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ABSTRACT

Moduluemmuoﬁonleohmqwhavebmumenmﬂyundmnnunherufmdumiu,bo!hdmmticdlymdmmmmuny.
meﬂy.ﬂuunofmdnnduleshubmpropaedfmmuwednucbwpwwplmu. The objective in wtilizing modular
construction is to mummwe.mmmm.mdmmwﬂwwtydmwﬁm. This
mpmdoc\mmemdudnprowmwhichevdmledﬂnpmmeduwofmodulucmﬂucﬁmfaufety-mlmdm
n advanced nuclear power plant designs. The program included review of current modular construction technoiogy, development
of licensing review criteria for modular construction, and initial validation of currently available analytical techniques applied 1o
concrete-filled steel structural modules  The program was conducted in three phases. The objective of the first phase was to
idevtufy the technical issues and the need for further study in order to suppor: NRC licensing review activities. The two ke
findings were the need for supplementary review criteria to augment the Standard Review Plan and the need for varified
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 determune if currently available finite element analysis techniques can be used to predict the
response of concrete-filled steel modules.
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EXECUTIVE SUMMARY

Advanced reactor plants will be designed to mavimuze the benefits which can be obtained through the use of modular
construction. Module designs attempt to maximuze the use of standardized elements with consideration for space provisions,
shipping, handling storsge, and interfaces As a result of ts proposed use in advanced reactor designs, the U.S. Nuciear
Regulatory Commussion sponisored a program to study the reliability of modular construction. The purpose of thus study was to
evaluate the application of modular construction (o safety-related structures in advanced nuciear power plant designs The types
of modules include steel/concrete composite floors, beams and columns, concrete-filled steel modules: structural steel modules.
precast concrete modules, and prefabneated rebar mais, cages, and subassemblies.

The research effort consisted of thres phases In Phase 1, modular construction practices used throughout the world were
reviewed. This was performed by surveying existing standards. tests, and practices relating to the use of structural modules. The
use of structural modules w the nuclear and non-nuclear industry was reviewed. As part of thus effort, the important issues
affecting the use of structural modules w nuclear power plants were identified Section 2 of this report presents the results of the
survey of inodular construction practices, Section 3 describes the specific structiral modules proposed for the AP6O0 and SBWR
plants, and Section 4 summanzes the key 1ssues.

One of the findings of the Phase [ effor! was the need for spezific licensing criteria for the use of structural modules in nuciear
power , iants. Therefore, the Modular Cunstruction Review Critenia were prepared to provide gudance for use in licensing
review activities. The purpose of this document 1 to supplement criteria that 18 already presented in the NRC Standard Review
Plar. A sumtaary of the Modular Construction Review Critena is presented i Section §

A new type of siructural element, the conerete-filied steel module, has been proposed for the APG00 simplified passive advances
lighy water reactor. In Japan, thus type of module is being studied for use in their nuclear powsr plant construction programs. The
techiuques used for analysts and dewan of concrets-filied steel modules are not well defined In addition, existing codes and
standards do not specifically cover this type of raodule. To permit the practical and efficient apphication of the concrete filled
stee! module and to satisfy licensing requirements, the structural behavior for (s type of structure must be well understood
Therefore, an iratial validation effort was performed to determune if currently avalable anafyvtical methods could be used v preduct
the response of concrete-filled steel modules. A Japanese study, whicl contaned detailed test dats on a concrete-filled steel
module was selected. A three dimensional finuie element model of the rest speciaen was developed and analyzed for compressive
loading up to the ultimate capseity A description of the validation effort and the resuits are presented in Section 6

Soction 7 of the report presents the overall conclusions and recommendations of this program  Modular constructicn wpplied 10
safiety-related structures in advanced reactor designs can be & major contributor toward uproving the cost competitiveriess of
nuclear power. To ve optimally effective, a hugh level of planning and coordination must be actueved, from the initial design
concept through completion of construction. Unique fabrication, handling, transportation, and field assembly/fit-up activities
must be performad w 8 manner which preserves the desgn integnty of the as-built, finiched structure. The Modular Construction
Review Critena were developed W address these special requirements. For unigue stractuaral module designs, such as the
concrete-filled steel module, veriication of design/analysis methods 18 necessary, in the absence of accepted ndusiry codes and
stundards. To this end. validation of analytical methods by companson o test data is recoramended. The Liauted validation effort
conducted under thus program demonstratesd the capabiiity of & camently avaiable finite element method to predict the structural
tesponse of & specific configuraticn subjected (o compressive loads

Several recommendations are also suggested to verify the safe application of concrete-filled steel mociules in nuclear power plants
within the United Siates  They include expandiag the vahdation effort to other configurations and other loadmngs (shear and
bending) and purruing & cooperative program with Japan which has recently begun & major multi-year modular constroction
research program to ¢valuate the behavior of concrete-filled steel modules
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I INTRODUCTION

1.1 Background

Modular construction techniques can be applied to many
structures found in advsnced reactor plants The Electric
Power Research Insti . 's (EI'R) program on Advanced
Light Water Reactors (ALWRs) recognized this and the
sssociated benefits of a reduced . ~nstruction schedule and
lower costs. In the Utility Requirements Document (Ref
1), EPRI bas mandated that ALWR plants be designed to
maximize the benefits of modular construction technques.
The Utility Requirements Document lists examples of
modules which have been previously developed and
represent the munimum level of effort expected for ALWRs
These include basemat reinforcing steel assemblies,
reactor vessel pedestal structural steel, reactor vessel nozzle
supy.ort ning, containment vessel or liner plate; refueling
pool and spent fuel pool liner plates; and precast concrete
walis, beams, and slabs (where practical)

Several proposed advanced reactor designs utilize modular
construction to shorten the construction schedule and reduce
costs, thereby making these plants more competitive with
alternat: e sources of power. These benefits are achueved
by fabricating structural modules in off-site facilities in
paraliel with other fabrication and construction related
activities. An additional benefit should be improved
construction quality. To be successful, the use of modular
construction techniques should be factored mto _..:
conceptual design phase  Engineening should be
substantially complete prior to start of construction, in order
to maximize the use of standardized elements.

As a result of the proposed use of modular construction in
advanced reactor designs, the U S. Nuclear Regulatory
Commussion sponsored & research program to study the
reliability of modular construction apphed to safety-related
nuclear power plant structures

1.2 Objective

The obyective of this study was to evaluate the proposed
apphcation of modular construction to safety-related
structures in advanced nuclear power plant designs. The
study was separaied into three phases, which were
performed sequentially

The first phase (Phase [) consisted of reviewing modular
construction practices used throughout the world. This
included both nuclear and non-nuclear applications of
modular construction techniques. This review was
performed by surveying existing standards, tests, and
practices that have been used in modular construction with
the goal of identifying what 1ssues exast and what more 1s

needed in order to support NRC licensing review activities.
Phase | is summarized in Sections 2, 3, and 4 Appendix A
provides the complete doc:mentation of the Phase | effort.

The second phase (Phase II) was performed to develop
Modular Construction Review Criteria which provide
guidance for use by the NRC staff in licensing review
activities. This effort was necessary because the Phase |
work confirmed that no specific document provides
guidance or criteria for the application of structural modules
to nuclear power plants Section 5 summanzes the criteria
developed in Phase Il Appendix B provides the complete
documentation of the Phase 1] effort.

The third phase (Phase [II) was implemented to validate
currently available analytical methods for a umque type of
structural module the concrete-filled steel module No
generally accepted design/analysis methodology currently
exasts for ths type of module.  Section 6 provides the results
of Phase 111

1.3 Scope

The scope of this study covers safety-related structural
modules that may be used in advanced nuclear power
plants. The type of modules include steel/concrete
composite floors, beams, and columns; concrete-filled steel
modules, structural steel modules, precast concrete
modules. and prefabricated rebar ma's, cages, and
subassemblies. A more detailed description of these
modules and their application to advanced reactors 1s
provided in Section 3. The advanced reactor designs
reviewed during Phase | were the Westinghouse AP600 and
the General Electric SBWR.

The key 1ssues addressed in this study include (1) strength,
(2) duculity, (3) stiffness and stiffness degradation, (4)
reLiability of joints and connections, (5) damping values,
#nd (6) QA/QC for design, construction, and transportation
Identification of other important issues and parameters was
also pan of the Phase | effort

NUREG/CR-6486



2 SURVEY OF MODULAR CONSTRUCTION PRACTICES

I'he mutial effort in Phase | was to survey current practice non-manne projects have included a sulphur recove

and activities related to the use of modular constructior hazardous and toxic waste treatment svstems. and a

I'he review covered both nuclear and non-nuclear hydroelectric power plant. The last example u

applications within the United States and around the world iarge powerhouse module, approximately

The U.S. Department of Energy (DOE) has sponsored a feet, which was floated fror hipys onstruction

number of studies on the use of modularization 1 nuclear location 1o its final location a dists ¥ miles up the

ower plants as part of DOE's technology programs. Japar Mississippr River [Ref | The shupbuilding and
¥ 3 3 ) ¥

has aiready utilized prefabncation and modular construction petrochemical industnies have used modular construction
lechnques in recent nuclerr power plants  In addition techniques a great deal and appear to offer the best

numerous tests and studies have been performed in Japan t examples for technology transfer to the nuclear industry

understand the behavior of concrete-filled steel type I'he fossil power industry is also studying power plant

structural modules. These sources were surveyed to learn modularization and formed a working group to 1dentify the

4 up i
)

what progress has been made, what are the significant major issues [Ref

1ssues and concerns, and what iional work 1s needed t

“r N1 > 'y Uitie r A } A A nead 1 + A
support NKCU hicensing activit Wi I he Advanced Light Wat
Document developed by

2.1 Overview Institute [Ref 1] include

e designed to maximiz

A T ' y olained through the use
A Lecnnology lransier ! " -
formed by DOE t . " &
oncepts 1n the desigr
construction n the ey : s,
W applicat { | COnstr non 1n tus desigy
assess and evaluate the - i _ "
s s Lther
apphcation to nu

- . . ) T
of the team was to 1dentify el I d

po— " oy AR nats proposed
appily to better control nuclea It construchion « x
hedules. as w 18 total power generatior t modulanzation scheme for the SBWR [Ref
SCOCAUICS, as well as lotal powe ECncration cost o

A design UL 1s considenng the use of rebar moduie
letime of & nuclear power plant facility A major :

for o \ .. diaphragm 11 Or 11 ules ebar modules for
conclusion reached by the Task Team is that the use pool walls, diaphragm floor modules, rebar modules

e 4 " - . sl the KiI"V pedestal, contauunent wall iner modules. ven
modularnization could result in a |2 percent reguction it .
: : ; wall modules, and pool liner plate modules. Details of the
total capital costs compared to nuclear plants built in a ' :
£ 1}

proposed for use 1n the design of the

>

conventional manner. In addition, 1t was estimated that the
overall construction schedule could be reduced from 8 vear
1o O vears

4150 Deen considered 1ir

t -y 11 { ¢ 1 x
- other advanced reactors such as the Sodiun
DOE sponsored additional studies regarding the use ) - " e
4 i react
modulanzation in nuclear power plants Duke S
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Program with the

) 1
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an attractuive option
contained 1n ar
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Survey of Practices

how modulanization impacts current construction practices
and the potential savings 1n costs and schedule, as well as
improvement in quality. However, there 1s very little
discussion of any potential safety issues that may be
introduced by adapting modularization on a large scale to
the nuclear industry. Bagchi and Tan [Ref 16) have looked
at modular coustruction from a regulatory perspective
Some of the 1ssues 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
counecuons and joints between modules, (3) the judicious
application of codes and standards, and (4) the
establishment of an impeccable quality assurance and
quality control program

In the international ~sena, Japan has taken a leading role in
the development and application of modular construction
techmques for heavy construction projects, including
nuclear power plants  Signuficant resources have been
invested in testing of concrete-filled. steel wall structures
(called “SC” structures in Japan) Recent Japanese studies
[Refs. 17 thru 26] are discussed 1n detail in Section 2.3

S& W reviewed wreign nuclear power modulanzation and
prefabnication expenence Some of the examples cited are

1 France - Contamnment dome liners, reactor
auxihary piping, and mechanical modules for
small equipment

2 Jgogan - Large liner preassemblies of the
containment vessel, pipe whip struciures and
pipe penetrations, modulanzed pipe and
valve assemblies, and reinforcing steel

3 Sweden - Stawrcases, wall elements, siab and
roof elements, containment steel Liner
process piping and pipe supports, and rack-

mounted units for the scram system

4 Switzerland - Reinforeing steel. concreie
elements for stawrs, rocf plates and shield
blocks, portions of the drywell, composite
steel and concrete reactor shield building

penetrations; and the biclogical shueld wall

1aiwan - Reactor pedestal and containment
liner
'he Duke studv also reviewed international nucles:

g that at the Muelhemn

sonstruction expenences, includin

Kaerlich plant 1z Germany and Tsuruga II and Takahama

3&4 i Japan

HER(

2.2 DOE Programs

Stone & Websier Enpgineening Corporation (S& W) and
Duke Puwer Company studied the use of modulanization in
nuclear power plants as part of the Depar ment of Energy’'s
technology programs in support of advar Jat water
reactors

2.2.1 Stone and Webster Study

As part of the S&W study, a number of modularization
approaches for a typical advanced light water reactor plant
were developed and reviewed. It was emphasized that for
modularzation to be cost ~ffective it must be considered
from the plant’s inception. In particular, it was noted that
the general arrangement of a plant should consider the
following features to support the modular concept: (1) align
structural walls, columns and floors, (2) minimize bulk
quantities and group functionally-related equipment, (3)
muinumze curved walls, (4) provide a clean interface
between in-place and modular construction; and (5)
accommodate modular access, interfaces, and equipment
removal/maintenance

Based on the above guidelines, the study developed typical
module units for the radwaste and auxihiary buildings of a
nuclear plant. The modules were repeated several times for
use throughout the plant and ranged i weight from 20 to
300 tons. The largest module was 30 ft. wide, 50 ft. long

ard 30 ft. lugh. Some of the conclusions from this study

arc

The use of templates i1s mandatory to assure
the proper fit up of modules

2 Interfacing components of modules must be
designed with excess matenal, to be timmed
in the field to accommodate installation
tolerances, stacking, and musalignment
problems Slotting connection holes, the use
of shums and filler plates. etc. should be

included in the module design

3 Modular extrermities must be located to

assure proper clearance during installatior

4 I'he interface between structural wal

modules will require closure plates

Beam anchorage details were simplified by
the use of hold down clips which eliminates
the need for the tigh! tolerances associated

with the use of anchor bolts




6. Specialty Q-decking 1s recommended to
provide the ability to hang components from
the underside of a concrete slab.

A The concept of stay-in-place steel form
modules can be expanded to suit specific
building and component layouts.

8 The choice of the optimum method for
splicing rebar for modular construction
requires further study.

9. Modules may require the design of temporary
structural steel supports to facilitate
assembly/fabrication, transportation and

m‘ m‘ .

10.  Wken concrete is not required for structural
integrity, wall and floor modules could use
alternative radiation shielding products such
as lead/steel shot or sheets, boron-
polyethylene peliets and sheets in
combination with lead, or ittaum-
polvethylene pellets

2.2.2 Duke Power Study

Duke Power Company sponsored a number of workshops
and meetings as part of their DOE program. In particular,
the Thurd Designing ior 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. A summary of the issues
discussed at the workshop is provided 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, electnical,
avoidance/minimization of rework and module delivery fou
wstallation. Other issues included: (1) the need for up front
planning and preparation as part of a detailed construction
plan, (2) the development of a standardized QA program
which includes the owner, as well as multiple vendors and
module fabricators, and (3) the need to maxunize owner QC
mspections at the module fabricator’s shop and to add
inspections related to transportation induced ioading.

The workshop also included a discussion of the need for a
separate “Modularization” or “Module Fabricator” code.
There was no consensus as to the need for a separate code.

Survey of Practices

However, there was consensus that the modular
construction approach did rscessitate an evaluation of code
requirements, with at least some revisions and/or additions
1o current codes. Some of the issues 10 be addressed
include (1) the need for ar.d the role of the Authorized
Nuclear Inspector, (2) the need for manufacturer vs
constructor stamping pro; rams for code piping; (3) the
mixing of code work on t:¢ same module, and (4)
standardization of the NF boundary

2.3 Recent Japanese Studies

Japan has utilized & number of prefabrication and
modularization techniques in the design and construction of
recent nuclear po..er plants. Studies are being conducted to
umprove these technques 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 26 which are
summarized below

2.3.1 Large Block Prefabrication

Tokyo Electric Power Co., Shimizu Corp., and Hitachi, Ltd
have )cintly developed th= large block prefahrication
method (Ref 17). In thewr method, they have distinguished
betwesn “prefabrication” wherein only a few types of
constr iction matenials are preassemb’=d into standardized
and sunplified blocks and “large block prefabrication” in
which 1 number of materials are integrated into larger and
more ¢ mplex units and installed using a large capacity
crane. Zxamples of both are shown in Figure 2 3-1. They
have been used during the construction of the Kashiwazaki
Kariwa nuclear power plant.  The method has been shown
to save labor, shorten the construction period, improve
construction safety, and improve working conditions/reduce
laborious work. To be successful, the study concluded that
the following engineering practices must be exercised (1)
selection of large block prefabrication units; (2)
construction planmng utilizing advanced engineering tools
such as 3D-CAD and a 3D survey systemn; (3) design
improvement, (4) lifing and installing, (5) connecting parts
together efficiently, and (6) implementing an intelligent
network for data transmittal between head office, site office,
general contractor, sul  “tractors and mechanical
manufacturer

2.3.2 Concrete-Filleg Stee! (SC) Structures
for PWR Plant

Mitsubishi Heavy Industnes, Ltd, Kajima Corp. and
Ohbayashi Corp. jomntly studied the feasibility of using

NUKREG/CR-6486



Sur gy f Practices

couvrel-fille 1 steel (S7) structwes for a PWR v nuclear
plont (Ref 1¥) T sudy ‘ncludad the reacter bruldiug,
control building and waste disposal building  The butdiugs
wonsisted of SC bearing walls, colrens of concrete-rilled
stee) pipe, girders and beams of steel, ar:' slabs wnd
founuatic s mat: < remforced conerer:. The buildie, 45 were
designed for & high seismuc load (0.35g 1., 0.5g) on a rock
wne. Ay, st of the constrictiou method is shown in
Figure 2.3.2. The corlusions of the stady are (1)
“Equivulens eart'iquuke resistance 1o o aventionsl
reinforced concret: (RC) structure; caun be naintainsd witl:
significani reduction m sacar wall tuckness. Tws indicates
that the SC structure hecomes more descable when the
carthquake furce becomes larger ™ (2) “Regarding the
coustruction, as it s pussible to greatly increase lae ratio of
peefabriaiing work at the factory, 8 significant decrease in
the job site roeu hours eud ficl) manpower .s anticinaice
Also, as a supplement to afwementioned, the possibiity
exists for reducing the job site wian bours of the

2k stro/machanical «vstems work by ficng pipes and wires
e B0 blocks at the faciory " and (3) A sigaaficant
saving of half 1o oue year w1 constraction penod i# possible
due to b ravonalizabion o the comstruction biocks.”

2.3.3 Stetic and Dyaamic Testiag of “SC”
Wails for Horizontal Low-ding

in order w ohtain scismic design informetion, a mode: it
of a concre.e structure inside containment composed
vopcrete filled steel *SC) beaning walls was conduzieu (Ref
19} The tests provided mformnation on elastic and meiastic
behavior, stiffness, ultunate strength, &l hysterctic aud
vibretional charactenstics under horizontal seismuc k ads.
The SC strucrare is a sandwich structis e 1w which concrete
15 placed befween two steel surfuce piates, 25 shown in
Figure 2 3-3 5tds, shear bars. and web plates are
attached Lo the steel plate 1 ovder to obtain & couaposite
effect of soncrete ~od steel plates . model, which is a
1710 scale of the ~xasting 1000 MWY cless plaat, and tes’
spparatus are depicted w Figure ? 3-4. It consisis of tae SC
primary shieid wall of the reactor vessel and a sevondary
shueld wall for the stewn generator, oressurizer, and fuel
wransfer canal 1\ siso weludes reinfor ced conerete (RC)
stmctures conisting of the base ma* wid the upper and
lower loadiog sishu.

The test consasted of two phases. Stauis horizoatal loading
1ests were performea by appiving honzoatad forces on the
upper and lower icading slab i proportion 0 the:
wstribution of sheay forces and bendung moments predicted
in the sctual struciarel design. In additon vibration tests
were conducted with an inertia type hydreulic shaker A
sine sweep excilation was apphed v.ith a sweep frequency
range between 20 and 200 Hz and a s'veep velocity of 10
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sec/Hz

+be calenlatea concrete crack load and steei plate yield load
weere found to com:are well with the test results. In terms
of stiffness degradation. the tests demonstratad ¢ rediction
of 30% froca the stiffnecs at elastic conditions for the SC
struchure at the 5. load level, For the RC structure the
corres poncing stiffness decrease was 65%. The S, load
ievel was reported as corresponding to a U S, SSE.

Equivelent viscous demping values wore also determmined
from (e test results. For the SC structure the damping is
a'mos’ constani at 3% before the steel vields and it
dramnatically increnses atter that. For the T structure the
damping 15 aimost constant a1 5% before and after rebar
yielding.

Based ot the results of tais test it was concluded that the SC
structure 1s supenor in ultimate streagth and ductility
capabiuty compared o tie RC strusturs. It wiso
deroastrat= | well behaved hiysteresis charactensiics. The
res'fes of thas test and those from Sunber stadies, whuch are
apparantly underway, will be used 1o establish a ranonal
design method for SC stractures n Japan.

2.3.4 Cowpression and ‘v-Plane Shear Tests
of “SC” Widle

In order ‘o esiablish a ratwanal desgn method for 50
structures, addit*onal compivrnicn and shear loading tests of
SC wall specur :ns were perfonned (Ref 20). These teuts
apparently e part of an overal’ program to estabiish SC
design methods ‘or determining’

1. corapressic n uitimate stength
2 shear ultioate strength

3 vombined compression and shear ulumate
strength

1 aderaacy of jounts

5 remforang methods for details such as
Openirigs.

The tests descnbed in Refercace 20 are being used 1o
address items (1) and (2) above. Stud holts were welded to
the surface p'ate at vanous spacings  For the corpression
tests, repeated cornpression loads are applied. For the shear
tests, repeated positive and negative loads are spplied usmg
four bychaulic jacks. The method of lcading the tes:
speci e s is shown in Figure 2 3.5 The conclusions from
these tests were (1) “stud bolts are effective o prevent



buckling of the surface plate,” (2) “occurrence of buckling
can be predicted by applying Euler’s equation for a cohunn
pn-supportes at one end and fixed at the other end for
compression loads and by the theoretice! equation of a pin-
supportc-d plate of which the asj .t ratio is ifinitely large
for shear loads.” (3) “occurrence of buckling has litile
effert upon the load-displacement bebavior of the
structi 2, and (4) “ultimate strength of the whole structure
¢an be evaluated by the sum of the ultimate strength of
concrete and steel plate ”

2.3.5 In-Plane Shear Tests of “SC” Walls of
Various Design Configurations

More: recently, Obavasts Corporatior performed an
expenmental study on the vhear churactenistics of a
concrete-filied steel plate wall (Ref 213 Seven wall-page]
specamens were ‘ested under repetitive w-plane pure shear
ioading. The specune s consisted of & pair of surface seel
plates with connecting paruuoning webs and shear bes,
which are filled with concrete The paramet s investigated
were the thickness of the surface steei plat=, the number of
partitionung webs. and the presence or alsence of stud bolts.
The study also presented an anelvucal mode! for pred.cting
npdity (before and after buckling), crackirg strength, yirld
strength, and ultimate srength.

2.3.6 “SC” Structnres fer ABWR Buildings;
Comypression, In-Plane Sheas and
Bending Tests

In another progran (Ref. 22, Tokyo Electric Power Co.,
University of Tokyo, and Kajima Corporation of lapan
condvetad ¢ feasibility study and various tesis on concrete-
fiilesl stoel structures termed “SC structures. ™ The
feasibility study evaluated the use of SC structures for
constructing an ABWR tulding The study investigated Qi
construction peried, e roaterial quantity and construction
cost, and the manpow er requirernents using the SC
structaral system approach. Az estimate of the quantity of
wonstruction materia! showed that o decrease of steel of
sboui 20% is possble, and the use of forms become
unnccessary. The total naraber of construction workers i
the field will also decrease by around 30%  Althougi: the
study ndicates that the construction cost woul. be about the
saree 8s for RC buildings, the construction period would be
20 5 months shorter than that of & curvent RC building.

To seady the strctural properties ane workabiiity, three
seporate tests were performed  Reference 23 presents the
results of the compression loading test of the SC wall
spramens.  Referencs 24 presents the resulis of the shear
and bending test of SC shear walls. The thurd west, which

Survey of Practices

evaluates wall-floor joint connections, has not been reported
as yet

The results of the first test (Ref 23) are discussed in detail
ui Section 6, data from thus particular test wre compared
to analytical predictions. Some of the results/wuaclusions
from the second test are (1) steel surface plates are mare
effective than stee) i einforcing bars because, inlike rebars,
they do not have directionality, (2) the ultimate strength of
the concrete is improved by the restraining effects of the
steel plates (confinemeni effects), and (¥) sudden load
drops caused by brittle tailure of the concrete 1s suppressed
by the steel plates.

2.3.7 Miscellaneous ©tndies

Other studies heve also been conducted 1n Japan on the
strength of concrete-filled steel box elements, which may be
useful in establishing the design critena for such structures
m nuclear plants. Reference 25 reports the results of
analysis and tests of such elements when subjected to

comt med vending shear and axial forces  Reference 26
presents the results of an expeiimental study on the sirength
wnd deformation of concrete-filled box columns
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Subject

Comment

Issues/Examoiles

Quality
assurance

New concerns on QA
and documentation
anse when a modular
approach is applied 1o
2 major construction
project.

Code class work

Mixed code classes on the same
module

Configuration control

Inspection responsibilities
Inspection uf partially completed
modules

Added inspection requirements
upon receipt of modules
Damage protection

Owner “( nbrella® vs.
vendor-controlled QA programs
QA interface accountabilities

Impacts on
vendor and
site

approaches

Modularization will
require innovative
approaches to vendor
activities and side
efforts.

Modularization not requiring

miniaturization for maintainability

Impact on productivity and rework
tandardized vs. site-specific

modules

Procurement of module

subcomponents

Storage and damage protection

Construction plan and sequencing

Schemes for getting modules into

buildings

Impact on “normaily later” items

such as e'ectrical, start-up, and

testing activiiies

Field run items

influences of toler=nces and field

fit-ups

Configuration control

Union junsdictions vs. a team

concept

Owner
commitment,
cash flow,
and risks

Modularization
definitely benefits site
schecule and cost.
The owner will be
concerned with:

+ Changes created
in timing nroject
commitments

* Chutlay of funds

* Changes in risk
factors

Cascading effect of late items and
“just in time”* deliveries
Balancing delivery schedule vs.
absence of a critical module
Owner cash flow for earlier
procurement

Cash fiow profile

Warranty impacts

Insurance against schedule
delays

Broadening 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 & description of the types of structural
modules bewng proposed for two advanced light water
reactors: the AP600 plant and the SBWR plant. In addition
to describing the configuration of the modules, available
mformation on design/analysis approaches is provided A
more detailed description and discussion of the modules
may be found in Appendix A.

3.1 Westinghouse AP600

The Ar600 plant 15 a 600 MWe simplified passive
advanced hight water reactor that is being designed by
Westinghouse and its subcontractors. The plant houses &
pressurized water reactor and has a number of innovations
that make 1t economicelly more competitive with other
sources of power  These innovations are intended to
shorten the construction schedule, reduce costs, and make
the plant operate more safely

The plant design har been simplified and the plant
arrangement has heen optumized to reduce the number and
size of systems and components. The benefits are reduced
building volumes and a carresponding reduction in the
quantity of building materials needed to construct the plant
A modular construction approach is also utilized to achieve
the desire goals of lower costs and a reduced construction
schedule This can be achieved by prefabricating modules
m off-site shops or subassembly areas, permitting moduies
to be constructed in parallel, rather than * stick-by-stick”
Generally, shops and subassembly areas are more
productive and shou'd result in higher quality work than the
conventional construction practice

Several types of structural modules are utilized in the
AP600 plant design Whule most of the modules are located
within the containment structure, modules are also used 1
the awcliary building. The following describes the specific
location anc configuration of each type of structural module,
based on the AP600 SSAR, Rev. 8 (Ref 27)

3.1.1  Structural Wall Modules

The construction of containment internal wall structures
utilizes a concrete-filled steel module, designatad the “M”
mocule. The M modules consist of the walls surrounding
the reactor, refueling cana! area, two steam generators and
the pressurizer. The location of the wall modules are shown
w Figure 3.1-1. These modules consist of steel faceplates
connected by steel trusses as shown in Figure 3.1-2. The
trusses are prumarily utilized to stiffen and hold the two
faceplates duning handling, erection, and placement of
concrete. The stee] faceplates are 4 inch thick and are
spaced apart either 30 inches or 48 inches, depending on

13

the location. Shear studs are welded to the inside faces of
the stec! plates to form a connection to the concrete

A typical M-1 modular subumit is shown i Figure 3 1.3,
These subunits are constructed off-site. Due to size
limitation on comurercial railways these subassembly units
are transported 1o the site where they are assembled into the
M- | structural module. The entire M-1 assembly 1s lified
nto posihion using a shing detail shown in Figure 3 1-4.

The wall modules are anchored to the concrete base by
means of dowels or other embedded steel connections in the
concrete below. After erection, the walls are filled with
concrete. Concrete is us~d where radiation shielding is
required

Structural wall mod.iles are also used in the auxil:ary
building. The areas inciude the spent fuel pool, fuel transfer
canal, and cask loading and wash down pits. The modules
are similar to the structural wal! modules described above
for the contanrnent internal structures.

It 1s noted that the M module described m Appendix A is
somewha' different because Westinghouse has recently
revised the module design  The major change is to use
shear studs instead of angles welded to the faceplates and
the use of the trusses instead of diaphragm plates to hold the
two faceplates. In addition, the design approack: has also
been revised as discussed later i this Section

Wall modules without concrete fill are also utihized inside
contanment. The west wall of the in-containment refueling
water storage tank (IRWST) is this type of module which is
constructed solely from structural steel. Thus steel wall
module consists of a stainless steel plate suffened with
structural steel tee shaped sections in the vertical direction
and angles in the horizontal direction (see Figure 3 1-5)

3.1.2 Steel Form Modules

At the lower elevations inside containment, conventional
reinforced concrete 1s used, except that permanept steel
fuims are utilized n lieu of removable forms. The
permanent steel form modules consist of steel plates
reinforced with angle stiffeners and tee sections The angle
and tee sections are welded to the steel plates on the
concrete side of the module. Where loads from attached
equipment or components may be transferred to the steel
form modules, studs or similar embedded steel elements are
welded on the concrete side of the plates

Generally, the advantage of using permanent steel forms 1s
that these wall modules can be fabricated and preassembled
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off-site 1 parallel with other ongoing construction
activities, This reduces construction efforts at the site which
resui(s in cost savings to the project. In addition, savings
are achueved by elinunating curing time and th2 need to stnp
forms, clean-up, and patch exposed concrete surfaces.

3.1.3 Structural Floor Modules

Several floors inside contamnment utilize floor modules
consisting of steel tee sections welded to horizontal steel
plates. The steel plates are st.fened by angle stiffeners.
Rewnforcing bars are placed above the top flange. After
erection, concrete is poured on top of the horizontal plates
embedding the steel sections and reinforcing bars. See
Figure 3 1-6 for details of a typical floor module

3.1.4 Finned Floor Module

Floors located above the maun control room and
nstrumentation and control rooms in the auxihary building
are designed as finned floor modules. The purpose of the
finned floor modules ts to provide a passive heat sink for
each room. The heat sink limits the temperature nse during
the 72 hour period following a loss of operation of the non-
radioactive ventilation system. The concrete mass of the
ceilings and walls are designed to provide the required heat
sink

A finned floor is comprised of a 61.0 cmn (24 in) thick
reiforced concrete slab poured over a stffened steel plate
ceiling Composite action of the steel and concrete is
develaped using shear studs welded to the steel plate and
embedu=d i the concrete. The horizontal steel plates are
stiffened © v welding steel plates perpendicular to the ceiling
vintes. Th - steel fins project into the room and act as
termai fin' 1o enhance the transfer of heat from the air to
the concrets  See Figures 3.1-7 and 3.1 -8 for detaiis of this
module. Se eral modules cut to the room width are
prefabricatea 'n a shop. On site they are installed side by
side nerpendicular to the room length.

3.1.5 Summary of Analysis and Design
Methods

The analysis and design methods described in thus report are
based on the most current information presented i the
AP600 SSAR, Rev. 8 (Ref 27) and meetings with
Westinghouse Some portions of the methodology are still
under review by the NRC and .hus may be revised.

The methods of analysis used by Westinghouse 10 inalyze

the concrete-filled wall modules are similar to the methods
used for reinforced concrete. For the containment internal
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structure, a three-dimensional (3D) finite element model is
developed. The walls are represented as 3D shell elements
with equivalent shell element thickness and modulus of
elasticity. The equivalent properties are computed based on
the combined concrete section and steel section properties,
assuming integral behavior.

For seismic analyses of the containment internal structures
and the auxiliary building modules, the monolithic mitial
stiffness is used, because the stresses due to mechanical
loads including the safe shutdown earthquake (SSE) are
expected to be less than the concrete cracking stress. Some
reductions n stiffness in portions of the structural modules
that are boundaries to the [IRWST are expected due to
abnormal thermal transients. The SSE loads are obtained
from a response spectrum analysis of the 3D finite element
maodel of the structural modules inside containment. A
damping value of 5 percent 1s used, based on cyclic load
tests of structural modules performed in Japan (Ref 19)

The general design philosophy for the concrete-filled steel
modules 1s to design them as reinforced concrete structures
in accordance with the requirements of ACI-349 (Ref 28)
with some supplementai requirements. This philosophy is
followed because the faceplates are considered as the
reinforeing steel, which is bonded to the concrete by headed
studs. Structural steel modules, without concrete fill are
designed as stee! structures n accordance to AISC-N690
(Ref. 29) with supplemental requirements.

3.2  General Electric SBWR

The Simplified Boiling Water Reactor (SBWR) concept
proposed by General Electiic (GE) relies on building
arrangements which optirmize the layout of systems and
accommodate personnel and equipment access for operation
and maintenance. By reducing and simplifying the total
quantity of systems and equipment, the tota) building
envelope required to house safety systems was greatly
reduced. The improvements have resuited in the placement
of al! safety functions withun the reactor building. A
reduction of more than 22% was achieved 1n the volume of
the SBWR reactor buiiding compared to existing nuclear
plants. In addition to reducing the total quantity of matenal,
enhancement of constructability is another objective of the
design of the SBWR. Thus is achieved in the SBWR design
by applying modular construction techniques. The use of
maodules for concrete and steel components should shorten
the construction schedule, improve the quality of
fabnication, and reduce the overall costs of construction.



3.2.1 Initial Proposed Applications of
Modular Construction

T o GE SBWR Standard Safety Analysis Report (Re1 30)
does not describe the use of modular construction.
Therefore, specific information was extracted from other
sources (Refs. 31,32) Structural components initially
proposed for modularization were

1. Reinforcing bar assemblies for the
basemat, building and contamnment walls,
drywell and suppression chamber slabs,
containment top slzb, columns, floor
slabs ar.d beams.

2. Structural steel assemblies for the reactor
building and turbine building
superstructures. These modules 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,
1solation condenser (i) pool, isolatior
condenser makeup pool, reactor well,
steam separator storage pool, fuel
transfer pools, spent fuel storage pools
and spent fuel s upping cask loading
pool

5 Steel structures that will also serve as
forms for the turbine pedestal, drywell
vent wall and RPV pedestai

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.

) Precast walls in the reactor, turbine, and
radwaste buildings

Some of the major structural modules initially proposer for
the SBWR reactor building are shown in Figures 3.2-1 and
32-2 Some alternate modules for the reactor building are
shown in Figure 3.2-3. Reinforcing bar modules for the
basemat, columns, wails, and beams will be prefabricated
and lifted nto position with cranes. Structural steel
modules will be lifted above the operating floor to construct

Applications

the steel superstructure. The containment wall and pool
liners will be prefabricated and instalied as modules.
Numerous steel structures inside contanment will be placed
wto position and later filled with concrete  This type of
modularization will be used for the reactor pedestal,
ciaphragm floor, wall between drywell and suppression
chamber and the GDCS pool walls.

An open-top construction method will be employed for
mstaliation of the modules. A heavy lift crane will be used
to place the prefabncated moduies into the structure as soon
as areas become accessible and before the overhead floor is
constructed. This work would progress in parallel with civil
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.

Large composite modules will be used for tic
superstructure in the region above the grade clean area of
the reactor building which houses the electrical and HVAC
rooms The large composite modules will contam 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 fabnicated locally. GE stated that
the use of these composite modules will require niore
investigation and evaluation in the next modularization
review phase to confirm their apphicability and economic
benefit

3.2.2 Revised Application of Modular
Construction

In subsequent correspondence between GE and the NRC
(Ref 33), GE summanzed its planned use of modular
construction for SBWR as follows:

1 Rebar cages with liner plates for
containment and RPV pedestal walls

2 Rebar cages with steel beam and metal
deck for floor slabs

=

Structural steel modules for veut wall
structure and cdiaphragm floor slab

4 Rebar cages for the isolation condenser
pool girders and basemat.

GE stated that there will be no precast concrete modules for
major structural elements
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3.2.3 Summary of Analysis and Design
Methods

It appears that GE 1s still in the process of developing its
final plan for utilit. “on of modular construction. To date,
no specific information pertaining to design/analysis
methodology has been submitteu. Since Design
Certification of the SBWR 1s cwrently inzctive, submittal of
desigrvanalysis methodology 1s not expected.
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Figure 3.1-2 AP600 Concrete-Filled Steel Module [Ref. 27]



€1 ERIUR wALL =\
SEE DEYAlL ‘W b
\\

e INTERIOR WAL
SEE DETAIL B

Figure 3.1-3 AP600 Typical M-1 Modular Subunit [Ref. 27)

19 NUREG/CR-6486



W

AP600 Unit Handling of M-1 Module [Ref. 27)

Figure 3.1-4
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AP600 Finned Floor Module - Plan View [Ref. 27]
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4 STRUCTURAL MODULE ISSUES

4.1 Desigu and Analysis

The use of structural modules in the nuclear power industry
has been very limited. The survey of modular construction
practices has identified a number of issues which need 1o be
addressed  Other 1ssues were identified based on the
specific reviews of the licensing submittals for the AP600
and SBWR advanced light water reactor plants.

The major issues 1dentified for design and analysis of safety-

related structural modules are

L Lack of codes and standards for certain
tvpes of modules,

v Umnique loads during the fabrication,
handling, transportation, storage and
erection,

3 Determination of initial stiffness and
stiffness degradation,

4 Damping values for use in dynamic
analyses,

5 Validation of analytical methods,

6. Reliability of joints and connections,

7 Deternunation of effective ductility,

8 Determination of ultimate load capacity

Issue No. |: Currently no specific code, standard, or
licensing critena exist for the analysis and design of
structural modules to be used in nuclear power plants.
While there are industry recoguzed codes such as the
American Institute of Steel Construction (AISC)
Specifications (Refs. 29 and 34) for steel structures and the
Amencan Concrete Institute (ACI) Code 349 (Ref 28) for
reinforced concrete structures, they do not address certain
types of structural modules

As discussed in Section 2.1, Bagchi and Tan (Ref 16) have
looked at modular construction from a regulatory
perspective  They concluded that the design of concrete and
steel modules needs careful study because most likely the
ACI 349 code and AISC code are limited in their
apphcability to these types of structural modules

Additionally, Reference 35 specifically reviewed industry
structural codes and standards for application to advenced
nuclear power reactors. [t concluded that the ACI and

AISC standards do not cover configurations such as the
concrete-filled steel moduies proposed for the AP600. A
special concern with these modules is the design equations
and critena required to address buckling and shear transfer

Issue No. 2: Unique types of loadings arise due to the
modular construction approach. Significant loads may
develop due to prefabrication, handling, transportation,
storage and erection of structural modules The loads are
expected (o be significan: because the modules will tend to
be very large, heavy, and difficult to handle. All of the

lc *ings need to be clearlv identified accurately calculated,
and carciuliy evaiuated Usually these types of loads are not
evaluated in the design of structures because the structures
are assembled from small individual elements. However,
with modular construction techniques, a large assembled
structure may be lifted into position by a crane with cables
that may place very large concentrated forces at a few
discrete ponts on the assembled structure.

Thus issue was also hughlighted in Reference 35 which
stated “Anplicable standards need to be modified to
incorporat construction loads and transportation loads as
nonmal design loads for modular construction.”

Issue No. 3 The accurate determination of initial stiffness
and stiffness degradation with increasing load 1s essential
for dynamuc analysis, because the natural vibration
charactenistics are a function of stiffness The natural
vibration characteristics, in tum, determine the magnitude of
response (o a given dynamuc excitation. When stiffness
degradation is siguficant in the load range of interest, it 1s
necessary tc ensure that the assumed stiffness is consistent
with the calculated response level.

The stiffness behavior of structural modules which combine
steel and concrete 1n a unique manner must be well
understood 1n order to develop a safe design for dynamic
loadings. 1t is well known that the load deflection curve for
a remnforced concrete section is not linear due to stiffness
degradation with increasing load Simularly, for certain
types of structural modules, such as concrete-filled steel
modules, stiffness degradation will ocour. Thus has been
noted in tests on concrete-filled steel modules performed in
Japan (see Section 2.3)

Reference 19 reported that the in-plane shear stiffness
degradation for this type of module configured with studs,
web plates, and shear bars, 1s substantially less than for
reinforced concrete structures  However, for configuration
details which differ from the tested configurations and for
other loadings, such as compression and bending, the extent
of stiffness degradation, compared to remnforced concrete
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structures, needs to be evaluated.

Issue No. 4. Another unportant parameter necessary to
evaluate structural modules 1s the appropriate value of
damping. For welded steel type structures or reinforced
concrete structures, criteria is presented in the NRC
Regulatory Guide 1.61 (Ref. 36). However, for hybnd type
structures such as concrete-filled stee] modules or for
modules with special joints and connections for which test
data 1s not available, the selection of an appropriate
damping value 1s an important issue. This is a concern only
for dynamic loads such as seismic, safety relief valve
actuation or LOCA loads.

Reference 19 is the only source identified that provides
actual test data for determining the damping value of
concrete-filled steel modules. From the hysteresis response
characteristic of the specimen, equivalent viscous damping
values were determined. The damping value at the design
load level was equal to 5%. It should be noted that
Regulatory Guide 1.6] indicates that damping values of 4%
for welded steel structures and 7% for reinforced concrete
structures should be used for the SSE load level. Therefore.
the use of 5% damping for concrete-filled steel structures
under SSE loads seems reasonable but should be reviewed
on a case-by-case basis

Issue No. 5: Analytical methods used to predict the
response of certain types of modules such as the concrete-
filled steel modules are not well established Typically, a
computerized mathematical model 1s developed to perform
the necessary analyses. However, questions arise as to how
to calculate the actual properties of the modules and how to
develop a realistic mathematical model which is
representative of the module. For a wall constructed from
concrete-filled steel modules as an example, a finite element
model of the wall may be developed using equivalent shell
elements. However, how would one develop an equivalent
shell element that has all of the same properties as a
concrete-filled steel module section? How accurate is the
mode! representation, what are the important properties to
be simulated, how sensitive is the response to variation i
material and analysis parameters, and how can one verify
these?

Analytical methods for concrete-filled steel modules were
studied i Phase I11 of this program, to determuine if
currently available analytical methods can be used to predict
the response of a concrete-filled steel module. See Section
6.

Issue No. 6: A very crucial issue is the reliability of joints

and connections. Just as a chain is only as strong as its
weakest link, the assembly of multiple modular subunits
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requires adequately designed joints and connections. If the
cross-sections of modules are designed to carry specified
design loads then the joints and connections must also be
carefully evaluated to ensure they can transmit these loads to
the next module or attachmeznt point to the building

The concern with adequately designed joints and
connections was also identified in Reference 16. It noted
numerous catastrophic failures of structures built of precasi
and prefabricated concrete elements during earthquakes
such as in Armenia. An examunation of these structures
revealed the root cause to be primarily poorly designed and
constructed joints.

Issue No. 7. Ductility is important for safety-related
structural moduies because they must withstand significant
dynamic loads due to earthquakes. Ductility enhances its
safety because energy can be absorbed through large
mnelastic deformation prior ‘o collapse. Even under static
loads, it 1s common practice to ensure ductile behavior in
order to preclude a sudden catastrophic failure. It is
necessary to ensure that structural modules have an energy
absorption capacity comparable to conventional steel and
reinforced concrete structures  The design of ductile joints
and connections between modular sub-units 1s also of
paramount importance.

Issue No. 8: Determunation of the ultimate local capacity is
necessary to establish the design safety margin of a
structure. The typical design process relies on codes and
standards to ensure an adequate safety margin between
design allowable loads and ultumate load capacity. For
unique structural modules not covered by existing codes and
standards, knowledge of the ultimate load capacity 1s the
first step in developing a design methodology which ensures
a safety margin comparable to that inherent in currently
accepted codes and standards.

All of these issues are described in greater detail in the
Phase | report (Appendix A).

4.2 Modular Construction Process

Modular construction includes the entire process from
offsite fabnication all the way through construction and
operation of the plant. Therefore, the issues associated with
the modular construction process encompass many areas
The major phases of the modular construction process can
be categorized as follows:

1. Off-site fabnication

2 Handling



3 Shipping

4 Storage

5 Erection

6. Inspection/testing

8 Quality assurance/quality control
L) Maintenance

The 1ssues associated with the moduiar construction process
can be described by identifying the special provisions
and/or requirements needed to ensure that the original
design basis of the modules 1s maintained.  Thus, all phases
of the modular construction 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
1ssues related to the modular construction process have

been categorized as follows:

. Prowisions in design and fabrication to assure field
fit-ups (e.g., tolerances or excess material to
permit field adjustments).

. Designated lifting points for handling and erection;

designed in advance.
. Configuration control (e.g., centralized and
computerized with access by all subcontractors).
. Mixed code classes on the same module.
. Storage and damage prevention.
. " Sustruction plan and sequencing.

. Procedures for module lifting/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 of :ssues relating to the modular
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construction process is preseuted in Appendix A
The Modular Construction Review Criteria, which are
summarized in Section 5 and detailed in Appendix B,
1SSues In 8 Sv<'~~atic manner, in order to provide guidance
for licensin_ ~+ :w of advanced light water reactor plants
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5§ MODULAR CONSTRUCTION REVIEW CRITERIA

5.1 Introduction

The modular construction approach has been adopted as
one of the major features of the advanced reactor plant
designs The use of structural movules has been submitted
for review under the NRC Design Certification process. 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 detailed, site-specific design
Proposed utihization of modular construction must be
evazluated in depth, to ensure that structural performance
and margns 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
15 to supplement criteria already presented in the NRC
Standard Review Plan (SRP) (Ref 37).

The scope of this review critenia is limited to structural
modules. The type of modules include stesl/concrete
composite floors, beams, and columns; concrete-filled steel
modules; structural steel modules, precast concrete
modules; and prefabricated rebar mats, cages, and
subassemblies.

The sections that follow summanze the modular
construction review criteria developed under Phase [i of this
program. The complete Modular Construction Review
Criteria, which was issued as a BNL Technical Report, is
provided in Appendix B.

5.2 Applicable Codes, Standards,
and Specifications

5.2.1 SteeV/Concrete Composite Floors,

Beams, and Columns

These types of modular structures have been previousiy
accepted for use in commercial nuclear power plants. The
Amenican Institute of Steel Construction (AISC)
Specification” (Ref 34) and the American Concrete Institute
(ACI) Code 349 (Ref 28) cover steel/concrete composite

"When endorsed by the NRC, it is expected that ANSUAISC N690 (Ref
29) will replace the AIST Specification as the reforence standsrd for steel
structures i the SRP
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floors, beams, and columns. Therefore, they can be used, as
applicable and as supplemented by current NRC technical
positions and Regulatory Guides.

5.2.2 Concrete-Filled Steel Modules

The lack of U.S. codes and standards covering this type of
modular construction lends uncertainty to the
design/analysis/construction basis. Reliance on a program
of analysis and test is the only viable altemative until
applicable codes and standards arc developed and accepted
by the NRC for use in safety-related, nuclear power plant
applications.

Guidance can be obtamed from accepted codes standards
and regulatory guides, to the extent of their applicability. It
1s reasonable to limut steel and concrete stresses and
deformations 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, benchiarked against test data  Both overall
behavier and local interaction of the steel and concrete
portions of the module need to be evaluated.

£.2.3 Structural Steel Modules

The provisions of the AISC Specification (Ref. 34) or
American Society of Mechamical Engineers (ASME) Boiler
and Pressure Vessel Code (Ref 38) as appropriate to the
specific application, and as supplemented by current NRC
technical positions and Regulatory Guides, ca.: be used as
the design/analysis/construction basis. The only difference
from current practice is in the modular construction process.

5.2.4 Piecast Concrete Modules

The use of precast concrete modules for safety-related
structures or substructures 1s expected to be lumited. The
ACI Code 349 can be used as the design/analysis
construction basis, provided the precast module meets the
requirements which would apply to the corresponding
poured-in-place concrete siructure. Any applicable NRC
technical positions and Regulatory Guides should also be
sausfied. Special provisions to limut trausportation loads,
especially vibration and impact loads, are necessary to
preclude damage dunng transit to e site. Special
connection detailing 1s required to join pre -cast modular
units into a final 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
design requirements
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5.2.5 Prefabricated Rebar Mats, Cages, and
Subassemblies

Either the ACI Code 349 (Ref 28) or the ASME Code (Ref.
V) defines the steel reinforcing requirements, depending on
the application. Adherence to these design requirements is
necessary. The in-place placement, connectivity, and
splicing of rebar must weet the appropniate code
requirements, regardless of the se- ience leading up to the
concrete pour. Any applicable NRC technical positions and
Regulatory Guides should also be satsfied.

The procedur.s to ensure that the in-place geometry of the
reinforcing steel meets the design requirements should be
specified. In addition, the proceduse for 1oining of rebar
subassemblies to create a complete rebar assembly should
pe specified, with emphasis on ensuring the continuity of
load transfer.

8.3 Loads and Load Combinations

The SRP defines the loads and load combinations, expected
during plant ~peration, to be used for structural design.
These are directly applicable to design of structures erected
utilizing modular construction techniques. For modular
construction, however, the process of off-site fabrication,
transportation, and site erection may ipose significant
additioral loads which typically are not considered for in-
place construction. While these additional loads 2re not
likely to control the overall structural design, it i important
that each modular unit has sufficient strength and stiffness
resist these loads without any degradation of operating load
canracity and without unacceptable permanent deformation.
To allow either condition could negate the initial design
assumplions.

Dunng off-site fabncation, the method of supporting the
medule during the vanous stag.s of fabrication and the
method of lifting and moving the module from one work
station to the next will control the induced stresses and
deformations. The completed module must be hoisted onto
the transportation vehicle, supported, ard tied down. These
operations will impose a second set of loads on the module.
During ¢-ansit, the module will likely be subjected to both
vibration and impact. Upon arrival on-site, the module is
hoisted off the veic'e and supported on the ground. Final
site assembly will impose iifting and fit-up/joining ioads on
the module. All of these construction-related activities must
be executed in a manner which limuts stress, deformation,
and fatigue usage to acceptable levels (i e., mamtain the
mnitial design basis).

In general, the construction-related loads need not be
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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 cxample, in concrete-filled
steel modules, some residual stress and deformation of the
steel plates is possible 2s a result of the in-place concrete
pour procese.

5.4 Design and Analysis Procedures

5.4.1 Steel/Concrete Composite Floors,
Beams and Columns

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 remnforced concrete
slab or sieel deck in nuclear facilities. ACI 349 prov.des
requirements for composite compression members for
nuclear facilities. The ATl 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, transportatic 1, and erection of stee] as well as the
pouring of concrete. These loads will often requure
supplementary steel to provide sufficient stiffness to
maintain the module configuration from off-site fabrication
to final placement.

5.4.2 Concrete-Filled Steel Modules

The lack of design and construction experience for
concrete-filled steel modules has led to a number of issues,
as described in Section 4. Limited expenience 1s available
from work conducted in Japan for concrete-filled steel
modules similar to those propused fo advanced reactors in
the US. While the reported test results provide a geueral
sense of “robustness”, the scope of the reported results is
nsufficient by itself to support giumi alwauuus about propor
design/analysis assump*ions.

The extent of applicability of existing codes and standards
to new design concepts can be subject to considerable
disagreement. Given the NRC's responsibility *~ ensure
with a high level of confidence that the public safety 1s
mamtained for ull credible events, it is necessay to
demonstrate that the application of existing codes and



standards to new design concepts maintuns safe’y margins
which are at least o uivalent to existing safety margins.
Therefore, any structural design concept which falls outside
the boundaries of currently aceepted codes and standuds
shouid requuz venfication of the dessgn/analys(s
methodology by companson io applicable test data

If & suffesient hody of applicable test data already exists in
the open literatiwe, ten project-specific testing may not be
required. However, it is the apphicant’s responsibility w
subpt 9 sufficiently detatled justificatian for the proposed
design/analysis methodology, based on the existing test data

A structural verdicstion program shoubd be perforued to
substantiate the design/analysis inethods for conc ete-filled
stev! modules This program should demonstrate that these
methods roamtawn sufficient margins of safety when
compared o desi gn/anatvsis standards fur other strucoarel
components such as reinforoed concieie or structural steel.

Scme snportant pounts that should be considered in the
design and analysis of concrete-filied steel modules are

1. Strzotural behavior of modular units must
be well understood 1" 15 pot sufficient 10
rely on perseived “conservative”
assumptions of stiffness, load path, &
structural strength criteria. In the design
of modular units and the connection
details, it (s very likely thet subtle
witvations exist, for which a simplifying
assuraption may not be readily classified
as “conservative ”

2 The conections between moduler units
which make up s compiete modular
assembly are eritical elements in the
response of the assembly. The
connection detail will determine the load
transfer path between modular units and
the joint “ductility”. This must be well
understood to accurately evaluate the
local behavior of the modular wnit and the
oversll behiavior of the moduiar
assembly,

3 Given the current state-of-the-art in
corpouter-gided structural anabysis,
detailed modeling/analysis of the modular
wait and modular assemb’y can be
persormed  This analvsis coupled with
confirmatory testing of the basic mocu.
unit and connection details, should make
it possible (o accurately predict both !ncal
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and overall struciura; bebavioi. The need
for socalled “conseyvative” assumptions
should be numimized, and where
nevessary, the sensitivity of the structural
behavior of the modular unit to ¢
parumeter vananon should e performed
1o venty the ongwal permeption of
“conservatism”

4 The complex interaction between stee!
and concrete cannot be adequately
evaluated if the design methodology
selectively relies on only one of the two
structural elements to carry spec.fic types
of loading (i ¢, bending, shewr, and
compression). A potentially serious
pitfall of tus approach 1s that the
designer/analyst must work ‘sth several
“different structures” to « ary the apphed
louds. The probability of making au error
15 ncreased and the 1ise of engineening
judgement to quali‘a.. - check

numerical results becon.es ditficult
WMot important, mieractions which ave
by the dessgn methodology may

precip iate 8 loading path and
progressive falure wiich is the hmiting
condition of siructural strengin.

£.4.3  Structural Stee! Modules

In view of the successful use of siructural steel modules in
the past, current NRC guidance and industry codes and
standards are sufficient 1o define acceptable design and
analyss vequirements However, special consideration
needs to be given to several iievus that are unique to
modular construction. The addiuonai Joads resuiting from
the constructinn/preassembly of larger modules need to be
addressed  Currently, larger capacity lift cranes are
available which may mipose significant concontrated loads.
These loads must be considered early on in the design stage
of the modules.

In addition, supplementary siezl will need to be pre-
engmeered to provide sufficient stiffness to maintain the
module coufiguration from preassembly through
transporung, ifting wto place, and placement of conerete.
Thus additional steei would not be wasted in a good design if
its load carrving capebility 1s included n the analysis wmnd
design of the assembled structure.
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544 Precart Conerete Modules

Current LR requirements and industry codes and
standards define noceptable design and analvsis

¢ xyurenaente which would apply 1o precast concrete
vlements. A1 349 provides requirement: for design of
preeast conerete toembers, waich it defines as concrete
elements cast elsewhiere thap theis final position i the
strueture. Provisions are present. n the Code to address
special conditi sy important o the design of precast
concrete members. These include consideration of all
Inading and restraut corditions from watiel fabncanon o
comoleton of the structre, requirsments for design of
connections, detailing requiremnents. and provisions for
precast wall panels. Additional requirements are also
specified for identifying and marking the members and for
ransporting, sloring, and’ crecting the Hrecast members

In view of the lunuted use of precast concrete moduies for
exfety-related strucnires at ruclear power plants, the
analysis and desagn procedures snouid be carefully
reviewed, particularly in the critical area of connections
The effects of all nterconnecting details must be considered
i the analysis and design t assure proper performance of
the structural system. The connection details must be
designed to provide for manufactunng and erection
tolerances and tetnporary erection; stresses.

545 Prefabricated Rebar Mats, Cages and
Subassemblies

Prefabncated rebar modules do not represent » final
structral unil. Rebar is covered as part of the reinforced
woncreie desigr/analys:s process, wiuch 15 addresasd 1n
exsting aconpted codes and standards. However, the
prefabrication of mawy vebars into mats, cages, or
subassembiies does introduce concerns dewling with the
hundling and placement of the rebar elements. Some rebar
modules may require the design of special steel support
structures to hold them i place  The structural suppon
systam may alsn be required to mamtamn the rebar spacine,
to stiffen the rebar modules to prevent “racking” during
handlng, and for ahgament to ad)acent rebar modules

Special attention should be give: to the spheng of

sdjomung rebar modules, since staggerisg of the sphices may

be unpractical Staggering of rebars is demrable, o avord
developmg a weik section at the interface  Special
procedures will be necessary (o ensure that the final
placement of the reinforcement matches the design
rejuirements te withun acceptabile tolerances

NUREG/CR-6486

36

5.5 Structural Acceptance Criteria
If the: design of a specific type of modular uni’ is governed
by recogmuzed ASME, ACI, and AISC codes, as
supplemented by the SR and Reguiatory Guides, then the:
only sdditional consi ‘evations for 1aodular corstruction are
those related to off-s:ie fatnication, handling. shipping,
storage and site erection.

The design process assumes that the geometry of the as-
bualt structure is the same as the notial design georetry,
to within the dunensional tolerances which are accounted
for 1 the design analyss.  For modular construction, there
are three maior operations whuch potenually contribute to
deviations from the nonunal design geometry: off-site
fabrication, wansfer to site, and final erection of the
structyre using. modular mts, The cumulative effects of all
three operations must not exceed the allowable dimensional
tolerances accounted for in the design aaalysis Off-site
fabnication i a controlled environment should permat
adherence to fairly tight tolerances. Handling, shipping and
sterage operations should be controlled by procedures to
ensuce that po permanent distortion 1s mntroduced. The
major sow ce of dimensional deviation is expected to be fit-
up of the ndividual modular wnits to form the complsted
structure

For steel modules and steel comjonents of composite
modules, applied static loads due 1o liftng, handling, tie
down and other operations should not cause mater-al
vielding, except at very localized stress concentrations.
Vibration loads during trans’t or other operations sh uld not
nduce alternating peak swress cycles which exceed the
matenial endurance limit, per the applicable code If an
operation, such as shipping, subjec’s a modular unit to
unpact loads, every effort should be made to miramize them.
The worst case combination of ambient temperature and
impact loading should be evaluated, to preciude the
pocsibitity of brittle fatlure during any construction-rejatec
operation.

For precest concrete modules and composite steel/concrete
modules fabricated off-site, concrete stresses should be
maintawned below applicable code design allowables for all
constructon-related operatiens. Possible vibration and
imipact loads should be minimized by procedural control
Crackirg of concrete as a result of conrstructon related
activities 15 not acceptable, uniess such cracking has been
adequately considered in the design snalysis. All potential
causes of concrete matenal deienoration must be
eliminated

For unique structurai module designs, not presently
governed by recognized codes and Reguiatory Guides. »



specific set of structural accey iance crileria must be defined.
To the extent feasible, these should be drawn from

apy i wable sections of currently recognized codes, as
supplemented by Regulatory Guides. Any unique
acceptance criteria shouid reflect the design philosophy
embodisd by the currenitly recognized codes. A detaibed
analysis program, venfied by supporting test data, will be
necessary ( Jafine the two hey behaviora) states of the
module wader koad. The onset of ponlinear behavior
establishes the ot of apphcability for hinea: analysis
methods, which ure traditonally used for desigy
cakculations. The behavior of the structure hevond the limit
of Jinear respupse must be: investigated, to diterrine the
ultimaate. load capacity cnd effec e “ductility” Design
mangine agaast failwe can hen be defined i # maymer
consistsnt with those i curvently recognized codes. The
abjective is to ensure that a comparable factor of safety is
mamtaed The applicant must submit the teshuical basis
for the structural scceptance critena for vnigue module
designs  The mformation must be both coraprehensive pnd
concise, to accommodate an wdependent review

5.6 Materials, Quality Control, and
Special Construction Techniques

5.6.1 Materials

The current guidance preseated i the SRP is durectly
applicable 10 modular construction. Concrete and stoel
materials should meet the apphicable 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 apphicant should provide
sufficient test data and user experience documentation 1o
establish acceptability for the proposed application. In the
utihization of modular construction, a widely accepted
matenal may be proposed ‘or a unique apphication It is
importznt that the material/application comuination be
reviewed for acceptability

Special consideration should be given to the potential for
nservice matenial degradation. This is partcularly
umportant for a sixty-year operating life. Potential material
degradation shouid be addressed i one of two ways:
inservice inspection and remediation gr wutial design to
preclude the degradation  Susceptible arvas which will be
maccessible after completion of construction should be
addressed as part of the design process, i ¢., eliminate the
potential for inservice degradation.

For susceptible arcas which will be accessible for
mspection after completion of construction, an appropriate
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allowance for degradation - based on inservice expenence
at currently operating plants and & defined schedule for
penodic inspection - should be factored into the design
caloulations A remediation criterion should also be
defined.

5.6.2 Quality Control

The SRP wvokes the Quality Control requirements of
ASME Section [II for containments, ACI 349 for concrete
structures, and AISC Specification for steel structures.
There is direct apphicability of these requirements for all
types of raodular construction considered herein, except for
concrete-filled steel modules  The applicant should
specifically define the quality control measures to be
umplemented for any type of modular construction not
directiv covered by one of the aforementioned codes. As
applicable, the quality control requirements of these codes
shanld be mcorporated  The goal 1s to eusure that a level of
Guality control comparable to that required by existing
codes 1w implerented for any unique type of modular
Lonstruction.

For concrete-filled steel modules where composite behavior
of the concrete and stee! 1s assumed in the design/analysis,
control oi construction processés which affect the soundnes:
of the interface betwaen steel und concrete is essential to
ensure achievernent of derign assumptions. The applicant
should specifically s fress the measures to be takos und the
proposed methods of venficaticn.

For all types of modular construction, proper control of
handling, shipping and sturage operations is essential to
meet overall quelity requirernents. For umique types of
modulw constructior, the apphoant should describe the
measures 1o be taken to control these operations, citing
pnor applicable industry expenience, existng te: ' results,
and/cr proposed verification methods as the valids:on
basis. For other types of modular construction, the
applicant should comimut to the implementation of measures
which have previously been successful, by seference tc an
applicable code or procedure

As previously discussed in Section 5 5, 1t 1s 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
cumulauve effect of all operations satisfies the tolerance
critena. For unique types of modular construction, the
applicant should describe the control measures to be
implemented 1o meet the specified design iolerances.
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5.6.3 Special Construction Techniques

Modular construction techmques which are new or unique
should be fully descrived so that an evaluation can be made
10 ensure that the structural integnity of the completed
structure is mantmned. The description of the modular
construction techmques should cover the entire process
from fabncation of the modules through transportation,
sorage, handling, mnspectiontesting, and erection. The
mformation providesd should demonstrate that the methods
used do not degrade the structural quality of the modules in
any manner that maght affect the structural integrity of the
fructure.

5.7 Testing and Inservice Inspection
Requirements

Regulatory Guide 1.70 (Ref 40) and the SRP define
specific testing and inservice inspection for concrete and
stee] contanments, per the ASME Code Section [11 and
applicable Regulatory Guides. For steel containments,
Regulatory Gude 1.70 also specifies that “programs for
Iservice spection in areas subject to corrosion should be
provided " Also applicable to containments, Regulatory
Gude 1 70 states: “If new or previously untried design
approaches are used, the extent of additional testing and
mservice inspection should be discussed ” The SRP
specifies that this be reviewed on a case-hy-case basis.
These requirernents are all directly applicable to
contamments assemblec. v modular construction

techniques

For structures other than containment, there is no specific
tesng and inservice inspection defined in Section 3.8.3,
3.8.4 and 185 of Regulatory Guide 1.70 and the SRP. The
extent of ompliance with applicable codes (e.g , ACI,
AISC, .3ME) and Regulatory Guides should be indicated
by the applicant. The need for and scope of testing and
mservice inspection of these structures is itially
determined by the applicant, subject to review and

acceptance on a case-by-case basis

Advanced reactors have a design life of sixty (60) vears -
50% longer than current operating plants  Based on the
recent NRC study (Ref. 41) on aging degradation of
civil/structural features at several older operaticg plants, it
was concluded that with proper mamtenance, inservice
nspection, and occasional repair and correction of an
unforeseen degradation condition, civil/structural features
should not be a controlling factor m the life extension of
existing pleats to 60 years. The conditions observed at
operating plants were evaluated in the context of a 60 year
desig., life for Advanced Reactors The results of this study
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can be utilized in tle development of design, consiruction,
mnspecion, and maintc ance specifications.

5.8  Quality Assurance Program

An effective QA program s essertial to achueve the desired
improvements in construction cost and schedule, which are
expected from wilization of modular construction
techniques. Spec:al considurations pertinent to the use of
modular construction are discussed in the criteria report
(see Appendix B).



6 VALIDATION OF ANALYTICAL METHODS

6.1 Purpose

The purpose of thiy phase of the research program was to
validate the use of currently available analytica! methods in
predicting the responsc of concrete-filled steel modules
The concrete-filled ste~] moduie was selected because this
15 & new type of structure that 1s not specifically covered by
existing codes and standards  Also, techniques used for
analysis and design are not well defined. As a result, this
type of structural module had the most issues which were
identified i Phase |

To permut the practical and eff:cient application of the
concrete-filled steel module and to satisfy licensin;
requirements, the structural behavior for this new ype of
structure must be well understood. Some test data on
concrete-filled stee! structures are available in the literature
This data can be used to address some of the issues and to
validate analytical methods that would be used to design
concrete-filled steel nodules.

6.2 Test Data Used For Validation

Concrete-filled steel modules have been proposed for use
prumarily as shear wall structures inside and outside
containment  These structures would be subjected to dead
load, live load, pressure loads, seismic loads, and thermal
loads  An individual wall section would primarily
experience in-plane axial compression, in-plane and out-of-
plane shear loads, and bending about two perpendicular in-
plane axes The analysis effort in Phase [I1 evaluated
concrete-filled steel medules subjected to w-plane axial
compressive loads. Recommendations for the evaluation of
the modules for other loads are discussed in Section 7

From the survey of modular construction practices, & few
studies were identified which tested concr-te-filled sicel
structures 1n compiession (see subsection 2.3). One (est
(Ref 23) was performed on concrete-filled test specimens
stmular to the type being proposed by Westinghouse for the
AP600. Compared to the other tests, this reference
provided the most complete .nformation (numerows figures,
tables, and rumencal information), which 1s essential in
making an independent analysis of the test for validation
purposes

Figure 6.2-1 presents the configuration of the test
specimens.  The specimens were one-fifth scale models. A
total of four specimens were tested with varying stud
spacing to thackr. ss (BA) ratios of 20, 30, 40, and 50. The
thuckness (1) of the steel surface plate was 3.24 mm (128
inches). Studs, baving a diameter (¢) of S mm (197
inches), were used to anchor the surface plates to the
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concrete. Concrete with a compressive strength of 31 .2
MPa (4,525 psi) was placed inside the specimens. Figur:
6.2-2 shows the noulinear properties of the steel plates and
the concrete. The test specimens were placed in a
compressive test machine as shown in Figure 6 2-3(a)
They were subjected to four loading cycles as shown in
Figure 6.2-3(b)

Geometnc sumilanties of the test specimens to the
Westinghouse concrete-filled steel module, are surnmarized
as follows:

Geometric Test Westinghouse
Parameter Specimens Design
Width/thickness 637 60 to 96
(Wh)
Stud spacing/plate 2010 50 151020
thickness
(Bn)
Stud dha./plate 1.56 15
thickness
($n)

6.3  Description of Analytical Study

A three dumensional (3D) finite element mode! (FEM) of
one of the test specimens was developed. The test specimen
corresponding to B/t equal to 20 was selected, thereby
matching the BA ratio of the Westinghouse configuration
The FEM of the test specimen 1s shown in Figure 6 3-1

The model utilizes plastic shell elements to represent the
steel plates and 3D reinforced concrete solid elements,
without rewnforcing bars, to represent the concrete.

Due to symmetry conditions, it was possible to reduce the
size of the model to one-eighth of the actual specimen
tested. For modeling purposes the specumen was cut in half
with respect to its height, then in half along a vertical plan:
in the {ront-to-back direction and w half agan along a
vertical plane in the side-to-side direction.

The discretization of the concrete elements for the one-
eighth model 1s two elements by six elements by six
elements as shown in Figure 6.3-1  The nodes for the
concrete elements n the vertical plane were located to
match the actual location of the studs. For the steel
elements, a finer mesh representation was utilized as shown
in Figure 6 3-2, where the concrete elements have been
removed for clarity. The sieel surface plate hes on the X-Y
plane and has a pattern of four by four steel shell elements
for each full size concrete element to capture the expected
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buckling deformation. The studs were represented by
springs which connect the concrete nades to the comcident
nodes of the steel shell elements. The use of springs
enables forces in the studs to be obtained directly from the
computer output and facilitates the evaluation of module
response to varying stud stiffnesses

To match the test specimen, the FEM also included the
vertical side plate, connecting the two surface plates of the
specimen, an the horizontal ribs. It 1s believed that the ribs
were provided to prevent bulging of the sice plate,
simulating the continuity of the wall.

The nonlinear material property of the side plate was
modeled using a bilinear stress-strain curve. The nonlmear
material property of the surface plate was modeled using &
multilinear stress-strain curve because the transition from
the elastic region to the plasuc region is gradual (see Figure
6.2-2). For the concrete clements, 2 multilinear curve was
also used to match the stress-strain values s’ .own in Figure
6.2-2 up to a stram of 002 Beyond this strain, the curve
used in the analysis remained flat at the peak stress value of
308 MPa. Thus approach was implemented to simulate the
expected behavior of confined concrete. The steel piate
eiclosing the concrete would prevent the crushing of the
concrete and the corresponding loss of stiffness as shown n
Figure 6.2-2 beyond e stramn of 002.

The boundary conditions consisted of symmetnic boundary
conditions at all nodes in the three planes where the
specumen was cut to obtain the one-eighth modlel. Two
different boundary conditions were evaluated at the top
The two different boundary conditions, fixed and free, were
considered because from the information contained in the
paper, it was not evident which case is applicable.

The loading consisted of monotonically increasing vertical
downward displacement at all nodes at the top  Summung
the reaction forces at all the nodes at the bottom provides
the joad corresponding to the imposed displacement. The
resulting load-deflection data from the computer analysis
can then be compared to the data obtained from the test

6.4 Results of Analysis and
Comparison to Test Data

To vahdate the analyucal methods used, the reshonse of the
concrete-filled steel structure in terms of load-deflection

data was determined. This data can be used to obtamn
umpertant design intormation such as the stiffness of the
structure, the extent of stiffness degradation, the ulumate
capacity, and the leve! of ductility  Accurately predicting
the stiffness of the structure is extremely important for loads
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such as seismic and hydrodynamic events, where the natural
frequencies of the structure determine the magmtude of the
apphed loads The ultimate capacity and ductility are also
umportant to ensure thai the available design margws and
energy absorbing capability are comparable to other
conventional strictures made from reinforced concrete or
structura) steel

The mutial stiffness of the computer mode! was determuned
10 be 5.94 MN/mm (33,940 kips/in). The ultimate capacity
was determuned to be 5.81 MN (1,307 kips). These results
are compared 10 the test data and hand calculstions 1 Table
64-1 Excellent agreement is observed between the
computer analysis, test results, and even hand calculations.

To gan an understanding of stiffness degradation (when 1t
occurs and how severe 1t 1s), the load-deflection curves for
the computer model and test specimen are presented in
Figure 6.4-1. From the load-deflection curve of the
computer model, the imtial stiffness 1s relatively constant
up to approximately 4.45 MN or 78 percent of the ulumate
value When this 1s compared to the test data, good
agreement ocours up to 3.02 MN and then the computer
maodel somewhat overpredicts the stiffness at higher loads.
Reference 23 also noted an overprediciton of stiffness at
higher loads. It attributed this to the localized failure of the
concrete in the region between the stud heads and steel
facepiat: during the test  Thus effect was not captured n the
existing computer mode] because a very refined region near
each stud would be required  Another factor that mey have
contnbuted to the differences 1s the cyclic loading of the test
specimen, as shown n Figure 6.2-3(b). The cyclic loading
may have introduced some cracking in the concrete prior to
the final load cvcle to failure

The load-deflection curves shown in Figure 6.4-1 begin at
a displacement of 09 mm (0035 in) rather than 0.0. This
was done because the load-deflection of the test specunen
between 0.0 and 09 mm indicates that there was some
unexplained initial condition. There mught have been smal!
mtial shppage due to the test apparatus or redistribution of
loads in the uutial Joad application (¢.g . from the steel to
the combination o! steel and concrete) Thus, the ANSYS
load-deflection curve was shifted .09 mm, to match the
starting point of the linear elastic curve of the test specimen.

Information regarding the top and bottom end conditions
during the test were not provided in Reference 23
Therefore, two separawe analyses were performed, one
based on fixed boundary condition at the top and a second
analysis with a free boundary condition. The fixed
condition corresponds to full restramnt in all degrees-of-
freedom (DOF) except one.  The remaining DOF, which
corresponds to translation in the vertical direction, 1s used to



unpose the dispiacement input. The free end condition case
has all of the DOF released ex.apt for translation in the
vertical drection  The results of these two analyses on ar,
carlier model for the two different end conditions weve very
close (within 3%). Therefore, end conditions are not a
signifi cant factor for this configuration.

Analyses were also performed to evaiuate the effect of the
stud/unchorage stiffness  The first run was based on very
high stiffnesses for all the springs i all three translational
DOF. Another run was made using a realistic stiffness for
the axial (pull out) direction of the studs. The realistic axial
stuffness used was based on the actuai stud diameter of 5
mm (.97 in) and a length of 57 1 mm (2.25 in) which was
scaled from Figure 6.2-1 The resul's fromn these two
analyses were almost identical indicating that, for this
configuration and stiffness range, the respopse is not
sensitive 10 changes n stiffness values. A review of the
forces in the springs revealed that the maximum forces are
5.04 kN (1,134 1hs) in the X direction, 5.32 kN (1,195 Ibs)
in the Y direction, and 351 kN (79 Ibs) tensile force in the
Z durection,

To evaluate the effect of buckling on the response of the
concrete filled structure, the large strain option in the
ANSYS program was activated. Thus permutted the analysis
to account for the stiffness changes that result from changes
in the element geometry  Figure 6 4-1 shows the load-
deflection results for this analysis with buck)ing and also for
the case without buckling.

These curves demonstrate that buckling occurs above 5 34
MN (1,200 kips) where the two curves diverge The
difference in capacities between the two curves 1s very
small After buckling occurs, the Joad-deflection curve
slowly drops off and matches the test data at a displacement
of 263 mm (104 1n). The buckling deforraation at the last
load step 1s shown in Figures 6 4-2 and 6 4-3

The results of the analysis indicates that the surface plate
begins to yield near the top corner at a vertical mput
displacement of 76 mm (.03 in). General yielding of the
surface plate occurs at approximately | 0 mm (04 in). A
vertical input of 1.0 mm is equal to an average strain of
001587 mm/mun. At this level of stra'n the concrete
mnelastic deformation begins to be more pronounced

With ncreasing displacements, the concrete also begins to
crack near the top corner, at a vertical input displacement of
approximately 1.3 mm (05 in). Then the cracks extend
down to the bottom predominantly near the side plate The
locations and onentation of the cracks are shown in Figures

6 4-4 through 6 4-6 for the last load step corresponding to
2.6 mun (.10 i) displacement. A crack 1s displayed as a
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circle at locations of cracking. These symbols are shown at
all itegration points for each element where cracking
occurs. Each integration pownt can crack i up to three
duferent planes. The plane formed by the circle defines the
onentation of the crack plane Examination of these figures
indicate that most cracks occur near the end plate, closer to
the bottom of the model, and are oriented along & vertical
plane. This suggests that the cracks occurred primarily due
to the constraint conditions caused by the relatively stiff end
plate and thick nbs. These cracks do not affect the
compressive load capacity of the modeled structure.

The effective ductility for the concrete-filled steel module is
evident by examunng the load-deflection curves in Figure
6.4-1. The area bounded by the load-deflection curve
provides a measure of the ductility or energy ahsorption
capability Considering the range of displacements
analyzed, the level of ductility and energy absorption
capablity from the analysis 1s comparable to the test data
It should be noted that the analysis was performed up to a
displacement of 2.63 mm which corresponds to the peak
load capacity of the test specimen. Based on the actual test
results, the specimen continued to support gradually
dunirushing loads at displacements well beyond 2 63 mm.
Thus, the concrete-filled steel module has much larger
ductility than 1s shown by Figure 6.4-1

6.5 Conclusions

The results of the analytical effort demonstrate that, for the
configuration investigated, currently available analytcal
methods can be applied to predict the response of concrete-
filled stee: modules subjected to compressive Joads The
companson of the load-deflecuon curve obtained from the
analysis and the corresponding curve from the test has led to
the following conclusions:

(N Currently available analytical methods can be used
to predict the response of the module up to
vielding of the steel faceplates This would
typically be the level to which structural eivinents
are normaily designed

(2) The analysiz predicted with reasonable accuracy
the uitimate capacity of the module when facenlate
buckling 1s included in the analysis. Without
buckling, the comparison 1s still reasonably close,
because the closely spaced stud pattern precludes
buckling prior to vielding

3) Beyond the yielding of the faceplate, which

corresponds to 78 percent of the ultimate capac:ty,
the computerized analysis somewhat overpredicts
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the stiffness. Reference 23 2lso noted an overprediction of
stiffness at higher loads. It attributed this to the localized
failure of the concrete around the studs. Another
contrnibuting factor may be the cyclic loading applied to the
test specimen. Thus 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 axual stiffness of the studs resulted in almost
identical results. The pullout forces in the studs
are relatively small (a maximum of .351kN (79
Ibs)).

6) The boundary conditions at the top and bottom do
not affect the response of the analytical model.
Thus is based on evaluating the model for both
“xed and frec boundary conditions at the loaded
sw. faces.
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Table 6.4-1 Anaziysis resuits
ttem BNL Computer Model « 25t Specimen Hand Caiculation
Imitial stiffness
MN/mm (kipv/n) 5.94 (33,540) 563 (32,150) 584 (33 359)*
Ultimate Capa: 581 (1307 5.73(1,288) 6.06 (1,352)**
MN (kips)
= - K=(E.xA.+Ey x Ay +Eg x Ay Vb
. 7= me’f;’(A(‘oYm"Am’o.Vm"Am
C oncrete
e, faceplate
P end plate
h height of specimen
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Figure €.3-1 Finite Element Model of Test Specimen
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Figure ©€.4-2 Finite Element Model - Buckling of Steel
Plates
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Figure 6.4-3 Finite Element lModel - Buckling of Steel
Plates (Side View)
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7.1 Conclusions

The use of modular construction in both the nuclear and
non-nuclear industry was investigated The U.S.
Department of Energy sponsored a number of studies on the
use of modularization w nuclear power plants. Japan has
also performed many studies and has conducted scale model
tests on concrete-filed steel ype modules. These and other
sowces were surveyed to learn what progress ha3 been
made, what are the significani issues and concerns, and
what additional work is needed to support NRC licensing
activities for ALWR’s. The conclusions reached from the
research effort are as follows:

M

)

(3)

4)

Structural modules have been used successfully n
the shipbuilding, petrochemcal, and fossil power
industry. In the nuclear industry, foreign countnes
which include Japan, France, Sweden,
Switeeriand, and Taiwan have used structural
modules to varying levels. Within the United
States the use of structural modules has F .
relatively imited

Modulanization has been proposed for two ALWR
plants conisting of the Westinghouse AP600 and
the GE SBWR. Other advanced reactors which
have also considered the use of structural modules
include the Sodiui Advanced Fast Reactor, the
Modular High Temperature Gas-cooled Reactor,
the Prototype Reactor Inherently Safe Module and
the CANDU3 Reactor.

Previous studies have concluded that moduiar-
wzation could result in approximately a 12 percent
reductiois in total capital costs compared to nuciear
planis built in & vonventional manner. In addition,
it was estumated that the overall construction
schedule could "e reduced from & vears t 6 years
A third benefit would be improvement in the
quality of construction

From the survey of modular construction practices
and the specific reviews of the licensing submitlals
for the AP600 and SBWR, a number of 1ssues
related to design and analysis of safety-related
structural modules were identified as follows:

* Lack of codes and standards for certain types of
modules

« Umque loads dur g the fabncation, handhing,
transnortation, storage and erection
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(%)

(6)
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* Determination of wnutial stffness and stiffness
degradstion

» Damping values for use in dynamic analyses
* Validation of analytical methods

Reliability of joints and connections

* Deternunation of effective ductility

* Deternunation of ultumate load capacity

Issues reluted to the moduiar construction process,
which includes offsite fabrication, handling,
shipping, storage, erection, spection/testing,
quality assurance/quality control, and mantenance,
have also been identified  Specific issues related
to the modular construction process are

* Provisions i design and fabrication to assure
field fit-ups (e g, toler aces or excess material
to permit field adiustments)

* Designated lifing pownts for handling and
erection, designed in advance

+ Configuration control (e.g , rentralized and
computerized with access hy all subcontractors)

* Mixed code classes on the same module
* Storage and damage prevention

» Construction plan and sequencing

* Procedures for module lifting/placement

» Owmer “umbrella” vs fabnicator controlled QA
programs

+ Shop and sitz mspections

* Specification for supporting, securing, and
protecting modules during transportation

¢ Material degradation due to 60 vear operating
Iife (e.g.,, may require in service inspection or
consideration of degradation 1 design)

Currently, there are no specific licensing review
critena that provide gwdance for the use of
structural modules in nuclear power plants. A
Moduler Construction Review Criteria document
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was prepared as part of thus program o provide
guidance for usz in licensing review activites
Its purpose 1s to supplement critena already
presented in the NRC Standard Review Pl

(7 An snalytical research effort was conducied on
concrete-fillud steel modules with studs to
determune if currently available analytical methods
can be used to predict therr response. The resulis
of the analysis for compressive loads led to the
folloving major conclusions:

* Currently available analytical methods can be
used to predict the response of the module up to
yielding, of the steel faceplates. This would
typically bz the level to which structural
elements are normally designed.

» The analysis predicted with reasonable acouracy
the uitimate capacity of the module when
faceplate buckling is included.

* Beyotd the yielding of the faceplates, the
computenzed analysis somewhat overpredicts
the stiffness  Based on the referenced test
report, the overpredichon of stiffness 1s judged
to eceur because of localized failure of the
concrete near the stud during the test  Another
contributing factor may be the cvelic loading of
the test specimen

. tle behavior was comparable to the test
data.

These conclusions, obtaed from the analvucal
research effort, provide strong evidence that
currently available analytical methods can be used
to predict the response of concrete-filled ste]
modules subjected to compressive loads.

7.2 Recommendations

The hinuted vahdation of analytical methods apphed to
ooncrete-filled steel modules, conducted during Phase I11,
should be expanded to encompass (1) additional loadings
(in-plane and out-of-plane shear and out-of-plane bending)
and (2) a broader range of geometne configurations  While
tne: initial results appear to confirm that currentiy availabie
anulytical methods are indeed applhcable w design analvsis
end quantifics. on of design margin, 1t 1s emphasized that
only a single configuration, subjected only to in-plane
compressive Joading was nivestigated  Generalization of
these results cannot be supported at this time.
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In-piane shear behavior of concrete-filled steel modules 1s
extremely important fr- the evaluation of seistrac response;,
first concentrate on this behavior. Out-of-plane bending
wid shear loads are also generated by seistnic loads, but are
typically less significant. However, the use of concrete-
filled stee] modules as pressurs retaining boundanes, such
as in the AP600 IRWST, requires that out-of-plane
behavior be accurately evaluated In this case, the
cembimnation of pressure and out-of-plane seismic loads will
significantly influence the selection of design parwneters for
a concrete-filled steel module The response 1o secondary
loadings, such as thermal gradients, may also play a
significant role i the design of concrete-filled steel
modules.

Over twenty (20) vanations of configuration details have
already beun tested in Japan, for one or more of the
sigmficant loadings discussed above.  The applicabiuity of
current analytical methods should be verified for a selected
group of tested configuration vanations. in order 10 establish
a reasonable confidence level for future analyses of untested
configurations

Japan has recently begun a multi-ycar modular construction
research program to evaluate the behavior of concrete-filled
sieel modules. Therefore, it would be very beneficial if a
cooperative program could be developed which would
pernyt us to share information. This could provide valuable
data useful in venfying the safe application of structural
modules i nuclear power plants within the United States.
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APPENDIX A

RELIABILITY OF MODULAR CONSTRUCTION
PHASE I REPORT - IDENTIFICATION OF ISSUES

BNL TECHNICAL REPORT NO. L-2261-1-8/93

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
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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
construction phase with engineering substantially complete prior to
start of constiuction. Mcdule 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
to maximize the use of standardized elements with consideration
for: space provisions (for fit, maintenance, inspection); shipping:
and interfaces. Finally, an erectinn 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 :.egative impact on the structural integrity of the modules
if completed modules are stored on-site f r an extended period,.

As a result of its possible use in advanced reactor degigns,
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 founéd inside the
containment and designed for postulated aurrhquake and pipe rupture
loads. Standards to ascure strength, ductility and reliability of
joints and connections are needed tu couplete the licensing review
of advanced passive and evolut.cnary reactors. hdditionally,
dampiny values for seismic arsiysis and information on stiffness
degradation during earthoquakes of modular elements are needed.
Criteria for QA/(C during transportation and installation of
structural me4u'as are also needed. For this program, the term
"advanced roactors" is intended to include the following reactor
desigrs which may use modular construction:

(1) AP60N (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 muts, subassemblies, cages, etc.,
for:

a. Base mat,

b. Building and containment walls,

Cc. Drywell and suppression chamber slabs (SBWR)
d. Containment top slab (SBWR),

e. Columns, beams, walls, floor and roof slabs.
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(2) Precas. concrete frame, wall, floor and roof elenents,
either prestressed ‘Pre~ or post-tensioned) or
conventionally reinforced.

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

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

(5) Prefabr ted structural steel assembliz: for dual
purpose - serving as forms for .urbine pedestal, drywell
vent wall, and reactor pressuce vessel pedestal.

The parameters tc be addressed inc.ude the folloving items:
1) Strength

{2) Ductility

(3) Stiffness and stiffness degradation

(4) Reliability of joints and ccunections of modulas

\5) Dauping values

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

While advanced reactor vendors should be responsible for
development of modular construction technclogy and its
implementation to nuclear reactors, this study aims at providing
adequate safety and quantifying margins (as defined by current ACI
349 and ACI 359 load combinations, ani ASCE 4-86 requiremsznts on
ceismic ductility of conventional structures) against design basis
accidents and ultimate structural capacitlies.

Phase I of this program focusses on a review of existing
standerds, 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 Criteria) 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 or studies conducted by the
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U.S. Department of Energy and ongoing activities in Japan.
Sections 3.0 and 4.0 present the results of evaluations of

Westinghouse and General Electric applications of modular
construction techniques Lased on the info i

Finally, Section 5.¢ provides a summary o
recommendations regarding the



2.0 SURVEY OF MODULAR CONSTRUCTION PRACTICES

2.1 Background

In 1985 the Department of Energy (DOE) formed a Technoloqgy
Transfer Task Team on Modularization to "briefly survey the current
use of modular construction in the nuclear and non-nuclear
industries and to assess and evaluate the techniques available for
potential application to nuclear power" [1]. The emphasis of the
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
nuclear plants built in a conventional manner. It was also
estipated that the overall construction schedule would be reduced
frem 38 years to 6 years. These estimates are based on average
construction experience for many plants. The Team also recommended
that guidelines be established for future advanced reactors which
identify how modularization can improve construction, maintenance,
life extension and decommissioning.

As part of its technology programs in support of advanced
light water reactors, DOE has sponsored additional studies
regarding the use cf 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
nuclear industry to restore nuclear energy as an attractive option.
The results of this program are contained in an extensive four
volume report [2-5)j. Volume II of the report provides information
on modular constructicn experiences and summarizes the results of
a vorkshop on concerns that modularization would present to nuclear
plant owners, designers and constructors. Stone & Webster
Ergineering Corporation (S&W) also conducted studies to improve
constructability and to simplify the design of future nuclear
plants (References (6] and (7] are reports on two of the seven
tasks performed by S&W). One of the S&W studies [7) identifies
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 ctudies highlight the fact that
modularization has been used in most U.S. industries, including
shipbuilding, petrochemical, aircraft, aercspace 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
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fuel related liner modules; tank, Piping and equipment
preassemblies; etc.(7). However, modularization has not been
extensively and systema:cically used in the nuclear industry. The
shipbuilding and petrochemical industries have uged modular
construction technigues 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

issues identified by tho group include labor, quality,
standardization and transportation.

Reference [9] describes a comprehensive system of modular
construction employed by Avondale Industries. The system was
developed for their marine programe based on approaches used in
Japan. They are now expanding their system for use .n the
industrial and utility markets. Major non-marine projects have
inciuded a sulphur recovery unit, hazzrdous and toxic waste
treatment systems, and a hydroelectric power plant. The last
example involved a large powerhouse module, approximately 456 z 150
X 120 feet, which was floated from its shipyard construction
locaticn to its final location a distance of 208 miles up the
Mississippi River [10). Tho steel structure consisted of over 200
modular units which were assembled together with eight turbines and
generators to form one l:vge powerhouse module (sce Figure 2.1).
Once in place the steel ile is filled with 110,000 cubic vards
of concrete. Avondale . 1lso involved with the application of
rnodular construction to Westinghouse’s design of the AP600. One of
the major appiications of =odular construction in this desian is
the use of concrete~filled :teel plate siructures.

The Advanced Light Water Reactor (ALWR) Utility Reguirements
Document developed by tiue Electric Power Research Institute (11)
includes a requirement that ALWR plants "be designed to maximize
the benefits which can be obtained through the use of modular
construction technigues." As noted above, Westinghouse is applying
modularization concepts in the design of the AP600 (12,13]. In
addition to the concrete-filled structurzl steel modules, the other
technigques being considered include steel (leave~in~place) form
modules, wall rebar curtains, equipment modules and containment
vessel mnodules. General Electric has also proposed a large scale
modularization scheme ror the design of the SBWR (14]. In this
design GE is consideriny the use of rebar modules for pool walls,
diaphragm floor modules, rebar moduls- for the RPV pedestal,
containment wall liner modules, vent waili modules, and pool liner
plate modules. Further details of the structural modules currently
being proposed for use in tre design of the AP$00 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
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 a
very concise definition of this term which is also directly
applicable to the manner in which it is used in this report. The
tern "module" is defined to be " -
| ¥ -

The S&W study also reviewed foreign nuclear power
modularization and prefabrication experience (7]. Some of the
examples cited in their report are summarized as follows:

? France -~ Containment dome liners were fabricated and
erected in one piece,. Reactor auxiliary piping was
prefabricated to the extent that 75% of the pipe welds
were done in the shop. Mechanical modules for small
eguipment are used.

. Japan ~ Large liner preassemblies of tre containment
vessel are shop fabric ted. Pipe whip structures and
pipe penetrations are preinstalled in the containment
preassenblies. Modularized pipe and valve assemblies are
used to reduce field welding. Reinforcing steel is
preassembled on the ground.

. Sweden - Prefabrication of concrete structures such as
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 scran system were installed.

© Switzerland - Reinforcinag 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
outer rings. Corposite steel and concrete reactor shield
building penetration modules and the biological shield
wall were prefabricated.

. Taivan - “he 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 interrational nuclear
construction experiences, including that at the Muelheim-Kaerlich
plant in Germany and Tsuruga II and Takahama 3&4 in Japan (3].
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Since Japan appears to be extensively d2veloping 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
Section 2.3.

It is apparent from the above cited reference material that
there is a great deal of interest in modularization in both the
nuclear and non-nuclear industries. Their is much Aiscussion on
how modularization impacts current construction practices and the
potential savings in costs and schedule, as well as the improvenent
in guality. However, the literature does not appear to include
muzh discussion on any potential safety issues that may be
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 the

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

. 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

The following sections of this report will discuss in more
detail some of the modular construction studies cited zbove and
the application of modularization techniques by West inghouse and
General Electric to their advanced reactor designs. The intent of
this discussion will be to fully identify the issues ‘rom a

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

2.2 DOE Programs

As discussed in Section 2.1 Stone & Webster Engineering
Corporation (S&W) and Duke Power Company studied the use of
modularization in nuclear power plants as part of the Department of

Energy’s technology programs in support of advanced light water
reactors.

As part of the S&W study (7], a number of modularization
approaches for a typical advanced light water reactor plant were
developed and reviewed. It wus emphasized that for modularization
to be cost effective it must be considered from the plant’s
inceptiorn. In particular, it was noted that the general
arrangement of a plant should consider the following features to
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support the modular concept:

® align structural walls, columns and floors.

“ minimize bulk quantities and group functionally~-
related equipment.

. minimize curved walls.

. provide a clean interface between in-place and

modular ceonstruction.

. accommodate modular access, interfaces, and
egquipment removal/maintenance.

Based on the above guidelines, the study developed typical
module vnits for the radwaste and auxiliary buildings of a nuclear
plant. The module units for the radwaste building included
demineralizer, waste evaporator and charging punp cubicle compusite
modules, as well as a pipe rack module. The modules developed for
the auxiliary building included an emergency feedwater pump cubicle
composite moduie, an electrical switchgear room composite module
and a structural wall module. The modules were repeated several
times for use throughout the plant and ranged in size and weights
from 20 to 200 tons. The largest module was 30 ft. wide, 50 ft.
iong and 30 ft. high.

Some of the conclusions from this study are as follows:

. The use of templates is mandatory to assure the
proper fit up of modules.

. Interfacing components of modules must be designed
with excess material to be trimmed in the field to
accommodate installation tolerances, stacking, and
misalignment problems. Slotting connection holes,
the use of shims and filler plates, etc. should be
included in the module design

® Modulsar extremities must be located to assure
proper clearance during installation.

L The interface between structural wall modules will
require closure plates.

v Beam anchorage details were simplified by the use
of hold down ciips which eliminates the need for
the ticht tolerances associated with the use of
anchor bolts.



. Specialty Q-decking is recommended to provide the

ability to hang components from the underside of a
concrete slab.

. The concept of stay~in-place steel form modules can
be expanded to suit specific building and component
layouts,

. The choice of the optimum method for splicing rebar

for modular construction requires further study.

. Modules may require the design of temporary
structural steel supports to facilitate
assembly/fabrication, transpc:tation and lifting.

» When concrete is not reguired for structural
integrity, wall and floor moduies could use
alternative radiation shielding products sich as
lead/steel shot or sheets, boron-polyethylene
pellets and sheets in combination with lead, or
lithium-polyethylene peliets.

The study also provided reconmendztions and conclusions
regarding mechanical, piping and electrical modules, as well as
cost and schedule analyses, which are not discussed here sincc they
are not relevant to the scope of this report.

The Duke Power Company sponsored a number of workshops and
meetings as part of their DOF program [3]. In particular, the
Third Designing “or 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
atility owners. The workshop included a discussion of issues
associated with quality assurance, impacts on vendor and site
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
egquipment @specifications. It wag concluded that such
specifications should address i{tems such as accessibility,
maintaeinability, procurement, electrical, avoidance/minimization
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 uwner,
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as well as the potential for multiple vendors and module
fabricators, and (c) the need for maximizing owner QC inspections
at the module fabricator’s sheop and adding inspections related to
transportation induced loading.

The workshop also included discussions as to the need for a
separate "Mocdularization" or "Module Fabricator" code. There was
No consensus as to the need for a separate code. However, there
was consensus that the modular construction appreach did
necessitate an evaluation of code requirements with at least some
revisions and/or additions to cur.ent codes. Some of the issues to
be 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
irvolved 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

Japarn 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 iarge block prefabrication method [17). 1In
their method they have distinguished between "prefabrication"
wherein only a few types of construction materials are preassembled
into standardized and simplified blocks and "large Dblock
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 constructior of the Kashiwazaki Kariwa nuclear power
piant. The method has been shown to:




(1, save labor

(2) shorten the constructicn period

(3) improve construction scfety

(4) improve working conditions/reauce laborious work

In carryine out the mecthod, the following engineering
practices must be exercised:

(1) selection of application parts

(2) construction planning utilizing advanced engineering
toels such as 2D-CAD and a 3D survey system

(3) design improvement

(4) 1lifting and installing

(S) conrecting parts together efficiently

(6) carrying out en intelligent network for data transmittal
betwean head coffice, 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, # 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
conzideration of steel (S), concrete filled steel (SC) and pre-cast
concrete (PC) structures.

Mitsubishi Heavy Industries, Ltd., Kajima Corp. and Ohbayashi
Corp. jointly studied the feasibility of using concrete filled
steel (SC) structures for a PWR tvpe nuclear plant [(18). The study
included the reactor building, contrel building and waste disposal
building. The buildings consisted of SC bearing walls, columns of
concrete fijled steel pipe, girders and beams of steel, and slabs
and foundation mats of reinforced concrete. The buildings were
desi¢ned 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
structure becomes more desirable when the earthguake
force becomes larger."

- "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 mar 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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by fixing pipes and wires to the SC blocks at the
factory."

3. "A significant saving of half to one year in construction

period is possible due to the rationalization of the
construction blocks."

In order to obtain seismic desian information, u model test of
a concrete structure inside containment composed of concrete filled
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
horizontal seismic loads. The 5C 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
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
and lower loading slabs.

The test procedure consists of two parts:

3. Static horizontal loading tests were performed by
applying horizontal forces on the upper and lower loading
slab in proportion to the distribution of shear forces
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 locad 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
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.

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

Figure 2.6 shows the stiffness degradation. The vgrtical axis
indicates the secant modulus of stiffness and ¢he horizontal axis
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indicates the relative rotation angle (R). For the SC structure
the stiffness at the S, load level with R = 0.i8 x 10° rad.
decreased by 30% from the stiffness at elastic conditions. For the
RC structure the corresponding stiffness decrease was 65%. The §,
load level wan 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
structure the damping from the second cycle loop is almost constant
at 5% before and after rebar yielding.

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
from further studies, which are apparently underway, will be used
to estaplish 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

(¢) combined compressior 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) abcve. 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 = (EA, + EA,)/H

whare E,,E, = Young’s modulus of concrete and steel
A A, = Section area of concrete and steel
H = Height of specimen

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



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 ratioc of test results to calculated values ranged
from 1.02 to 1.44.

The ultimate strength was calculated by the following formula:

"unx"Nc+Nr+NF"Actc+}$°wy*hfafcn

where N ,N,, N, = Strength of concrete, sice plate and
surface plate.
A A, A = Section area of concrete, side plate and
surface plate
48 = Compression strength of concrete
A8 = Yield strength of side plate
Oecn = Buckling strength of surface plate

Using this formula the ratio of test results to calculated
values ranged from C.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)oq/ho - (GcAc * GFAS)/ho

where G, Gy = shear mcdulus of concrete and surface
plate
A, A = section area of concrete and surface
plate
h, = height of wall

The ratic 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
§5850 (see Table 2.3) for which B/t is 50.

The ultimate strength was calculated by the following
equation:

gmax = 0./2 A, + 4.5 JT_ A,

Ag A, = Section area of surface plate and
cuncrete

Opy = Yield strength of surface plate

£, = Compressive strength of concrete
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The ratio of the test results to the calculated values ranged
from 1.00 to 1.02.

The concluUsions 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
Eulér’s equation for a column pin-~suppcrted at one end
and fixed at the other end for compression loads and by
the theoretical equation of a pin-supported plate of

which the aspect ratic is infinitely large for shear
loads. "

(™)
.

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

4. "Ultima‘e strength of the whole structure can be
evalvated by the sum of the ultimate strength of concrete
anc steel plate."

Other studies have also been conducted in Japan on the
strength of concrote~filled steel elements which may be usef’.l 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 coliumns
and concrete~filled columns.



Table 2.1

Subject

Summary of Issues Discussed at the Third
for Constructability Workshop [3)

Comment

Designing

' Issues/Exampies

Quality
assurance

————

New concerns on QA
and documentation
aris2 when a modular
approach is applied to
a rhajor construct on
project.

Code class work

Mixed code classes on the same
module

Configuration control

Inspection responsivilities
Inspection of partially completed
modules

Added inspection reguirements
upon receipt of modules
Damage protection

Ownier “umbrella*® vs.
vendor-controlled QA4 programs
QA interface accountabilities

Impacts on
vendor and
site

approaches

Modulanzation will
require innovative
approaches to vendor
activities and side
efforts.

Modularzation not requinng
miniaturization for maintainability
Impact on productivity and rework
Standardized vs. site-specific
modules

Procurement of module
subcomponents

Storage and darnage 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 tolerances and fiald
fit-ups

Configuration control

Union jurisdictions vs. a team
concept

Owner
commitment,
cash flow,
and risks

Modularization
definitely benefits site
schedule and cost.
The owner wiil be
concerned with:

+ Changes created
in timing project
commitments

* Outlay of funds

* Changes ir risk
factors

Cascading effect of late items and
“just in time” deliveries
Balancing delivery schedule vs.
absence of a critical module
Owner cash flow for eariier
procurement

Cash flow profile

Warranty impacts

Insurance against schedule
delays

Broadening of the financial base
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Table 2.

2 GSeismic Design Method for SC Walls [18)

T{-%: d°f Basic Design Principle Design Method
Lo Shared by steel plates and
ComLpr:;mvo concrete according to Na= (Ac+Asg)-+ o¢
. stiffness ratio.
Tensile |Disregard tensile strength of
Load concrete. Ta=ha-fs
Shear  |[Shared by cumulative strength
Load of stesl plates arndd concrete. Qawie: fodilfiz o
Same as RC design method .
BL ":d.;.l to disregard tensile strength :::1:6 RC design
onding  lof concrete.
Both stesl plate and concrete
ey part are cumulated.
at Structural
e ::d plate steel Design Va=2Qs +2Cc
nerete, g
Shear bar RC design
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Table 2.3 Type of Test Specimens [20)

(a) Compression Test (b) Shear Test (c) Materials
Sewcumen, Hyd wowang g Sowcirmven "rm 8t _?;" -
NS50 0 50 S804 90 s g - S
TS u0 $S100 W .‘ér;;ﬂ!i____
NSI0 2™ 00 §5150 T £ = 3
(d) Arrangement of Stud Boits
{(Compression Test) (Shear Test) {Section)

(SS50)

- Surface Flate

L~ Stud Boit
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Figure 2.4 Proposed Concrete Filled Steel (8C) Structure [19)

Figure 2.5 1/10th Scale Test Model of Inner Concrete Structure
with Concrete Filled Steel (SC) Walls [19)



Q/é(MN, mm)

,Jand
3
° € - S§C siructure
e e RC gtructure
3’. o
©
ir T &
s‘u ® [ -]
o ° Fins! siage
Shiding shear col laper ~* é
: 2 M ¢ 4 2
. 3 10 15 35 &0

s R (%107 rad.)
Figure 2.6 Stiffness Degradation of SC and RC Walls ([19]

0 :
SR S5
0250 -
ST I TR
N |
1 _ow * :
51 8hm W ll‘ gy
| |
l | | ' :
G 1 O T % ¥ | I |
R .
005 L :‘ - RIS S— . '
P :
§ i el
Y] 05 i s 10 50 100

R(x10"rad,)

Ciirst cycle @first cycie \RC structure
& second cycle)sc S & second cyclr}(pquuw loop )

Figure 2.7 Equivalent Viscous Damping Factor for
SC and RC Walls [19)

2-20



12T

3

Jack

Loading Fraee

P
1
s
LT
]
us Sgr ”
AN
7 077447288
N1 /ZAF;I'
R X
N
Compressive Shear
Loading Test

(a) Test Items

Loading Test

r1 r] Cross Head

Upper Loading Bed

Butircsses
AR R R AR RSN AL LS AN

ot Celd

L~ Sieciaen

Specimen

/ Lower Loading il

A V
/ Actuastor
/___.._

| -

(b) Shear Test

.4%@2»24%@24%»2%zq
Jak Testing Floor

(c)

I

Compression Test

Figure 2.8 Method of Loading Concrete Filled Steel (SC)

Wall Test Specimens [20)



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 gquality construction than work performed within
the plant structures.

There are a number of different types of structural mod. es
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.

3:2.% "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-l 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 d« s embedded in the concrete below El. 98’.
After erection, the .alls are filled with concrete. Concrete is
used where radiation shielding is required. Trhere is no
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reinforcing 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 Elevatiocn 98’-6". The
steel modules consist of 1/4" stee’. plates reinforced with 2" x 2"
angle stiffeners and 4" WT sections on the ~oncrete side of the
plate (Figure 3.8).

The L wall modules are used in lieu of removable concrete
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 results in cost savings to the project. 1In addition,
savings are achieved by eliminating curing time and the need to
strip forms, clean-up, and patch exposed concrete surfaces.

- e I | Floor Module

Floors in the containment interior above 2levation 98’ consist
of steel tee-sections welded to horizontal steel plates. The steel
plates are stiffened by angle stiffeners. Support is provided
using deep girders whose webs pass through the horizontal plate.
Reinforcing bars are placed above the top flange. After erection,
concrete is poured on top of the horizontal plates embedding the
upper section of the beams and reinforcing bars. See Figures 3.9
and 3.17 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
provide a passive heat sink for each room. The heat sink limits
the temperature rise during the 72 hour period following a loss of
operation of che non-radiocactive ventilation system. The concrete
mass of t.e ceilings and walls are desigred to provide the reguired
heat sink.

A finned floor is comprised of a 24 inch thick reinforced
concrete slab poured over a stiffened steel plate ceiling (see
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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
st;ffened 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
coiisidering 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 [23] or in their presentation to the
RC [25~27). However, in the "Westinghouse AP600 Plant Description
Document™ (247, other types of structural modules were discussed.
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 “he
middle area of the slab, and ancther 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).

7.2 Summary of Analysis and Design Methods

The codes and standards used to design the structural modules
are AISC N690-1984 [29) and ACI 345-199%0 ([30). AISC N690 is
utilized primar v as the design code since the steel is designed

to carry most .. i8. The ACI 349 Code is used where credit is
taken for concrete.

Loads acting on the structural modules are the same as for
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,
loads such as wind loads, tornade loads, and earth pressure do not
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
lcad. Live load consists of live loads from the floors above and
the automatic depressurization system. Safe shutdown earthguake
(S8E; load consists of hydrodynamic load, out of plane wall inertia
load and in-plane seismic loads.

. W | "M" Module

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
consists of 3D shell elements representing the structural modules.
Equivalent shell element thickness and modulus of elasticity of the
structural modules are calcuiated neglecting the embedded angle
stiffeners and vertical diaphragm plates. The shell element
properties are calculated usiny 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 plane
loads, the wall is analyzed as a member spanning vertically between
the operating floor and the bottom of the refueling cavity.

The design method followed for the M modules are dependent on
the type and direct.on of load. ¥Yor in~plane loads, axial
compression is assunmed cto be resisted by both the steel box section
and the concrete core, according to their relative stiffness (area
times modulus of :lasticity). Slenderness effect of the wall in
the out-of-plane direction is considered according to ACI 34% [30].

For minimum ste~l thickness requirements, paragraph 10.14.6.1
of the ACI 349 Code [30) is satisfied. This paragraph applies to
composite members with a concrete core encased by structural steel.
The steel section that is considered in .he composite section is
determined using an effective width based on the postbuckling
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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

width b, for the face plate and Figure 3.19 shows the postbuckling
behavior c¢f 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 shecar force.

For out-of-plane loads, shear forces perpendicular to the
plane of the wall are assumed to be resisted by the steel aiaphragnm

gla;el. The steel diaphragm plates are parallel to this shear
oa .

Moments about the horizontal axis in the plane of the wall are
assumed to be resisted only by the steel section. The face plates
are treated as flanges and the diaphragm is treated as the web.
The effective width of the compression flange is calculated in the
same manner as described above for axial compression. In genecal,
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
in the face plates, an additional st.ess evaluation is performed to
combine normal and shear stresses. This evaluxztion 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:

0! + 3 1% = (0,)?

For design of the structural modules the following allowable
stresses are considered:

Normal condition o + 3 1% g (0.60,,)*

Severe condition o + 3 17 5 (0.60,)*

Extreme/abnormal condition o + 3 1 < (0.960,,)°
3.2.2 "L" Module

Since the L modules are used only as forms, they are designed
only for construction lcads. The modules are designed to resist
wet concrete pressures of 1050 psf. Modules extend to the full
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.



3.3.2 Floor Module

The floor modules are designed according to the regquirements
of Section Q1.11 of AISC N690 [15). For vertical downward loads,
ti.e floor modules are designeu 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 rodules are designed as a one-way composite beawm.
The effective width of the concrete slab is based on Section
Q1.11.1 of AISC N650 [29]. The effective compression area of the
concrete extands to the neutral axis of the composite member. The
concrete area in the compression 2zone is transformed to an
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
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 rloors are subjected to vertical and in-plane
forces. Verticel downward and upward loads are applied to the
floors. The floors behave as a one or two-way reinforced concr:te
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.

3:3.9 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.



3.3 Evaluation of Critical Parameters

3.3.1 Design Strength

For the M module, the general philosophy is that the steel is
designed 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 strength
though, has not been quantified and is difficult to estimate. The
concrete does not have any embedded reinforcement and is not
continuous from one wall section to the next due to the diaphragm
steel 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 to
resist certain loads or provide stability. For example, in
addition 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 34% 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 pcstbuckling strength of the
plate. The postbuckling strength of the plate is determinzd 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 assunes
that the total load is carried by strips adjacent to the supported
edyes 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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Another concern arises with the interaction effect of in-plane
shear loads and compressive loads on the steel plates. All in-
pPlane shear loads are carried by the steel plates. The
simultaneous application of shear .ocais with conpressive loads will
affect the postbuckling strength ¢f the steel face plates. This
may result in a narrower effective width b,. Therefore, the

interaction effect of shear and compression should be investigated
further.

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
design utilizes a value of 0.65 when the plate is continuous. This
design value corresponds tc a fixed-fixed end 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 end condition of a fixed-pinned
column. This end condition corresponds to a recommended K factor
of 0.80 for design. Since the buckling lcad is proportional to K
squared, 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
reviewed in greater detail.

For the L modules the issue of strength only applies to
construction lcads because these modules are used only as forms.
Once 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.

Composite floors consisting of steel beams or girders
supporting reinferced concrete slabs have been used extensively in
all types of commercial, industrial, and residential buildings with
success. Provided the design follows existing design practices,
the composite floor modules are expected to have sufficient
strength and will perform their intended function. However, any
deviations from currently accepted codes should be identified and
reviewed in greater detail.

The analysis and design of the structural modules is performed
in accordance with particular sections of the AISC Né%0
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
case of AISC N69%0, Section Q 1.11 does address composite
construction. However, it only covers composite construction of
steel beams or girders supporting a reinforced concrete slab. It
does not address composite construction of hearing ind shear wall
structural elements. For critical locationa 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
combirations; 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 reqguirements for the
analysis and design of composite steel/concrete structural modules.

The development ot 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 toc 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. 1In particular, AISC N6%0 (29) has not
been formally approved. In addition, the ASCE Standard 4~86 [31)
has not been endocrsed by the NRC staff. These criteria documents
should be reviewed for acceptance in the analysis and design of
advanced light water reactors.

3:.3.3 Ductility

Ductility of concrete and steel in conventional design wvary
depending on the type of load and whether reinforcement is present
in the concrete. Reinforced concrete and structural steel in
flexure possess substantial aductility. 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 gteel
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 gquite 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.




The determination of the actual ductility of structural
modules which combine unreinforced concrete and steel plates,
becomes very complex. Thus, the results of test data should be
reviewed to determine the ductility present for the specific
configurations.

Saveral tests have been performed in Japan on composite
steel/concrete structures. Thece are described in Section 2.3 of
this report. One test [20) applied compression ana shear loads to
concrete filled steel bearing walls. The steel plates were
attached to the concrete using stud bolts. While the load~-
displacement plots in the report demcnstrate ductile behavior, an
estimate of the ductility ratios are difficult to determine from
the limited data contained in the report. In addition, the method
of attachment of the steel plates using studs is different than the
angle stiffeners used in the M modules.

Another test (19] was performed in Japan on a 1/10th scaie
model of an inner concrete structure composed of concrete filled
steel bearing walls. This test was performed cn 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
structure does have substantial ductility. A comparison of the
curves for the composite structure with those of the reinforced
concrete structure suggests that the composite structures is even
more ductile than the reinforced concrete structure. However, it
should be noted that the configuration of the composite structure
in this test is different than the M modules. The test specimen
utilizes 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.

To obtain a better estimate nf the expected ductility of the
structural modules, a further review of the existing information
should be obtained from Japan to the extent possible, and/or o
simple test progiram 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 parameters raised in this report.

2:3:3 Stiffness and Stiffness Degradation

The stiffness of the M module is determined based on the
contribution of stiffness from the gross area of concrete and
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-plane SSE loads. Other
forces are obtained by performing manual calculations.



Since the concrete 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 nc reinforcement, the ability of
concrete to resist shear depends on many factors. These include
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
concrete cannot be considered effective in providing stiffness. 1In
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
discrete locations from the walli to the base mat.

Another gquestion that arises is the effect of stiffness
degradation. Based on tests [19), stiffness degradation does occur
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
concrete configuration. Once again, there are a number of
differences in these test specimens compared to the M modules as
noted earlier.

2.3.4 Reliabkility of Joints and Connections

Typically, in modular construction the connection between
structural modules has always been a concern. In the presentation
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 2 hybrid of welded steel and
unreinforced concrete. Thus, an appropriate damping wvalue 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
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

To obtain the full benefits of modular censtruction, guality
assurance (QA) and Quality Contr-1 (QC) must play an important
role. QA/QC in some respects is even more important in modular
construction than in conventional site fabricated structures. To
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. 1In
addition, closer tolerances are required in order to properly jeoin
and fit modules at the site.

In addition to the conventional QA/QC requirements for nuclear
power plants, additicnal ccncerns that are unique to modular
construction need to be addressed. Some of the additional areas to
be addressed include the constructability oif 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
e P

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 apprcocach. 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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‘iements. In addition, stiffress degradation appears to L= lower
for composite structural elements than for reinforced cencrete
elements.

After reviewing the AP600 modularization concept, a number of
issues were identified which should be addressed. Soma of the
issues could be resolved by further review, some by additional
tests, and some may require justification or additional information
from Westinghouse. These issues are described below:

1. 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 cen*er
strir of plate buckles, more of the loaa shifts to the
concrete rather than to the edges of tae face plates.
However, the design may not include this additional
compressive load since compressive lnads were assumed to
be distributed in proportion to the stiffness of the
concrete anc stnel before huckling occurs.

- The simultareous application of shear loads with
compressive loads will affect the postbuckling strengtl.
of the stez2l face plstes. This interaction effect of
shear and ccmpression should be investigated further.

3, The appropriate K factor for determining the effective
length of the steel plates between stiffeners when using
the postbuckling approach needs to be reviewed in greater
detail.

4. There i no single code or standard that provides all of
the neces=ary requirements for the¢ analysis and design of
composite steel/concrete structura. modules. The
development of a standard for structural modules to
provide guidance on various aspects that are unigue to
modular construction could assist in addressing this
concern.

S. AISC N63%0 [29] and the ASCE Standard 4-86 [31), which are
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
different composite structural modules, more information
and/or testing for the AP600 modules should be pursued in
the area of ductility, ultimate capacity, stiffness and
stiffness degradation and damping.

y A damping of 7% is used for the seisnic analysis of the
structural modules. NRC Regulatory Guide 1.61 recommends
a damping value of 4% for welded steel and 7% for
reinforced concrete. One test performed in Japan
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suggests damping is approximately 5%. - Thus,
justification would need to be developed for the use of
damping values higher than 4 or 5%.

Information regarding QA/QC, fabrication, 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
in issue number four.



Table 3.1 Loads and Load Factors for Seismic Category 1
Steel Structures

Load Combination and Factors

Combination No. 1 2 3 4 5§ 6 71 8
Lowd description
Dead D 19 10 10 10 10 10 10 1.0 1.0
Liquid F 10 10 1.0 10 10 10 10 10 1.0
Live L 10 10 10 10 10 1.0 1.0 10 1.0
Earth pressure H 10 19 1.0 10 10 10 10 1.0 1.0
Normsl reaction R, 10 10 1.0 1.0 1.0 1.0
Normal thermal 10 10 1.0 1.9
Wiad . 1.0 1.0
SSE E, 1.0 1.0(3)
Toroado W, 1.0
Accidert pressire P, 1.0 1.0 10
Accident thermal T, 1.0 1.0 1.0
Acciden! thermal

reactions Ry 1.0 1.0 10
Accident pipe

TORC OIS Y, 1.0 1.0
Jet impinge vent Y; 1.0 1.0
Pipe impact ‘dn 1.0 10
Strews Lizmit(1),(4) 1.0 10 16 16 16 16 17 1.5 15
Coeffics
Notes:

1. Allowsble stress luzits coefficients are per AISC - N690.

2. Where sy .ond roduces the effects of other losds, the coefficient for that load shall be taken &5 20v0
uriess it can be demonstroted that the load is always present or occurs simauitanecusly with the other
loads.

3. Seismic load will only be combined with ruptures of pipes that are not seismically supported.

4. In oo instance shell the allowsble stress exceed 0.7F in axial tension nor 0.7F,, times the ratic of the
plestic (0 elastic section modulus for teusion plus bending.
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Table 3.2 Loads and Load Factors for Seismic Category I
Concrete Structures

Load Combination and Factors

Cambination No 1 2 3 & 5 ¢ 7 8 9
Load description
Dead D 1.4 14 10 10 1.0 10 10 105 1.05
Liquid F 14 14 10 10 19 10 1.0 1.05 1.05
Live L 1.7 1.7 10 10 10 10 10 13 1.3
Easth H 1.7 K 1.0 10 1.0 1.0 1.0 13 1.3
Normal reaction R, 1.7 L7 1.0 10 1.3 1.3
Normal tacrmal To 1.0 1.0 1.3 1.3
Wind w 1.7 1.3
SSE E, 1.0 1.003)
Tornado W, 1.0
Accident pressure Py 15 125 10
Accideat thermal Te 10 1.0 10
Accident thermal

reactious Ry 10 10 10
Accident pipe

reactions Y 1.0 1.0
Jet impingement 1.0 10
Pipe impact f., 1.0 10
Notes:

,—
s

Design is in accordance with ACI-349 Strength Design Method for all load combinations.

2. Where any load reduces the effects of other loads, the corresponding coefficient for that load shall be taken
& 0.9 if it can be demonstrated that the Josd is always present or occurs simultapecusly with the other
loads. Otberwise the coefficient for the load shall be waken as 2ev0.

3. Seismic loeds will only be combined with ruptures of pipes that are not seismically supported.
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Figure 3.1



Figure 3.2 Structural Module Locations (23]
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Figure 3.7 M-1 Structural Module [23]
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Figure 3.8 L Module [26]
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FACIAL PLATE IN COMFRESSION

be (SEE NOTE 2)

FACIAL PLATE

be (SEE NOTE 3)

FACIAL PLATE IN TENSION

FACIAL PLATE

Figure 3.10 Flcor Module [23]

NOTES:

I.FOR FACIAL PLATE IN COMPRESSION, bg, IS
DETERMINED PER SECTION 3A.5.

2. EFFECTIVE WIDTH OF CONCRETE, bg. IS
DETERMINED PER SECTION @ 1.11.1 OF AISC N690.

3.FOR FACIAL PLATE IN TENSION, bg, IS
TAKEN TO BE ONE HALF OF THE DISTANCE
TO THE ADJACENT BEAMS.
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Figure 3.13 Typical Basemat Rebar Support Frame [24)
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Typical Wall Rebar Module [24)

Figure 3.14
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Figure 3.15 Containment Internal Structures
Finite Element Model [27]
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Figure 3.16 Containment Internal Structures

Finite Element Model =~
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Plan Elev. 1357=3" [27]
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Figure 3.17 Containmert Internal Structures - Finite clement Model
Tsometric View of Pefueling Cavity Walls (27)
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NOTES:
i. EFFECTIVE WIDTH OF COMPRESSIVE FLANGE, bg.
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Figure 3.18 Effective Width of Compression Flange
For Wall Modules [23]
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4.0 EVALUATION OF GENERAL ELECTRIC APPLICATIONS
4.1 Description of Modular Systems

The Simplified Beiling 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 propcsed. 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,
containmeint top slab, columns, floor slabs and beans.

2 Struccural steel assemblies for the Reactor Building and
Turbi:2z Building superstructures. These modules will
include roof trusses and siding.

3. Structural steel assembiies including stairs and
platforms.

4. Steel liners for the containment, gravity-driven cooling
system (GDCS) pool, is»lation condenser (IC) pool,
isolation condensor makeup pocl, reactor well, steam
separator storage pool, fuel transfer pools, spent fuel
storage pools and spent fuel shipping cask loading pool.

S. 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.
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7. Precast walls in the Reactor, Turbine, and Radwvas*e
Buildings.

Some of the major structural modules for the SBWR Reactor
Building are shown in Figures 4.2 and 4.3. Some alternate modules
for the Reactor Building are shown in Figure 4.4. Reinfercing bar
modules for the basemat, columns, walls, and beams wil' be
prefabricated and lifted into position with cranes. Struc:ural
steel modules will be lifted rbove the operating floor to construct
the steel superstructure. The containment wall and pocl liners
will be prefabricated and installed as modules. Numerous steel
structures inside containment will be placed into position ana
later filled with concrete. This type of modularization will be
used for the reactor pedestal, diaphrzgm floor, wall between
drywell and suppression chamber and the GDCS pool walls.

An 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 coon as a' eas
become accessible and before the overhead floor is constructed.
This work would progress in paraliel with civil construction
activities on si“~, Figure 4.5 shows the placement of a vent wall
module in the Rzactor Building by a heavy lift crane.

Large composite modules will be used for the superstructure in
the region above the grade clean area of the Reactor Building which
houses the electrical and /IVAC rooms. The large composite modules
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 fiom smaller modules
and components fabricated locally. GE stated in Reference [33)
that the use of these composite modules will reguire more
investigation and evaluation in the next modularization review
pha:e to confirm their applicability and economic benefit.

In a more recent correspondence between GE and the NRC, some
additional informatior was provided via a letter *o the NRC [34].
This letter was written in response to suestions/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 usecd.
The types of modules described in this letter are:

1P Rebar cages with liner plates for containment and RPV
pedestal walls.

2. Rebar cages with steel beam and metal deck for floor
slabs.

Structural sceel modules for vent wall structure and
diaphragm floor slab.
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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 eacl. of the figures were not provided.

4.2 General Conclusiong and Issues

The SBWR Technical Report [33) describes the extensive use of
modularization for structural components. The report alsoc
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 gquality of
construction, inspection, and testing. The lifting of modules into
position using a crane icom 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 reguired.

2ltrough the various applications of moduiar construction were
described in the SBWR report (33), no information was given with
respect to the design, inspectiun, testing, handling, stc.age and
guality control/assurance of structural modules. In addition, the
SBWR report was presented in December 1989 to the NRC. Many of the
structural mecdules 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
concret¢ 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 configuracion of the currently proposed modules.
Unfortunately, the figures provided with the GI letter do not
provide sufficient information.



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
appropriate phases of the construction program as needed." In
response tc a question on the QA/QC program for on-site storage, GE
wrote that "the details of the QA/QC promams for on-site storage
have not been developed, but will meet all applicable regulations
and industry standards as appropriate."

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,
criteriu for the structural design of modules will be developed as
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:

. 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
SBWR, such as rebar and structural steel, are not
functionally sensitive to the parame .ers such as damping,
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
gquestions that arise. Obviously, more detailed information is
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 alsc need to be explored. For
example, why is the strucitural ultimate capacity unaffected by the
proposed modular construction?



Probably the best way to obtain the additional information and
discuss the various areas of interest is to meet with the
appropriate GE engineers and/or subcontractors. If they are far
enough along in their modular construction concept and design, many
of the above gquestions 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 licensing
activities.

One issue identified during these reviews is that there is no
single code or standard that provides all the necessary
requirements or guidance for the analysis and design of composite
steel/concrete structural modules. In the case of the AP600 plant,
the aesign relies upon the AISC N690 Cpecif.cation [29], ACI 349
Code [30] and the ASCE Standard 4-86 [31). Various portions of
AISC N%90 and ACI 349 are used depending on the specific
application. While AISC N6%0 does address composite construction,
it only covers composite construction of steel beams or girders
supporting a reinforced concrete slab. It does not address
compusite constructicn of bearing and shear wall composite members.

Another issue is the use of AISC N69C and ASCE Standard 4-86
for the analysis and design of structural modules. The ASCE
Standard is used in the seismic analysis of the safety-related
structures. AISC N6%0 is utilized in the design of the safety-
related stee) structures. Both of these documents have rnot 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
should be somewhere between 4 and 7 percent. One test performed in
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 ¢f 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
edges of the face plates. However, it is not evident whether the
design included this additioral 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
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loads may affect the postbuckling strength of the steel face
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 existing
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 pruvide guidance on various aspects that are
unigue 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 =ubjects 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 ccmpanies such as Duke Power
and Stone & Webster, as well as other organizations be arranged to
obtain additional information. In addition, meetings with
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wcstipqhousc and General Electric should be planned to address the
questions and issues identified at this time.

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
partly for this purpose. A meeting is planned with Professor H.
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.
Visits are also planned with other researchers and a construction
company to discuss shear wall testing and the application of the
results tc design procedures. Alsoc to be discussed are modular
construction techniques for new plant designs.

Another recommendation that should be considered is additional
testing to address a number of the outstanding issues and
parameters. 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.
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, and
confirmation of analytic/design approaches for different
steel/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 progranm.
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MODULAR CONSTRUCTION REVIEW CRITERIA

INTROBAICTION

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 detailed, 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
be uncovered after design approval and subsequert construction of multiple identical plants, it
could have a very serious impact on the nuclear power industry.

The preposed use of modular construction techniques for nuclear power plant structures is an
integrz! element of cost and schedule control for advanced reactor standard designs. Its use should
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 nuc'ear 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
critenia already presented in the NRC Standard Review Plan (SRP)(Reference 10.1).

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 description of these modules and their application to advanced reactors is provided
in Section 3.0.

The modular construction review criteria have been deveioped 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
modular construction.



2.“

SCOPE/DEFINITIONS

The Modular Construction Review Criteria are intended to supplement the SRP (NUREG-0800)
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
reactors. The scope is limited to Seismic Categery I building structures covered by Sections 3.8. 1
thru 3.8.5 of the SRP.

As used in this report, "Modular Construction” is defined as "any building structure or
substructure which is fabricated at a remote site in transportable-sized modules, and then moved
to the erection site for final assembly and placemerns". The "remote” site may be thousands of feet
or thousands of miles from the erection site.

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 Composiic Floors, Beams, and Columns
Concrete-Filled Steel Modules

Structural Steei Modules

Pre-cast Concrete Modules

Prefabricated Rebar Mats, Cages, and Subassemblies

Appropriate review criteria for other types of structural modules can be readily deduced from the
specific review criteria provided for the identified module types.

SRP Chapter 17 (Quality Assurance) has also been studied in detail, to as-ess whether
supplemental review criteria are required for modular construction. The SRP cov ' ; 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
modular construction may be overlooked in the review. Therefore, additional guidance has been
developed to ensure that important elements for modular construction are reviewed in
sufficient detail. This information is provided in Appendix A.



3.0

DESCRIPTION OF STRUCTURES

Modular construction techrigues can be applied to many strociures found 1n advancei reactor
plants. The Elecuric Power Research institute's (EPRI) pregram co Advanced Light Water
Reactors (ALWRs) recogrized this and the associated benefits of a reduced consi-uction schedule
and lower costs. Thue, through the Utility Requirements Document (Reference 10.2), EPRI has
requirea that ALWK plants be designed to maximize the benefits of modular construction
techniques.

The Utiiity Requirements T>ocument lists examples of modules wnick have been previousiy
developed and represent the minimi'm level of effort expected for ALWRs. These include:

*  Basemat reinforcing steei assemblies

*  Reactor vessel peaestal structural steel

*  Reactor vessel nozzle support ring

¢ Containment vessel or lizer plate

*  Refueling pool and spent fuel pool liner plates

*  Precast concrete walls, beams, slabs (where practical)

Examples of structural components which are candidates for reinforcing steel assemblies/modules
in future ALWRs are numerous. They include: crane wall modules; basemar and foundations:
building walls, fioor slabs, columns, and beams; containment walls; containment hatch cages;
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. Large rebar modules also require structural support systems to maintain
the rebar spacing, to stiffen the cages or modules, and for abgnment 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).

In the past, a number of nuclear planis have modularized the containment wall and dome liner in
sections. Wall liner modules were typicaliy preassembled into multiple rings from individual 30
feet long by 10 feet high panels. These modules included penetrations, embedments,
appurtenances, and temporary girders to resist wind icads. 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 ir one or two sections.




The refueling 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 erecuon. In previous nuclear plant
construction, liner modules have been used inside containment (refueling pool and fuel transfer
canal) and in the fuel storage 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 w 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 fioors, 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. These modules could
include roof trusses, siding, equipment, and connecting piping, ducts, and cabling. Stairs and steel
platforms can also be .aodularized. 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
typically consist of steel plates reinforced with stiffeners on the concrete side of the plate. These
forms are permanent since they are left in place after the concrete cures. The steel form modules
are used in liev 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 rasults in cost savings to the project. In addition, savings are
achieved by reducing or eliminating the time spent waiting for sections of concrete to cure before
other phases of construction can proceed. The need to strip 1orms, 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 steei
modules may be used. Such walls exist insice containment, auxiliary building, and other seismic
Caiegory ; structures. These modules would typiclly be constructed from steel plates spaced apart
and wonnected 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
embedd>d in concrete when ii 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 stee! modules can be
prefabricated in offsite shops and transported to the site as subunits where they can be assembled
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 stoel wall module
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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 riodules have been previously used in nuciear power plants. The applications
include precast corcrete panels for superstructure curtain walls, manholes for electrical and piping
use, vaults for cat les, trenches for cable and for pipe, electrical duct banks, catch basins, and
pmstmhiwummsmdwans.museofpmmmodmabeymdm
applications is experted to be limited. Difficulties anise in the transportation and handling of large
and heavy precast concrete modules. In addition, the wall thicknesses of massive concrete
sections with congested rebar make it extremely difficult to design and construct connections
between modular interfaces.
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FIGURE 21 TYPICAL REBAR AND STEEL MODULES



w— FACIAL. ®ATL

Composite Fioor Module

Struct. Steel Walls Above

Operating Floor, with
Struct. Steel Modules Pre-Assenbled Siding
Above Operating Floor

FIGURE 3-2 COMPOSITE FLOOR AND
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4.3

These types of modular structures have been previously accepted for use in commercial
nuclear power plants. The American Institute of Steel Construction (AISC) Specification”
(Reference 10.7 and the American Coucrete Institute (ACI) Code 349 (Reference 10.8)
cover steel/concrete composite floors, beams, and columns. Therefore, they can be used,
as applicable and as supplemented by current NRC technical positions and Regulatory
Guides.

CONCRETE-FILLED STEEL MODULES

The lack of U.S. codes and standards covering this type of modular construction lends
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 *heir applicability. It is reasonable to limit stee! 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.

STRUCTURAL STEEL MODULES

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 technical
positions and Regulatory Guides, can be used as the design/analysis/construction basis for
a structure assembled from steel modules. The only difference from current practice is in
the fabrication/erection process.

" When endorsed by the NRC, it is expected that ANSUAISC NE9O (Ref. 10.15) will replace the AISC

Specification as the reference standard for steel structures in the SRP.
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4.4

4.5

Additional load combinations, dimensional controls, and inspections should be specificd,
as needed to ensure structural integrity and proper fit-up of the complete modular
assembly.

PRECASY COHCRETE MOLALES

(he use cf precasi concrete modules for safety-related sauctures or substructures is
expeced io be limited. The ACI Code 349 (Reference 10.8) can be used as the
design/analysis/construction basis, provided the precast module meets the requirements
which would apply to the corresponding poured-in-place concrete structure. Any
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
precast modular units is necessary to ensure that the as-received condition and the in-place
condition meet the applicable design requirements.

PREFARRICATED REBAR MATS, CAGES AND SUBASSEMBLIES

These "structures” do not represent a complete structural unit. Fither the ACI Code 349
(Reference 10.8) or the ASME Code (Reference 10.10) defines the steel reinforcing
requirements, depending un th= appiication. Adherence to these design requirements is
necessary. The in-place placement, connectivity, and splicing of rebar must meet the
appropriaie code requircmesits, regarcless of the sequence leading up to the concrete pour.
Any appli 2ble NRC technical positions 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 for joining of rebar
subassemblies to create a complete rebar assembly should be specified, with emphasis on
ensuring the continuity of load transfer.



5.0

LOARS AND LOAD COMEINATIONS

The SRP defines the loads and load combinations, expected duning plant operation, to be used for
structural design. These are directly applicable to Jesign of structures erected utilizing modular
construction techniques. For mociular construction, however, the process of off-site fabricaticn,
transportation, and site erecion may .mpose significant additionai loads which typically are not
considered for in-nlace constiuction. While these additional loads are not likely to control the
overall structural design, it is important that each modular unit has sufficient strength and stiffness
to resis: these loads without any degradation of operating load capacity and without unacceptable
permancnt deformation. To allow either condition could negate the initial design assumptions.

Durny off-site fabrication, the method of supporting the module during the various stages of
fabrication and the method of lifting and moving the module from one work station to the next
will control the induced stresses and deformations. The completed module must be hoisted onto
the transportation vehicle, supported, and tied down. These operations will impose a second set
of loads on the module. During transit, the module will likely be subjected to both vibration and
impact. Upon arrival on-site, the module is hoisted off the vehicle and supported on the ground.
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).

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 STEEL/CONCRETE COMPOSITE FLOORS, BEAMS AND COLUMNS

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 CONCRETE-FILLED STEEL MODULES

The size of the steel modular units is typically constrained by maximum shipping
dimensions/weight (e.g., see Reference 10.1. 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, locatiors, 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 2nd impact-induced stresses do not exceed specified criteria.
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5.3

5.4

5.5

A loading unique to concrete-filled steel moduies is the hydrostatic pressure against the
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 gr the steel plate thickness must be specified to ensure that a desired pour rate is
achievable.

STRUCTURAL STEEL MODULES
The discussion in Section 5.2 applies here, except that concrete pour loads do not exist.
PRECAST CONCRETE MODULES

The discussion in Section 5.1 applies here.

These 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.

14



6.0 DESIGN AND ANALYSIS PROCEDURES

There are unique aspects of modular construction that need to be considered in design and
analysis. This section of the report describes the additional guidelines and procedures that should
be followec to demonstrate the structural adequacy of the design.

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 of information 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
plannisig and conducting a structural design audit.

A structural design audit is a necessary step in view of the unique modular construction
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
construction, including fabrication, transportation, handling, storage, and erection.

6.1  STEEL/CONCRETE COMPOSITE FLOORS, BEAMS AND COLUMNS

Composite steel/concrete floors have been previously utilized in ths nuclear industry. The
composite elements consist of steel beams or girders supporting a reinforced concrete siab
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 unigue 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 configuratior from off-site fabrication to firal placement.
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6.2

CONCRETE-FILLED STEEL MODULES

6.2.1

6.2.2

INTRODUCTION

The 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 behavier of
modular structures, provided the physical conditions of the fabricated module and the
erected modular assembly are accurately known. However, the current lack of

moclular design and construction experience raises a number of issues that need to be
addressed.

Limited experience is available from work conducted in Japan for concrete-filled
stec! modules similar to those proposed for advanced reactors in the U.S. While the
reported test results provide a general sense of "robustress®, the scope of the
reported results is insufficient to support generalizations about proper design/analysis
assumptions.

Consequently, the only currently viable apjroach to the design certification of
concrete-filled steel modules appears to be the performance of a detailed analysis and

comparison 1o supporting test data, to substantiate both the design approach and the
resulting design.

ANALYSIS/DESIGN CONSIDERATIONS

The following pownts 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 ciassified as "conservative”.

. The connections between modular units which make up a complete modular
assembly are critical elements in the response of the assembly. The
connection detail will deterinine the load transfer path between modular units
and the joint "ductility”. This must be well understood 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 structural =nalysis,
detailed modeling/analysis of the modular unit and modular assembly can be
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6.2.3

performeu. This analysis coupled with confirmatory testing of the basic
modular unit and connection details, should make it possible to accurately
predict both local and overail structural behavior. The need for so-called
"conservative” assumptions should be minimized, and where necessary, the
sensitivity of the structural behavior of the modular unii to a parameter
variation should be performed to verify the original perception of
"conservatism”.

The complex interaction between steel and concrete cannot be adequately
evaluated if the design methodology selectively relies on only one of the two
structural elements  carry specific types of loading (i.e., bending, shear,
and compression). A potentially serious pitfall of this approach is that the
designer/analyst must work with several “different structures” to carry the
applied loads. The probability of making an error is increased and the use
of engineering judgement to qualitatively check numerical results becomes
difficult. Most importantly, interactions which are ignored by the design
methodology may precipitate a loading path and progressive failure which is
the limiting condition of structural strength.

Advanced reactors have a design life of sixty (60) years - 50% longer than
current operating plants. Based on the recent NRC study (Reference 10.12)
on aging degradation of civil/structural features at several older operating
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
ubserved at operating plants were evaluated in the context of a 60 year design
life for Advanced Reactors. The results of this study should be considered
in the development of design, construction, inspection, and maintenance
specifications.

A structural verification program should be performed to substantiate the
design/analysis methods for consuuction of safety-related concrete-filied steel
modules. This proeram should also demonstrate that these methods maintain
sufficient margins of safety when compared to design/analysis standards for other
structural components such as reinforced concrete or structural steei. To achieve
these objectives, the following elements should be included in the structural
verification pro/ram:

Predictive Analyses
Comparison to Test Data



. Application of Analytical Methods 1o Final Design

6.2.3.1 PREDICTIVE ANALYSES

Some of the steel and concreie modules being proposed for advanced reactors
are quite unique in their design and application. To understand the compiex
behavior of the concrete-filled steel module, analytical studies should be
performed und verified by test data. These studies should first be performed
on small subunits or panel sections to understand the local behavior, to
wentify important parameters, and o 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 te be a concern
with modular construction.

Using a general purpose structural analysis computer program, a finite
element model of a single subunit or pane! section should be developed. To
understand the behavior, a simplified representation of the stee! 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 behavic:, In this manner the response due to each modeling
refinement can be evaluated as it is introduced. Some of the envisioned
modeling steps/evaluations are layered shell versus solid elements, vertical
displacement 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
properties of the modules. It is desirable to determine the stiffness values for
shear (in-plane and out-of-plane), bending (about both in plane axes)
compression, tension, and interaction of two or more component loadings.
These analyses should be performed for incrementally 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
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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.

Stress analyses should also be performed to determine the stress distribution
throughout the moduies at different load levels. Loads consisting of shear,
bending, compression, and interaction of two or more loads should be
applied. The results should be compared to actual stresses obtained from test
data. The effects of parameter variation should also be performed to
determine the sensitivity of the stress distribution to variation in properties.

In additicn 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
temperature change and thru-wall temperature gradient arising from nomal
operating and accident conditions.

DUCTILITY/SAFETY MARGIN

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
be required. These analyses will need to consider nonlinear effects such as
plastic deformatior,, buckling of the sieel material, concrete cracking effects
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
corresponding 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
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capacity are comparable to other conventional structural components used in
nuclear power plants.

6.2.3.2 COMPARISON TO TEST DATA

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
design concepts are typically incremental, rather than radical, departures
from accepted practice. Consequently, considerable guidance is available in
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 safsty margins.
Therefore, any structural design concept which falls outside the beundaries
of currently accepted codes and standards should require verification of the
design/analysis methodology by comparison to appiiczbie *est data.

If a sufficient body of applicable test data already exists in the open
lierature, 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 tost dat-.

In the absence of a sufficient body of existing test data, a project-specific test
program will probably be required to address areas of uncertainty about the
structural behavior. The scope of the test program will be defined by the
degree of uncertainty.

TEST PROGRAM ORJECTIVES

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.
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These objectives can be addressed through the use of reduced-scale models.
However, if it is feasible to build and test a full scale model of the basic
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.
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.

SELECTION OF TEST MODELS

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
moriels must be designed to ensure that the results of the analyses can be
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 proce:. > and filled with concrete (if
applicable) in accordance 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 abovz.

. 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 comer connection,
and a tee conzection between modular units. Connections to be in
accordance with applicable productior procedures and inspections.
(Note: The connection detail may be tested at full scale, if feasible.)

SCOPE OF TEST PROGRAM

The specific program scope will depend on the degree of uncertainty about
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the significant structural responses of the modular unit and the connections.
In some cases, only selective testing may be needed to fill the voids in an
existing 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 responsibility to identify
the requirements for testing, develop an appropriate test program scope,
conduct the test program, and verify the design/analysis methodology based
on test data.

TEST DATA REQUIREMENTS

The types of test data required to verify the design/analysis methodology
include the following:

Load 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. The
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
applicability for the initial stiffness. In general, it is desirable to
limit design allowable loads to the initial linear stiffness range of
response.

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 10 specimen failure (if feasible) should be
conducted using the anticipated worst-case loading combination.
The set of forces (moments, shear, and compression or tension)
shou'd be applied simultaneously in proportion 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.
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 loading to the linear combination of measured uni-loading
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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
to reflect this.

An alternative to the simultaneous application of forces, described
anove, may be utilized. The series of uni-load tests can be
performed at incrementaily increasing loads up to failure. This
approach, however, would require more specimens and the issue of
the interaction effects of two or more forces would still have to be
addressed.

Strain Measurements should be recorded at key locations,
throughout the loading tests described above. The strain
measurements, converted to stresses, can be compared to analytical
predictions, to verify the analytical model.

Strain measurements should also be recorded at locations of
structural discontinuity and locatiens of uncertainty about the actual
load path. Local inelastic deformations may occur at load levels
significantly below the "elastic* limit for module behavior; they are
potentially significant when the individual modular units are
assembled into larger structures.

Test models of connection details should have sufficient strain
measurements recorded to ensure a comprehensive understanding of
the connection behavior for the various types of loads transmitted
through it.

Progression of Concrete Cracking (where applicable) should be
monitored during the loading tests. It is important to track the
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
stiffress degradation.  Confinement of the concrete may
significantly modify its behavior. Recording of this data will
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
techniques will probably be required.



6.3

6.2.3.3 APPLICATION OF ANALYXTICAL METHODS 10 FINAL DESIGN

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
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
mathematical model, it may be necessary to define an equivalent shell
element stiffness. This may be done using layering, orthotopic properties,
or other methods o simulate the extensional, shear, and bending stiffness
properties derived from analysis and test data of the subunits, as discussed
in the previous Sections.

The model should properly reflect the boundary conditions, mass
distribution, openings, and dynamic effects of any water. The loadings
applied to the model should include all applicable loads described in Section
5.0 of this document. The 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.

STRUCTURAL STEEL MODULES

Steel plate modules may include sections of free standing steel containments; containment
liners for concrete containments; and liners for refueling pool, fuel transfer sanal, 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,
and Beaver Valley stations.

In view of the successful use of stee! plate modules in the past, current NRC guidance and
industry codes and standards are sufficient to define acceptable design and analysis
requirements. However, special consideration needs to be given to several items that are
unique to modular construction. The additional loads resulting from the
construction/preassembly of larger modules need to be addressed. Currently, larger
capacity lift cranes are available which may impose significant concentrated loads. These
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6.4

iads 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
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 t0 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 analys’s and design ¢ the
assembied structure.

Steel frame modu.es may be used for building steel framework such as building
superstructures (roof trusses, siding. etc.), structural stee! plaiforms, wall partitions, and
floors (steel framing, 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 staridards are adequate
to define design and analysis requirerents. The AISC Specification, supplemented by
NRC technical positions, provide acceptable requircments for the design of steel frame
modules in nuclear power plants. Additional conciderations described for steel plate
modules also apply to st=el frame modules.

PRECAST CONCRETE MODULES

Due to weight considerations during transportation and handling, and diffculty in
designing connections of load carrying precast concrete elements, they have not been
widely used for safety related structures at nuclear power piants. Precast concrete elements
have been used in limited cases such as superstructure curtain walls, inanhoies, vaults,
electrical duct banks and precast architectural panels and walls.

Current NRC requirements and industry codes and stindards de‘ine ncceptable design and
analysis requirements which would apply to precast concrete elements. ACT 249 provides
requirements for design of precast concrete members which it defines as concrete elements
cast elsewhere than their final position in the structuce. Provisions are presenied in the
Code to address special conditions import.at to the design of precast concrete imembers.
These include consideration of all loading, and restraint wonditions from initial fabrication
to completion of the structure, requ rements for design of connections, detailing
requirements, and provisions for preczst wall panels. Additional requirements are ilso
specified for idenufying and maraing the members and for transporting, siosing, wid
erecting the precast members.

In view of the limited use of precast concreie modules for safety related structures at
nuclear power plants, the analysis and desiga provedures should be carefully reviewed,
particularly in the critical avea of connecions. The effects of all intesonnercting details
must be considered in the analysis and desige 0 assure proper rer‘cimance of the

25



6.5

structural system. The connection details must be designed to provide for manufacturing
and erection tolerances and temporary erection stresses.

These prefabricated rebar units or modules do not represent a final structural unit.
Coasequentiy, they are not subjact to the loads associated with the design basis of the plant
until after the pour and curing of the conciete. However, the prefabrication of many rebars
into mats, cages, or subassemblies does introduce concerns dealing with the handling and
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
required to inaintain the . ar spacing, to stiffen the rebar modules to prevent "racking”
during handling, and for alignment to adjacent rebar modules.

Special attertion needs to be given to the splicing of adjoining rebar modules since
staggering of the splices may be impractical. Special procedures will alsn be necessary to
ensure that the final placement of the reinforcement matches, within acceptable tolerances,
the design requirements.

Current NRC guidance and industry codes and standards define acceptable design and
analysis requirernents which would apply to steel reinforcement modules. The ACI code
or the ASME code provides requirements for the design of steel reinforcements which
couid apply to modules constructed from prefabricated rebar.



STRUCTURAL ACCEPTANCE CRITERIA

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 moa ilar construction are those related to off-site fabrication, handling, shipping, storage and
site erection. These were previously discussed in Section §.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 « site, and final
erection of the structure using modular units. The cumulative effects of all three operations must
not exceed the allowable dimersional 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 1s expected to be
fit-up of the individual modular units to form the complete _tructure.

Existing codes and standards typically specify the maximum allowable tolerance on key
dimensions. However, 10 accommodate final on-site assembly of the modular units, more
EENeTous toierances may be needed. Exceptions to code allowable tolerances should be carefully
reviewed 10 ensure that the calculational methodology used is applicable to larger deviations from

nominal geometry. The applicant should provide the necessary technical justification in sufficient
detail t facilitate an independent review.

The structural materials used in modular construction must meet or exceed the minimum specified
properties, per the apnlicable codes. It must b2 demonstrated that construction related activities
(from off-site fabrication to final on-site erect’ un) do not degrade the material structural properties
below what was assumed in the design analysis.

For steel modules and st2el components of composite modules, applied static loads due to lifting,
handling, tie down anc¢ 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
cor ton-related operation

F 4ast concrete moduies ana composité steel/concrete modules fabricated off-si te, concrete
stresses should be maintained below applicable code design allowables for all construction-related
oOperations. Possible vibration and impact loads should be minimized by procedural control.
Cracking of concrete as a result of construc uon-related activities is not acceptable, unless such




cracking has been adequately considered in the design analysis. All potential causes of concretz
material deteriorauon must be eliminated.

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, vhich
are traditionally used for design calculations. The behavior of the structure beyond the Iimit of
linear response must be investigated, to determine the ultimate load capacity and =ffective
"ductility”. Design margins 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  SIEEL/CONCRETE COMPOSITE FLOOKS, BEAMS AND COLUMNS

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,

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 stee) siresses and deformations can be limited to AISC allowables and
concrete stresses znd 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




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 ensure 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-relited loads, and unique module designs are also applicabie

STRUCTURAL STEEL MODULES

The structura! 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 crit. 1a for
construction-reiated loads are also app.. cable.

The structural w... Ztance criteria for design/operating loads should be in accordance with
the applicable ACI reguirements for the equivalent poured-in-place concrete structure, as
specified in SRP Section 3.8. The structural acceptance criteria for connections between
precast concrete modules should ensure that the structural performance is equivalent to or
better than poured-in-place construction. The general discussions ‘n Section 7.0
concerning tolerances, material, and acceptance criteria for construction-related loads are
also applicable.

The structural acceptance criteria for design/operating loads should be in accordance with
the applicabl: ASME or ACI requirements for rebar in reinforced concrete “tructures, as
specified in SRP Section 3.8. The general discussions in Section 7.0 conceriang
tolerances, material, and acceptance criteria for construction-related loads are also
applicable




MATERIALS

T e current guidance presented in the SRP is directly applicable to modular coastruction.
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 o the potential for in-service material degradation.
This is particularly important for a sixty-year operating life. Potential material degradation
should be addressed in one of two ways: in-service inspection ana remediation Qr initial
design to preciade the degradation. Susceptible areas which will be inaccessible after
completion of construction should be addressed as part of the design process; i.e.,
i 'minate the potential for in-service degradation.

F . 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 vnique aspect of modular construction, from a materials perspective, is the potential
effect of the construction process - from offsite fabrication to final site placement and
joining - on the material properties. It is imperative that the nominal design values for
important structural propertiec be maintained in the as-built condition. All potential causes
for material degradatior. during the construction process must be appropriately addressed
and dispositionec by the applicant in sufficient detail to facilitate an independent review.

QL!II-D(‘ ,] u

The SRP invokes the Quality Control requirements of ASME Section J11 for containments,
ACI 349 for concrete structures and AISC Specification for sieel structures. There is
direct applicability of these requirements for all of the types of modular construction
considered herzin. except for concrete-filled st~¢l modules. The applicant should
specifically define the quality control 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 shouid be incorporated. The goal is to ensure
tat 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 qQuality and strength of the in-situ concrete,
compared to the results of the standard 28 day cylinder tests, should be addressed.
Existing test dat. 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 meastres 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
tolerances.

Modular construction techniques which are new or unique should 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 construction techniques should cover the
entire process from fabrication of the modules through transportation, storage, handling,
inspection/testing, and erection. The information provided should denionstrate 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.




CONTAINMENT

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 Il 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 applicable 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, aud the extent to which the structural acceptance criteria provide safety
margins comparable to ASME Code Section I11.

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 inservi e

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 critena.

For structures 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 o
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 <pecial case, the applicant should
specify a testing and inservice inspection program consistent with the requirements for
containments. This 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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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.

ORGANIZATION (17.1.1)

Modular Construction makes it possible to simultaneously utilize many
contractors/sub-contractors/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. Contiol 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 project. 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.

QUALITY ASSURANCE 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 app'icable 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 tc subcontractors).

DESIGN CONTROL (17.1.3)
Modular construction can simplify design control, if the detailed design, design

verification, and constructability review are completed before fabrication assembly
and placement of the modules. Lack of design control can be disastrous for modular




censtruction, since success lies 'n minimizing the on-site construction effort by
essenitially elimanating the need for field changes. Adeqi«te provision for field fit-up
tolerances between sub-modules and between modules and other structires is
necessary 1o preclude field changes to the cesign.

Coordination of the design process and design interfaces is absoluts’y essential for
modular construction. A single data base for design da - should be crezted, for use
by all participating «2sign organizations. Responsibility for and control of the
database should be vie:rly defined.

PROCUREMENT DOCUMENT CONTROL (17.1.4)

Utilizat:»n of mocular construction has been promoted for advanced reactors in order
to shorten the construction schedule. Ofi-site fabrication of the different mocules
can proceed simultaneously with site preparation work. Corpared to previous
construction practices, it is likely that there will be more contractors, sub-contractors
and suppliers working simultaneously to fabricite modules. It is also likely that
soiue project participants will be foreign companies.

Given this likely scenario, the critical importance of procurement document control
should be evident. Such issves as uriformity of quality standards, use of
intemmationally recognized specifications (if applicable), consistent interpretation of

requirements, inspaction and audit, and non-conformance veporting/disposition
shonid be addressed. A compredensive plan of action and the hnplementing
organiization should be clearly delineated.

INSTRUCTIGNS, PROCEDVRES, AND DRAWINGS (17.1.5!

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 ciearly
defined.

The establishment of 2 document control sysiem 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 dorumenis. 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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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 of inexperienced suppliers, especially foreign supplie.>, makes it
imperative that the supplier evaluation and surveillance process be formally
documented and that organizational authority and responsibility be clearly defined.

ICENTIFICATION AND CONTROL QF MATFRIALS, PARTS, AND COMPONENTS (17.1.8)

The applicant should develop a unified identification system for modules, which
module fabricators would be required to use. A data base containing completion
status, physical location, and other nertinent information for each module should be
developed and maintained on-line

CONTROL OF SPECIAL PROCESSES (17.1.9)

For the case of concrete-filled steel moduies, the procecure for the in-place concrete
pour should be identified as a special process and addressed in accordznce with the
SRP Chapter 17 accepiance criteria.

Fit-up and joining procedures for on-site asseribly of modular units should be
classified as special processes,

It may also be appropriate to include unique or innovative methods used in off-site
fabrication of modules as special processes. Al affected sub-contractors must adhere
to the same procedures and requirerents.

INSPECTION (17,1.10)

Comprehensive process monituring 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-contractors. No module should leav. the fabricator's
recility without documented evidence that it has been manufactured . inspected in
ccordance with the governing requirements. Modules should be inspected upon
receipt at the construction site, o verify fitness for use and/or to identify any
deficiencies in advance of scheduled need. On-site correction and re-inspection of
any deficiencics should be accomplished before placement of the module in the final
assernbled struciure.




Fabrication of a full scale rwockup 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 ir order to meet both the quality and schedule objectives.

TesT CONTROL (17.1.11)

Modules of unconventional design may require structural testing to establish stiffness
and strength characteristics (¢.g., concrete-filled steel modules). The minimum
quality assurance reguirements for an acceptable test prograin should be in
accordance with Regulatory Guide 1.70 and the Acceptance Criteria of the SRP.

CONTROL OF MEASURING AND TEST EQUIPMENT (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.

HANDLING, STORAGE, AND SHIPPING (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 apphicable to modular construction.

The fundamental chjective for structural modules is to ensure that the structural
design basis 1s maintained throughout all handling, storage, and shipping operations,
including final on-site piacement 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 handling
operations

excessive vibration and impact loads during shipping

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 structural
materials




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.

Modular construction techniques should minimize the number of nonconforming
conditions v-hich arise on-site. Modules fabricated off-site, in a more ¢/ ntrolled
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 established
system,

A unified corrective action program should be implemented by all project
participants who are subject to nuclear qQuality assurance requirements. Each afiected
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.,

QUALITY ASSURANCE RECORDS (17,1.17)

A master QA Records Management System should be developed, to inciude al’
required QA records generated off-site and on-site. The physical location of cach
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 retention 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.

AupIrs (17.1.18)

A comprehensive audit pian, tied to design/construction milestones, should be
developed for the entire project. The responsibility for audits at each level of the

AS




design/construction hierarchy chould be clearly identified. To the extent practical,
a uniform set of procedures and criteria should be used for all audits.

Early verification of adnerence to quality assurance requirements is absolutely
essential for the successful application of modular construction.
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