, if required, is
presented in Section 6.2.3.2.

The results of the stiffness analyses should be compared to the test data.
Where test data indicate behavior different from the analytical models, then

18
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the causes of this deviation should be identified. If sufficient test data is
available to explain these differences, then adjustments to the model can be
made and additional analyses performed in an effort to match test results.
If the test data are only available on reduced scale specimens, then the above
analyses should also be performed on a reduced scale model.

.

Once the stiffness results match the test data, the sensitivity to selected
parameters should be performed. These should be performed by varying
parameters such as compressive strength of concrete, tensile strength of
concrete, shear strength of concrete, degree of bond (concrete to steel), and
others. i

!

Stress analyses should also be performed to determine the stress distribution
throughout the modules at different load levels. I. mads consisting of shear,
bending, compression, and interaction of two or more loads should be
applied. 'Ihe results should be compared to actual stresses obtained from test
data. The effects of parameter variation should also be performed to.

hides the sensitivity of the stress distribution to variation in properties.

In addition to analyzing individual subunits, such as a panel section, any
special configurations such as tee or angle connections (e.g., two shear walls
intersecting at 90* or some other angle) should also be evaluated using the

|
procedures described above. '

The above evaluations should also consider the effects of uniform
temp =we change and thru-wall temperature gradient arising from no mal i

operating and accident conditions. I

DucrnfrY/ SAFETY MADdIN

1

To obtain an understanding of the level of ductility and the margin against
'

ultimate capacity, test results should be obtained at progressively increasing
loads beyond the elastic range of material properties. If acceptable test data
is not available and new tests present limitations (e.g., size, weight, loading |
equipment, scaling questions, sufficient data), then additional analyses may l

,

be required. These analyses will need to consider nonlinear effects such as
plastic deformation, buckling of the steel material, concrete cracking effects i,

in tension and shear, and concrete crushing in compression. If required,
geometric nonlinearity such as large deflection effects should also be
considered. The results of these analyses should be compared to the
ccirr.,veding tests where data is available to confirm modeling assumptions.
Then the analyses can be expanded where additional information is needed.-

The effort should verify that the ductility and margins against ultimate |

L
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4

capacity are comparable to other conventional structural components used in
: nuclear power plants. !

1

; 6.2.3.2 COMPAMEN m Terr DATA
;

,i .
The technical basis for any design / analysis methodology is either (1) direct
verification by full scale and/or reduced scale prototype testing or (2)
consensus by industry experts (i.e., codes and standards). Codes and
standards, being primarily experience-based, typically lag the initial
applications of new structural design concepts. However, new structural i

design concepts are typically incremental, rather than radical, departures
from accepted practice. Consequently, considerable guidance is available in,

j existing codes and standards which is applicable to the new concept.

The extent of applicability of existing codes and standards to new design
concepts can be subject to considerable disagreement. Given the NRC's
responsibility to ensure with a high level of confidence that the public safety
is maintained for all credible events, it is necessary to demonstrate that the
application of existing codes and standards to new design concepts maintains
safety margins which are at least equivalent to existing safety margins.
Therefore, any structural design concept which falls outside the bcundaries
of currently accepted codes and standards should require _ verification of the
design / analysis methodology by comparison to applicable test data.

If a sufficient body of applicable test data already exists in the open
literature, then project-specific testing may not be required. However, it is

,

the applicant's responsibility to submit a sufficiently detailed justification for |
the proposed design / analysis methodology, based on the existing test data.

|

In the absence of a sufficient body of existing test data, a project-specific test i

program will probably be required to address areas of uncertainty about the I

structural behavior. The scope of the test program will be defined by the
degree of uncertainty.

TEST PROGRAM OBJECTIVES

The objectives of the testing program are twofold:

1) to establish that proposed design / analysis procedures produce a
conservative design,

2) to assess the inherent " ductility" and excess load carrying capacity
above design loads.

20
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!
'Ihese objectives can be addressed through the use of reduced-scale models.i.

; However, if it is feasible to build and test a full scale model of the basic
4 - modular unit, two additional benefits can be realized:

;

] 1) uncertainty about extrapolation of reduced-scale model test results

| to the actual structure is greatly minimized, and

2) proposed fabrication, erection, Quality Control (QC), Quality
Assurance (QA), inspection and test specifications to be used during !

actual construction can be implemented for the test model.
1

Supplementary nondestructive examination of the completed test
'

model can be performed to verify the finished product quality, to !
define the initial conditions before loading, to identify any |
unacceptable conditions which may warrant revisions to the '

proposed specifications, and also to provide valuable input for '

proper analytical modeling of the structural modules.

|
SFY FCTION OF TEST MOnpr s |

l

The predictive analyses discussed in 6.2.3.1 provide insight into the key
structural parameters which affect the response of the modular unit. The test )
models must be designed to ensure that the results of the analyses can be I

verified and/or that the shortcomings of the analysis models can be !
identified. The suggested types of test models are as follows:

|
|

One (1) typical, full scale modular unit fabricated in accordance '
*

with the shop production procedae and filled with concrete (if
applicable)in ac.cordance with the field production procedure. All
applicable shop / field tests and inspections to be performed.

A scale model of the full scale modular unit described abov:.*

A scale model of each significant variation in the modular unit*

geometry, materials, or fabrication procedures.

A scale model of a typical in-line connection, a corner connection,*

and a tee cont.ection between modular units. Cormections to be in
accordance with applicable production procedures and inspections.
Mote: The connection detail may be tested at full scale, if feasible.)

SCOPE OF TEST PROGRAM ;

l

The specific program scope will depend on the degree of uncertainty about

i
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|
.

the eignikant structural responses of the modular unit and the connections.
In some cases, only selective testing may be needed to fill the voids in an
aieing body of test data. In other cases, a comprehensive test program may |
be required to generate a sufficient body of test data for verification of the |

design / analysis methodology. It is the applicant's insponsibility to identify j

the requirements for testing, develop an appropriate test program scope, i

conduct the test program, and verify the design / analysis methodology based I

on test data.

TEST DATA REOUIREMENTS

The types of test data required to verify the design / analysis methodology
include the following:

Imad vs Deflection data for all significant load types (e.g., in-plane*

and out-of-plane shear, out-of-plane bending, compression,
tension), in order to verify the analytically derived stiffnesses. 'Ihe
load-deflection behavior up to and somewhat above design
allowable load levels should be determined. Loads should be |

applied incrementally, with decreasing increment size as the load )
increases. The point of departure from linear load-deflection '

behavior is particularly significant, since this defines the limit of y

applicability for the initial stiffness. In general, it is desirable to
limit design allowable loads to the initial linear stiffness range of
response. I

l

In the first series of tests, each different type of load should be
applied individually and incrementally increased up to the point of
departure from linear behavior. Following completion of these uni-
load tests, a test to specimen failure (if feasible) should be
conducted using the anticipated worst-case loading combination.
The set of forces (moments, shear, and compression or tension)
should be applied simultaneously in propordon to the expected
governing / critical case. Detailed load-deflection data should be
collected for all responses previously measured in the uni-load tests,
up to failure or the maximum loading capability of the test facility. j

The results of this test provide valuable information about the ;
inherent " ductility" and reserve strength capacity above design !

allowable loads.

Stiffness degradation caused by simultaneous application of several
loads can be estimated by comparing the measured response for
multiple loadmg to the linear combination of measured uni-loading

22
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responses. If this effect is significant at design allowable load
'

levels, then the initial stiffnesses used in design / analysis will have i

to reflect this.
_|

.

An alternative to the simultaneous application of forces, described {aoove, may be utilized. The series of uni-load tests can be
|performed at incrementally increasing loads up to failure. 'Ihis

||approach, however, would require more specimens and the issue of

the interaction effects of two or more forces would still have to be
addressed. i

!

. strain Ma==ements should be recorded at key locations,
throughout the loading tests described above. The strain :

measurements, converted to stresses, can be compared to analytical
3

predictions,' to verify the analytical model. !

Strain measurements should also be recorded at locations of
structural discontinuity and locations of uncertainty about the actual i

load path. Local inelastic deformations may occur at load levels ;
signi%atly below the " clastic" limit for module behavior; they are !

potentially significant when the individual modular ' units are i

assembled into larger structures. '

Test models of connection details should have sufficient strain
i measurements recorded to ensure a comprehensive understanding of i

the connection behavior for the various types of loads transmitted i,

through it. I

i

Prograceinn of Concrete Cracking (where applicable) should be.

monitored during the loading tests. It is important to track the
'

j. deviation from linear behavior against physical, irreversible
degradation of the structural system. The initiation and progression ,

- of concrete cracking may or may not correlate with measured |
stiffness degradation. Confinement of the concrete may.

,

significantly modify its behavior. Recording of this data will i
provide a basis for quantifying the effects of concrete cracking in !

the design / analysis methodology. Monitoring the progression of !

concrete cracking is not straightforward due to the steel face plates.
Acoustic emission or other special nondestructive examination

,

technique.s will probably be required. -[
!
:

'
i

!
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6.2.3.3 APPUCmON OF ANRmen MrmOrs m FrNE DMC.N j
"

1

A complete analytical model of the assembled structure, which is constructed |

; from individual module subunits, should be developed. The effects of |
important items such as openings, type of loads, load path, and boundary I.

conditions can only be evaluated with the full model. The use of an accurate
,

and complete model also eliminates the need to make simplifying and !

possibly unconservative assumptions. :
-

,

Typically this model would be quite large; therefore, to develop an efficient !
3

mathematical model, it may be =mry to define an equivalent shell ;

: element stiffness. This may be done using layering, orthotopic properties, ;

or other methods to simulate the extensional, shear, and bending stiffness
properties derived from analysis and test data of the subunits, as discussed ,

in the previous Sections.

|
i- The model should properly reflect the boundary conditions, mass ]^

distribution, openings, and dynamic effects of any water. The loadings :

applied to the model shoukt include all applicable loads described in Section |

5.0 of this document. 'Ihe seismic analysis must comply with Sections 3.7.1 |
through 3.7.3 of the SRP. . |

For seismic analysis, damping should be consistent with Regulatory Guide
1.61 (Reference 10.13). Damping of 5% for SSE load combinations is
considered reasonable. Higher damping values could be used if supported

|
by specific, applicable test results.

6.3 SntocrUELAL SW5L MODULES

Steel plate modules may include sections of free standing steel containments; containment
liners for concrete containments; and liners for refueling pool, fuel transfer canal, and
spent fuel pool. Some of these modules have been utilized in the past for the construction
of nuclear power plants. Modularization of the containment dome liner was used for the
construction of the Wolf Creek Generating Station and Hope Creek nuclear plant, among
others. Plants which utilized fuel-related liner modules include Palo Verde, San Onofre, i

and Beaver Valley stations. |

In view of the successful use of steel plate modules in the past, current NRC guidance and i

industry codes and standards are sufficient to def'me acceptable design and analysis
requirements. However, special consideration needs to be given to several items that are
unique to modular construction. 'Ihe' additional loads resulting from the
construction / preassembly of larger modules need to be addressed. Currently, larger
capacity lifieranes are available which may impose significant concentrated loads. These

24
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leads must be considered early on in the design stage of the modules. Also, when lifting |
these modules under windy conditions, the large cross sectional area of some modules may j
develop loads that will require specific consideration in their design and handling.

{

In addition, supplementary steel will need to be pre-engineered to provide sufficient
stiffness to maintain the module configuration from preassembly through transporting,
lifting into place, and placement of concrete. This additional steel would not be wasted in

a good design if its load carrying capability is included in the analysis and design of the
assembled structure.

Steel frame modules may be used for building steel framework such as building
superstructures (roof trusses, siding. etc.), structural steel platforms, wall partitions, and

;

floors (steel fmming, metal decking, and reinforcing steel). Some of these modules have
|

also been used in the past on nuclear power plants with success. As in the case of steel !

plate modules, current NRC requirements and industry codes and standards are adequate !

to define design and analysis requirements. The AISC Specification, supplemented by
NRC technical positions, provide acceptable requirements for the design of steel frame
modules in nuclear power plants. Additional considerations described for steel plate
modules also apply to steel friune modules.

6.4 PRECAVT CONCRF"rE Monotr_S

Due to weight considerations during transportation and handling, and difficulty in
designing connections of load carrying precast concrete elements, they have not been
widely used for safety related structures at nuclear power plants. Precast concrete elements
have been used in limited cases such as superstructure curtain walls, inanholes, vaults,
electrical duct banks and precast architectural panels and walls.

Current NRC requirements and industry codes and standards define acceptable design and
analysis requirements which would apply to precast concrete elements. ACI 349 provides
requirements for design of precast conc. rete members which it defines as concrete elements

cast elsewhere than their final position in the structure. Provisions are presented in the
Code to address special conditions importr.ot to the design of precast concrete members.
These include consideration of all loading, and restraint conditions from initial fabrication
to completion of the structure, requ.rements: for design of connections, detailing ;

requirements, and provisions for prect.st wall panels. Additional requirements are also
specified for identifying and marking the members and for transporting, stodng, and
erecting the precast members.

In view of the limited use of precast concrete modules for safety rehted structures at
nuclear power plants, the analysis and design precedures should be carefully reviewed,
particularly in the critical area of connecticas. The effects of all intenenn cting details
must be considered in the analysis and doign to assu e proper performance of the
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I structural system. The connection details must be designed to provide for manufacturing

|' and erection tolerances and temporary erection stresses.

'

6.5 PREFABRICA1ED REBAn MATS, CAGES AND SUBASSEMBUSS

|These prefabri.:ated rebar units or modules do not represent a final structural unit.
Coasequently, they are not subj:ct to the loads associated with the design basis of the plant !

until after the pour and curing of the concrete. However, the prefabrication of many rebars ;,

into mats, cages, or <nhattemblies does introduce concerns dealing with the handling and.
i'

placement of the rebar elements. Some of the rebar modules will require special steel
support structures to hold them in place. The structural support system may also be I
required to maintain tlSe re.bar spacing, to stiffen the rebar modules to prevent " racking" i

during handling, and for alignment to adjacent rebar modules. i

Special atter4 tion needs to be given to the splicing of adjoining rebar modules since
,

staggering of the splices may be impractical. Special procedures will also be necessary to"

ensure that the final placement of the reinforcement matches, within acceptable tolerances,
the design requirements.

,

i

Current NRC guidance and industry codes and standards define acceptable design and
analysis requirements which would apply to steel reinforcement modules. The ACI code !

or the ASME code provides requirements for the design of steel reinforcements which |
could apply to modules constructed from prefabricated rebar.

,

|
'

!

|
i

i

'

;
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* 7.0 SntucnmAL AcewrANCE CR)mERrA

If the design of a specific type of modular unit is governed by recognized ASME, ACI, and AISC
codes, as supplemented by the SRP and Regulatory Guides, then the only additional considerations

,

for moo,dar construction are those related to off-site fabrication, handling, shipping, storage and
site erection. These were previously discussed in Section 5.0.

The design process assumes that the geometry of the as-built structure is the same as the nominal

design geometry, to within the dimensional tolerances which are accounted for in the design
analysis. For modular construction, there are three major operations which potentially contribute
to deviations from the nominal design geometry: off-site fabrication, transfer to site, and final
erection of the structure using modular units. The cumulative effects of all three operations must
not exceed the allowable dimensional tolerances accounted for in the design analysis. Off-site
fabrication in a controlled environment should permit adherence to fairly tight tolerances.
Handling, shipping and storage operations should be controlled by procedures to ensure that no
permanent distortion is introduced. The major source of dimensional deviation is expected to be
fit-up of the individual modular units to form the completed :,tructure.

Existing codes and standards typically specify the maximum allowable tolerance on key,
"

dimensions. However, to accommodate final on-site assembly of the modular units, more
generous tolerances may be needed. Exceptions to code allowable tolerances should be carefully
reviewed to ensure that the calculational methodology used is applicable to larger deviations from
nominal geometry. The applicant should provide the necessary technicaljustification in sufficient
detail to facilitate an independent review.

The structural materials used in modular construction must meet or exceed the minimum specified
pvyenies, per the applicable codes. It must he demonstrated that construction related activities

(from off-site fabrication to final on-site erdn) do not degrade the material structural properties
below what was assumed in the design analysis.

For steel modules and steel components of composite modules, applied static loads due to lifting,
handling, tie down and other operations should not cause material yielding, except at very
localized stress concentrations. Vibration loads during transit or other operations should not
induce alternating peak stress cycles which exceed the material endurance limit, per the applicable
code. If an operation, such as shipping, subjects a modular unit to impact loads, every effort
should be made to minimize them. The worst case combination of ambient temperature and
impact loading should be evaluated, to preclude the possibility of brittle failure during any
con- tion-related operation.

F .ast concrete modules ano composit(: steel / concrete modules fabricated off-site, concrete
>

stresses should be maintained below applicable code design allowables for all construction-related

operations. Possible vibration and impact loads should be minimized by procedural centrol.
Cracking of concrete as a result of construction-related activities is not acceptable, unless such

i 27
!

__ _



.__ _ __ .-

,

cracking has been adequately considered in the design analysis. All potential causes of concrete
material deterioration must be climinated.

For unique structural module designs, not presently governed by recognized codes and Regulatory
Guides, a specific set of structural acceptance criteria must be defined. To the extent feasible,
these should be drawn from applicable sections of currently recognized codes, as supplemented
by Regulatory Guides. Any unique acceptance criteria should reflect the design philosophy
embodied by the currently recognized codes. A detailed analysis program, verified by supporting
test data, will be necessary to define the two key behavioral states of the module under load. The
onset of nonlinear behavior establishes the limit of applicability for linear analysis methods, which
are traditionally used for design calculations. The behavior of the structure beyond the limit of
linear response must be investigated, to determine the ultimate load capacity and effective
" ductility". Design margms against failure can then be defined in a manner consistent with those
in currently recognized codes. The objective is to ensure that a comparable factor of safety is
maintained. The applicant must submit the technical basis for the structural acceptance criteria
for unique module designs. The information must be both comprehensive and concise, to
accommodate an independent review.

7.1 STm> CONC'Rm COMPOSTTE FLOORS. BEAMS AND COUMNS

The structural acceptance criteria for design / operating loads should be in accordance with
the applicable ACI and AISC requirements, as specified in SRP Section 3.8. The general
discussions in Section 7.0 concerning tolerances, material, and acceptance criteria for
construction-related loads are also applicable.

7.2 CONcnvrr-Frr rrn STm MOne,ILES

Currently, no code or standard provides specific acceptance criteria for concrete-filled steel
modules. For this reason, a detailed analysis verified by test data is the preferred
approach to demonstrate the adequacy of the analysis methods and the design.

If the predicted stresses and deformations from the analysis / design methods are verified
by testing, then steel stresses and deformations can be limited to AISC allowables and
concrete stresses :nd deformations limited to ACI allowables, as supplemented by NRC
technical positions with regard to these codes.

In addition to meeting stress and deformation limits on individual components, it is
necessary to demonstrate that the combined steel and concrete module provides a margin
of safety and structural performance comparable to existing nuclear plant structures. This
should include demonstrating that there is adequate ductility, acceptable stiffness
degradation, and comparable margins -of safety against failure.

|

|
28

|

1

!



- - - - - - - - - - - - - - - - - - - - - - - -

Acceptance criteria for loads related to fabrication, shipping, and construction / erection
should be developed by the applicant and reviewed on a case by case basis. Vibration
loads should be evaluated to ensum that they do not contribute to fatigue usage; otherwise,
these additional cyclic loads need to be included in the design fatigue analysis. The
general discussions in Section 7.0 concerning tolerances, material, acceptance criteria for
construction-relv.ted loads, and unique module designs are also applicable.

7.3 SmCMAL STm. MoDtny,s

The structural acceptance criteria for design / operating loads should be in accordance with

the applicable ASME or AISC requirements, as specified in SRP Section 3.8. The general
discussions in Section 7.0 concerning tolerances, material, and acceptance critt ia for
conrtruction-related loads are also applicable.

7.4 PRECA5'r CONCRFTE MoDrns

'Ihe structural anptance criteria for design / operating loads should be in accordance with
the applicable ACI requirements for the equivalent poured-in-place concrete structure, as
specified in SRP Section 3.8. The structural acceptance criteria for connections between
precast concete modules should ensure that the structural performance is equivalent to or
better than poured-in-place construction. The general discussions h1 Section 7.0
concerning tolerances, material, and acceptance criteria for construction-related loads are
also applicable.

7.5 PREFABRICATED REBAR MATS. CAGES AND SIMASSEMBI TFM

The structural acceptance criteria for design / operating loads should be in accordance with
the applicable ASME or ACI requirements for rebar in reinforced concrete .,tructures, as
specified in SRP Section 3.8. The general discussions in Section 7.0 concendng
tolerances, material, and acceptance criteria for construction-related loads are also
applicable.

29

. ..
--



__ -- ____-__- - - -

8.6 MATm ALs. OUALrrY COVTROL AND SPECIAL CON 5"rRUCT10N TECHNIOUES

3.1 MATERIAL 9,

He current guidance presented in the SRP is directly applicable to modular construction.
Concrete and steel materials should meet the applicable specifications of ACI, AISC, or
ASME. Any material not covered by the appropriate code or not previously accepted for
the ' proposed application must be reviewed on a case-by-case basis for acceptability. The
applicant should provide sufficient test data and user experience documentation to establish
acceptability for the proposed application. In the utilization of modular construction, a
widely accepted material may be proposed for a unique application. It is important that
the material / application combination be reviewed for acceptability.

Special consideration should be given to the potential for in-service material degradation.
This is particularly important for a sixty-year operatmg life. Potential material degradation
should be addressed in one of two ways: in-service inspection and remediation or initial
design to preclude the degradation. Susceptible areas which will be inaccessible after
completion of construction should be addressed as part of the design process; i.e.,
dminate the potential for in-service degradation.

Fu susceptible areas which will be accessible for inspection after completion of
construction, an appropriate allowance for degradation - based on in-service experience
at currently operating plants and a defined schedule for periodic inspection - should be
factored into the design calculations. A remediation criterion should also be defined.

One imique aspect of modular construction, from a materials perspective, is the potential
effect of the construction process - from offsite fabrication to !inal site placement and
joining - on the material properties. It is imperative that the nominal design values for
important structumi propertiec be maintained in the as-built condition. All potential causes
for material degradatior. during the construction process must be appropriately addressed
and dispositioned by the applicant in sufficient detail to facilitate an independent review.

8.2 OUALTrY CONT 1tOL

The SRP invokes the Quality Control requirements of ASME Section III for containments,
ACI 349 for concrete structures and AISC Specification for steel structures. There is
direct applicabihty of these requirements for all of the types of modular construction
considered herein. except for concrete-filled steel modules. The applicant should
specifically define the quality mntrol measures to be implemented for any type of modular
construction not directly covered by one of the aforementioned codes. As applicable, the
quality control requirements of these codes should be incorporated. The goal is to ensure
ti.at a level of quality control comparable to that required by existing codes is implemented
for any unique type of modular construction.
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For concrete-filled steel modules where composite behavior of the concrete and steel is
assumed in the design / analysis, control of construction processes which affect the

soundness of the interface between steel and concrete is essential to ensure achievement
of design assumptions. The applicant should specifically address the measures to be taken
and the proposed methods of verification.

For concrete-filled steel modules, the quality and strength of the in-situ concrete,
compared to the results of the standard 28 day cylinder tests, should be addressed.
Existing test data and/or proposed verification methods should be described.

For all types of modular construction, proper control of nandling, shipping and storage
operations is essential to meet overall quality requirements. For unique types of modular
construction, the applicant should describe the measures to be taken to control these
operations, citing prior applicable industry experience, existing test results, and/or
proposed verification methods as the validation basis. For other types of modular
construction, the applicant should commit to the implementation of measures which have
previously been successful, by reference to an applicable code or procedure.

As previously discussed in Section 7.0, it is essential that final erection tolerances assumed

in the design / analysis are not exceeded. Each step of the modular construction process
must be sufficiently controlled to ensure that the cumulative effect of all operations
satisfies the tolerance criteria. For unique types of modular construction, the applicant
should describe the control measures to be implemented to meet the specified design

i

tolerances.

8.3 SPECIAL CONSTRUCHON TECHNIOUE9

Modular construction techniques which are new or unique simuld be fully described so that
an evaluation can be made to assure that the structural integrity of the completed structure
is maintained. The description of the modular constmetion techniques should cover the
entire process from fabrication of the modules through transportation, storage, handling,
inspection / testing, and erection. The information provided should deraonstrate that the
methods used do not degrade the structural quality of the modules in any manner that
might affect the structural integrity of the structure.

For transportation by rail as an example, information should be provided regarding the
maximum size and weight limit for the modules, how the modules will be packaged and
secured to the rail cars and supported to minimize vibrations and impact loads, how they
will be protected from the elements during transportation, and how the loading and
unloading will be handled to avoid over-stressing the modules. Similar type of information
should be provided for the other steps in the modular construction process.
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9.0 TrsrING AND INRrnVICE INSPECTION REOtIIREMENT9

9.1 CONrAINMENT

Regulatory Guide 1.70 (Reference 10.14) and the SRP define specific testing and inservice
inspection for concrete and steel containments, per the ASME Code Section III and
applicable Regulatory Guides. For steel containments, Regulatory Guide 1.70 also
specifies that " programs for inservice inspection in areas subject to corrosion should be
provided." Also epplicable to containments, Regulatory Guide 1.70 states: "If new or
previously untried design approaches are used, the extent of additional testing and
inservice inspection should be discussed." The SRP specifies that this be reviewed on a
case by-case basis.

The above is directly applicable to containments assembled by modular construction
techniques. On a case-by-case basis, consideration should be given to the need for scale
model and/or prototype testing prior to final approval of a new design. This will depend
on the degree of uniqueness, the confidence level in the proposed design / analysis
methodology, and the extent to which the structural acceptance criteria provide safety
margins ccmparable to ASME Code Section III.

The utilization of modular construction techniques, especially in conjunction with a new
or previously untried design, should be evaluated in depth for potential causes of inservi2
material degradation. This has been previously discussed in Section 8.1. As necessary,
the applicant should describe its inservice inspection program to monitor potential
degradation and also define the corresponding acceptance /remediation criteria.

9.2 STnucmars Outru rHAN CONTAINMENT

For stmetures other than containment, there is no specific testing and inservice inspection
defined in Sections 3.8.3,3.8.4 and 3.8.5 of Regulatory Guide 1.70 and the SRP. The
extent of compliance with applicable codes (e.g., ACI, AISC, ASME) and Regulatory
Guides should be indicated by the applicant. The need for and scope of testing and
inservice inspection of these structures is initially determined by the applicant, subject to
review and acceptance on a case-by-case basis.

One special case is addressed: a containment internal structure which is "related directly
and critically to the function of the containment concept." A historical example is the
drywell of a BWR Mark III containment. For this gecial case, the applicant should
specify a testing and inservice inspection program consistent with the requirements for
containments. Thir program is reviewed on a case-by-case basis.

The above is directly applicable to structures assembled by modular construction
techniques. In addition, considerations for new designs and inservice material
degradation, as discussed in Section 9.1 for containments, are also applicable.
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Appendir A

OUALrry ASStmANCE

This appendix was written in a format that matches Chapter 17.1 of the " Standard Format and
Content of SARs for Nuclear Power Plants", Regulatory Guide 1.70 Rev. 3. The applicable
paragraph number from the Regulatory Guide is shown in parenthesis next to each heading.

OUALrry ASSURANCE DURING DrsrGN AND CONVTRUCMON (17.1)

ORG ANf7AMON (17.1.1)

Modular Construction makes it possible to simultaneously utilize many
contractordsubcontractors/ suppliers for off-site fabrication of modules. Potentially,
off-site fabrication may be conducted on a world-wide scale, to meet a compressed
construction schedule. Cont 2ol of intensive off-site construction activity is critical
to achieve overall quality assurance objectives. The applicant's QA organization
should be described in detail, with particular emphasis on tracking, coordinating, and
ensuring uniform adherence to the QA program requirements.

The site organization charged with receipt inspection has a more critical and more
demanding role on a modular construction pmject. This site organization should also
be described in detail.

The delegation of QA responsibilities by the applicant to lower tier
contractors / subcontractors /and suppliers should be defined in detail, along with the
applicant's management system to ensure uniform and consistent understanding of,
commitment to, and implementation of the delegated QA responsibilities.

OUALrrY ASSUR$CE PROGRAM (17.1.2)

For modular construction, coordinated and consistent adherence to a unified QA
program is critical to meeting the overall quality objectives. The applicant should
describe in detail the structure of a unified QA program, which delineates both the
general requirements applicable to all levels of project participation and the more
specific requirements applicable to each level of project participants (e.g., level 1 -
main contractors hired directly by applicant; level 2 - subcontractors to main
contractors; level 3 - suppliers te subcontractors).

DESIGN COVTROL (17.1.3)

Modular construction can simplify design control, if the detailed design, design
verification, and constructability review are completed before fabrication, assembly

j and placement of the modules. Ixk of design control can be disastrous for modular
!
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construction, since success lies in minimizing the on-site construction effort by
essentially eliminating the need fo- field changes. Adeger.te provision for field fit-up
tolerances between sub-modules and between modules and other structures is
necessary to preclude field changes to the design.,

Coordination of the design process and design interfaces is absolutely essential for
modular construction. A single data base for design da'a should be created, for use

,

by all participating d.: sign organizations. Responsibility for and control of the
database should be ele 2rly defined.

Punctmrworr DoctNEgr Comnt (17.1 A,

Uttlization of modulat construction has been promoted for advanced reactors in order4

to shorten the construction schedule. Off-site fabrication of the different modules
car. proceed simultaneously with site preparation work. Compared to previous
construction practices, it is likely that there will be more contractors, sub-contractors,

and suppliers working simultaneously to fabrictie modules. It is also likely that
scrue project participants will be foreign companies.

Given this likely scenario, the critical importance of procurement document control
should be evident. Such issues as uniformity of quality standards, use of
internationally recognized specifications (if appbeable), consistent interpretaticrn of
requirements, inspection and audit, and non-conformance reporting / disposition
should be addressed. A comprehensive plan of action and the implementing>

organization should be clearly delineated.

INsnu,;CTIGNs. PnocEntwNo DRAWINGS {1.7.I.53

'

This information should be contained in a data base for use by all affected
organizations. Responsibility for and control of the data base should be clearly
defined.

Dackggyr CONrnot (17.1B
_

The establishment of a document control system is mandatory. A computer based
network is the only realistic approach to ensure that all affected organizations have
timely access to the current revisions of controlled documents. The system should
be set up to identify document "need dates" to support the design / fabrication /-
construction / test / start-up schedule.

.
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COvmOL OF PURCHARFn MATERIAL. EOtHPMFNr. AND SERVICFS (17.1.7)
,

The simultaneous off-site fabrication of modules, to meet a compressed construction
schedule, may require the qualification and use of suppliers who have little or no
previous experience with commercial nuclear power quality assurance requirements.
Frequent surveillance of such suppliers should be conducted early in the project, to
prevent any problems from developing later.

The planned use ofinexperienced suppliers, especially foreign supplieu, makes it
imperative that the supplier evaluation and surveillance process be formally
documented and that organizational authority and responsibility be clearly defined.

IDENTIFICA'f10N AND COVTROL OF MATINlALS. PARE. AND COMPONTNTS (17.1.8)

The applicant should develop a unified identification system for modules, which
1 module fabricators would be required to use. A data base containing completion'

status, physical location, and other pertinent information for each module should be
developed and maintained on-line.

COvrROI OF SPECIAL PROCrmrs (17.1.9)
e

For the case of concrete-filled steel modules, the procedure for the in-place concrete
pour should be identified as a special process and addressed in accordance with the
SRP Chapter 17 acceptance criteria.

Fit-up and joining precedures for on-site assembly of modular units should be
classified as special processes.

*

Jt may also be appropriate to include unique or innovative methods used in off-site
fabrication of modales as special processes. All affected sub-contractors must adhere
to the same procedures and requirements.

INSEEcrtON (17.1.10)

Comprehensive process monitoring and inspection of modules must be performed at
the off-site fabrication facilities. The applicable procedures and requirements must
be the same for all affected sub<ontractors. No module should leave the fabricator's
racility without documented evidence that it has been manufactured .. .d inspected in
accordance with the governing requirements. Modules shouki be inspected upon,

receipt at the construction site, to verify fitness for use and/or to identify any
deficiencies in advance of scheduled need. On-site correction and re-inspection of
any deficiencies should be accomplished before placement of the module in the final
assembled structure.

I

A3

% .,
-



. .. ._

Fabrication of a full scale uockup of a typical module should be considered in
developing the detailed process monitoring and inspection requirements. Also, the
initial results of process monitoring and inspection should be evaluated to identify
any recurring deficiencies in the fabrication process. Early correction of any
deficiencies is important in order to meet both the quality and schedule objectives.

TE5rr CONTROL (17.1.111

Modules of unconventional design may require structural testing to establish stiffness
and strength characteristics (e.g., concrete-filled steel modules). The minimum
quality assurance requirements for an acceptable test program should be in
accordance with Regulatory Guide 1.70 and the Acceptance Criteria of the SRP.

CONTROL OF MEASTMING AND TEs r FntRPMENT (17.1.12)

To the extent practical, all module fabricators and their suppliers should use the same
procedures and calibration standards to ensure the accuracy of their measuring and
test equipment.

HANDilNG. STDRAGE. AND SMPPING (17.1.13)

Regulatory Guide 1.70 and associated SkP acceptance criteria are oriented toward
non-structural systems, components and equipment. Off-site fabrication of large
structural modules is not specifically addressed. However, the intent of the criteria
is applicable to modular construction.

The fundamental ebjective for structural modules is to ensure that the structural
design basis is maintained throughout all handling, storage, and shipping operations,
including final on-site placement of the module. The specific control measures will
vary with the type of module, but should include provisions to preclude the
following:

material yielding and dimensional distortion during handlingo

operations

excessive vibration and impact loads during shippinge

material degradation due to environmental conditions during*

fabrication, shipping, and storage (both off-site and on-site)

exposure to reactive agents which may attack the structurale

materials
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INSPEf"rION. TES T. AND OPERATING STATUS (17.1.14)

All off-site fabricators should use the same status tracking system. This system
should also be implemented on-site, to ensure continuity and consistency throughout
the construction process,

NONCONFORMING MATERf ara PARTS. OR COMPONENN (17.1.15)

Modular construction techniques should minimize the number of nonconfomiing
conditions which arise on-site. Modules fabricated off-site, in a more controlled
environment, should satisfy all applicable specifications before shipment.

The applicant is ultimately responsible for the disposition of nonconformances.
However, delegation of significant decision making to the module fabricators is
probably necessary to avoid delays in the construction schedule. Uniform
procedural guidelines and disposition criteria should be used by all affected
organizations, to ensure consistency in the disposition of nonconformances. A single
data base should be established for documenting, tracking, and resolving
nonconformances. Monitoring is necessary to ensure adherence to the es:ablished
system.

CORRECrrVE AcrrON(17.1.16)

A unified corrective action program should be implemented by all project
participants who are subject to nuclear quality assurance requirements. Each affected

contractor, sub-contractor and supplier should use this unified program to resolve
conditions adverse to quality which are identified within their operation. Consistency
and coordination are essential.

QUALrrY AsstntANCE RECORDS (17.1.17)

A master QA Records Management System should be developed, to include all
required QA records generated off-site and on-site. The physical loca' ion of each
QA record should be tracked during the design and construction phases. After plant
startup, all QA records should be consolidated at a single location (e.g., the plant
site) for long term setention and efficient retrievability through the records
management system. Duplicate sets of QA records, on electronic media, is
recommended both on-site and off-site in properly protected environments.

AUDrm (17.1.18)
i

A comprehensive audit plan, tied to design / construction milestones, should be
developed for the entire project. The responsibility for audits at each level of the
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design / construction hierarchy should be clearly identified. To the extent practical,
a uniform set of procedures and criteria should be used for all audits.

Early verification of adherence to quality assurance requirements is absolutely
essential for the successfal application of modular construction.
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