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The CANDU 3 i s  the l a t e s t  generation and the smallestversion (450 MWe)Of the
high performance l i n e  of CANDU Pressurized Heavy W a t e r  RReactor (PHWR systems 
developed i n  CANADA. To meet project objectives of reduced construction
schedul and cost, par t icu lar a t t e n t i o ntowardsconstructibi has b- made
i n  the CANDU3 design. Modular construction techniques, developed by the 
shipbuilding and off-ahore oil platform construction industries are  u t i l i z e d
so  that a construction schedule of just over three years can be achieved. A 
typ ica l  reactor building in t e rna l  module c o n s i s t s  of a structural steel frame
containing one o r  more systems and floor levels t ha t  can weigh up t o  
500  tonnes. The CANDU 3 modules are  easy t o  build and can be manufacturedby
various C a n a d i a nand internat ional  shops, Eachmodule is completed and 

by
inspected before i n s t a l l a t i o n  a t  the site. The modules are ins ta l led  by use
of a very h e a v yl i f t  (VHL) construction cranethrough the open reactor top. 
Once in place, the modules are fastened t o  t h e  adjacent concrete internal
structure and base slab ( i f  necessary) at preselected points. 

The seismic d e s i g n  o fof t h e  steel modules is based on an envelope encompassing
ground accelerations up t o  . 3 g t o  permit s i t i n g  a t  most potent ia l  sites 
without re-design. Conceptual analysis r e su l t s  of the steel modules indicated 
large seismic response. Tile ob ective of this study is to focus i n  an a 
typ ica l  CANDU 3 steel module ( R 40 ) and develop a process t o  optimize the 
design and reduce the seismic response of t h e  module t o  an acceptable leve l .  
T h e  process developed was then repeated f o r  the design of Steel  ModulesR M 1 0
and RM21t o  obtain acceptable seismic designs. 

The @U 3 (450 me) it the l a t e s t  and the smallest version of t h e  high 
performance Ua* of CAKDU P r o s u r i t e d  Heavy Water Reactor (PHMRl systems 
developed i n  Canada. Figures 1, 2 and 3 show the configuration of OUSlU 3 
nuclear power plant .  k t  present, tke d e t a i l  design of the  CWOS 3 is 708 
cempierze. 

Signif icant  advances have been tude in the  development Of new concepts t o r  the 
design, analysis and construction of next generation CWQU nuclear s t a t ions  
f o r  bath t h e  CAMDU 3 Reactor and l a m  sites. These advances have led t o  
construction methods vhieh r e su l t  i n a  reduced schedule and construction cos t  
and improved qua l i ty  of construction. The inethodolnuies used consider the 
site &at ionand a&eaa a s  w a l l  as  the a ~ a i l a h i l i t ~ a r  lack thereof, of tire 
neceaaary s k i l l s  mid in f raa t ruc tu te  st the site location. 

K a h  CAKDU 3 objectives of reduced construction schedule. cos t  and d s k  are 
achieved by p y i n g  part iculaz at tent ion towird* construct.ibilicy. nodular 
construction techniques a re  u t i l i i e d  so tha t  a construction achdu l s  of juat 
over three years can be achieved. 

- 

A t y p b a l  reactor  building in te rna l  nodule cenaista of a st ructural  st& 
frame containing one O r  more syatams and f loo r  levels that can weigh up to 
SO0 tonnea. E t r ly  seismic uaalysis eeaults conduetaed during the conceptual 
design phase have indicated hLgh selxnic response lavels of the  steel modules. 



The Ã̂ i of t h i s  study w a s  to develop a proceas tha t  wcre-Ld optimise the 
design/analysis cycle and obtain steel modules that s a t i s f y  the sfisstic design 
c r i t e r i a  set for the  OWDU 3. 

2.0 CAMBU 3 MODULARIZATION 

The  ava i l ab i l i t y  of mobile very heavy lift WHL) cranes has matte the  reactor  
building open top more economical method Of construction. VBL equipment 
r e l i a b i l i t y  has been demonstrated by a number of successful n u e l u r  
conatmctlun applications In the paat 10 years and allotfa use. aÂ scale 
modularization of the n ~ c l e ~ r  powr plan-. 

UtU-itiqg open top c o n ~ t r u c t i o n  method for the reactor bu.Lld.Lag, extensive 
mottalarizattnn of  the system and stcuctatres hÃ̂ been hcorpoz8te& i n  t h e  
&sign and o o n a t r u ~ 6 n  of C4XDU 3 .  ~ ~ r i z a ~ o n  of censtxuetion &a a 
requirement which has ta be considered a t  the conceptual phase of layout 
development. The new generation of CANDU s ta t ions  have their concrete, steel, 
and system layout developed awh  a to make effeaUve use of modularization. 

In terns of the integrat ion and size of the modules, 3 categories of modules 
qe. u t i l i z e d  i n  'the construction plan of CAttOU 3. These ace a) skid fdou~ted 
ecpifsSv&Stt asseBiblieax btcombined qdPrbarit and support steal structure; and c> 
combined equipment, support Stee l  structure and concrete f a l l s  and floors. 
The larger modules arc defined a s  a structural component which can be either a 
build- o r  a ert of a b u ~ ~  and is, to the  maximum went possible, 
coinpl&te with a l l  of the  aySt.em ufaich fanu p a r t  of the volume. 

2 1 + Module 'Size 

the  reactor building in te rna ls  can be mpdulariied in d i f f e ren t  size; and 
complexity. 

The basic l eve l  of aoOalari.xafciaa la the skid Bonnting of adjacent equipment 
en t h e  8- level aad i na t a i l i ng  them as  a uni t .  In this case, t h e  
construction plan must provide appropriate interface between t h e  Civi l  and 
equipment works capable of providing a c w  f o r  the in s t a l l a t ion  of skid 
mounted modules. This does not permit t h e  module boundaries t o  cross  walls or 
f loo r s  and lIttit/s the exten t  of co i~s t ruc tab i l i ty  improvement. Using skid 
mounted equipment nodules Ie*dll to noderat- gain* i n  xchedule. 

In the second level of moduli~riaatian,, t h e  equipment and the aupportmg 
s t ruc tura l  ateel axe combined i n  a nodule. T h i s  permits the nodule boundary 
te include roof than one floor in elevation and a large area in plan. The 
modules axe then i n s t a l l e d  inside the reactor bullding and fastened to the in 
s i t u  in t e rna l  concrete s t ructure  if n&etted. This method is ideal for areas 
where coneret* walla and floors a m  tiot rÃ‡qui~* fox shielding 
use of steel support s t ruc tures  fo r  equipment requires a more 
evaluation of the  Seismic response of the niottale when in interact ion with the 
rest of t h e  reactor building i n t e r n i l  stxnBture. T h i s  level of tnoduJArliatJ.on 
-1tp .in s1.gnificant gains i n  th* conatmetion schedule aiace large poEtJ.ans 
at the  plant  can be assembled together ana in parallel with the  construction 
of i n t e rna l  concrete. structures. It sufÂ£era however, from the need to use 
valuable space for the s t ruc tura l  -steel Â¥upport which a* not requited when 
thÃ module is fastened t o  the rest of the internal atrneture .  Elimination of 
t h i s  deficiency leads t o  the  tfaild level of modularization. 

The third leve l  of intxiularization is -lied t o  Â¥rea -Here, fox spice economy 
and effvctih system integ-ratidh in the module shop, the module boundary 
includes aonccof tills and flooes fo r  shi&lding ox structural purposes. So 
maintain a reasonable crane capacity and largest p o s s i b b  nodule, the  concrete 



cannot be placed i n  such W u l e s  p r io r  t o  t h e i r  ins ta l la t ion .  Th i s  e l h i n a t e :  
tha a m l i e a t i o n  af norm1 d n f o r c e d  concmte deaign EOE such avXhhB. TO 
provide t h e  saine leve l  of ahieliiing and s t ruc tura l  strength, concrete f i l l e d  
c e l l u l a r  s t e e l  components k n m  a s  Concrete S tee l  Cotnpoai.te (W ace used i n  
these modules. The ce l lu l a r  steel p la te  walls a r e  prefabricated i n  equipment 
modoXsa .in t h e  fabrication shop and axe f i l l e d  with concrete a f t e r  
i n s t a l l a t i o n  a t  the site. The module equi$ment i a  supported by the  c e l l u l a r  
s t e e l  Walls and f loors  dnd~lgi fabrication and ins taHat ion .  T h e  operat-Low1 
requirenents including shielding and earthquake e i a t a n c s  are met by the  
combined act-ion of s t e e l  ce l lu l a r  s t ructures  and the concrete inaide them. 
This method a l l o t s  very large modules containing a n t i r e  aptenis t o  he 
fabricated tilt t e s t ed  in the factory. The modules can then be l i f t e d  o r  
ekidded i n to  position. 

f igure  4 shows the out l ine  of C&HDU 3 tnodules M H O  and BM20. For t h e  purposs 
o f c l a r i t y  not a l l  equipment is shown i n  these figures.  

The CUmStJ 3 modules are  compact and can be eas i ly  manufactured various 
Canadian and internat ional  shops. Each module Is ccsnpleted and 71% apected 
before in s t a l l a t ion  a t  the  site. The modules a re  Instal led by ixae of a very 
heavy lift (VHIi) c n n a t i a c t i o ~  eraam through t h e  open reactor tap. Once' i n  
place, the  modules a re  fastened t o  the concrete internal  s t ruc ture  and base 
s lab  ( i f  necessary) a t  preselected points. 

Module R m O  shown i n  Fig-lire 4 i s  oir of t h e  la rges t  se l f - sup~or t ing  s t r u c t u r a l  
s t e e l  module and i s  approximately I& hi@, 29m long and te w i d e .  The module 
has one side mounted against a plain ve r t i ca l  concrete wall. On t w o  other 
aides the module is coonacted t o  the adjaeeat alOthiKs. at  the centre  of the 
loirest level ,  the  module contains the hollow steel sheU of puri.tic*tion 
f i l ter  shielding cells. These shel ls  w i l l  be f i l ~ e d  with concrate a f t e r  t h e  
in s t a l l a t ion  of the module- This nodule includes ECC walve station& WAC 
ducting, cable traya, piping, ICC panels, tanks, f i l t e r s ,  eze. 

3.0 CAMDU 3 DESIGN EARTHQUAKE GROOKD RESPONSE SPECTRA 

Seland.~ d e s i v  c r i t e r i a  have a significant effect, on the s t ruc tu ra l  design of 
the CANBU 3 nodules. The CANBU 3 NTP i a  designed with a capabi l i ty  t o  be 
sited on a wide rÃ§ng of s o i l / s i t e  conditions. Therefore tho approach used i n  
specifying the  seismic *sign basis is that of wing *n envelope fo r  a w i d e  
r- of po ten t ia l  site conditions. 

P e r  CSA-CM~X-~I~~B series of standard* [I-21 the  CANDU 3 seismic design 
requimpumts ace specif ied by two level of earthquakes : the Design Basis 
Earthquake (DM;} and the  Site Design Earthquake (SOE) . 
T h e  DBE i s  the more severe seismic level. It is defined bv ffie^n5 of ah - ~- -~ 

engineering representation of the potentially severe e f f&ts  of earthquakes 
a w l i c a b l e  t o  the s i t e  t ha t  have sufCicientlv lew mrotxbilitv <l0" '  t o  10-9 
eventsfyear. The DEE is defined by a ~ r o u n d ' ~ e s p o k e  spectra (GRSJ w i t h  the 
following ground motion parameters: 

a. Peak Horizontal Acceleration 0.3 g 

Peak Horizontal Velocity 365.B mm/sec 

Peak Horizontal Displacement 274.3 mm 



6 ~ 3  In the CAtlDU 3 dea+ are dewdope& in accordance with the mehods described la CSA-M289.3 111. 

For the ~~Efctcal ground motion pa-t-s. 2/3 of the Â¥hov values are used, 

The foundation s o i l  paranetera of the CAMDU 3 standard dealan cover sites 
ranging from cock to alluvium or  soft doila. 

) SEISMIC OPTIttIZAtZCM PROCESS 

The SUM optimization process haa t w o  distinct phases. I n  Phase I, an 
independent steel module w a s  extinined assumincr fixed boundary conditions where 
the module is connected to t h e  concrete I n t e n d  Structure <I /S) .  A modal 
analysis w a s  pcrfonned and fl&xih-lo sodas a n d  mechanik am* eliminated from 
:the nodule %a the ^ i x a E . p a s s .  The significant vibration. modes of the module 

& k e d n e d  and a r&ponae 8-tm ?n+S&?. ua* perZezw+d to &%ermine 
acceleration levels. The input spectra used w s  taken to be an ins curve for 
a concrete node generatedduring the earl ier  tioncrete r/S seismic analysis 
phase. This node vas positioned approximately at themean e leva t ion  of t h e  
Â¥stee modules. 

Protn the- PBa@ I analysis it w a s  WtÃˆrroinedtha the high accelerat-loris were 
dependent on both tke frequency of the tnoduls global stf* modes and local 
vertical vibration modes. Any modifications e d p  to increase the frequency of 
the sway modes and eliminate I c C d  vibration Â¥ode would have the beneficial 

crossbracing, l&+r section sizes and increased moduie. c.o&eqtions t o  the. 
concrete I/S. The effects of the local vertl.W modes xece seduced By ad&Lng 
more columns, wing laxgii* beam sections anaincreasing the Use of Â¥monlen 
connections. The :raocU.Â£&cation mde to module W 4 R  is sbowi in Figure 5. In 
gsneral, the seismic X t̂SpQftae iinprpTed aÃ the module stietoeaa ~imrq@ed. 

In Phase I1 of the seialaic optiJuization process, a much larger analysis model 
was employed. In this aodeI the steel modules wece iategxafced .&th tlÃ  ̂ 3B 
model of the concrete X/S. T h i s  wag designated the mIntegra&& &oi&%iw 
(Figure 6) end a saismic aMt a i a  at the c-ta was pezfeixied for 
Hard Rode:, Medium and Soft soil conditions. The Phase -1 has the 
Gapabi l i ty  t o  a0cmatel.y account Â£o the coirolex concretetmodule s t r u c t u r a l  
interaction, in contrast t o  the Phase I nKxtel w h e r e  this &Â£u is neglected. 
In add i t iw  e k  X/S t o s s l U  uhamter ia t i es  . w e  acca&uit& for ,  ddsh i s  
important due t o  t h e  asymmetric structural configuektion of the U S  about the 
&/ID plow. 

- Analysis ~e thods  and Software 

The response fpectxiia a-lysb oethod la. used in the tmxiule optimization 
process and the modaJ cWtributioa? Ih each (U-CTetidn uÃ coatoioed by the 
Complete. Quadratic Combination ICOCt rule. Complete cte ta i ia  eÂ thd-s analysis 
method sure t o e  i n  Rttf-ce 1 1 3 .  

MSHS [3,41 and STARCYWE [S]  computer programs iete used in Phases I and I1 
respec t ive ly .  the analytical models were obtained from the 30 CADDS database 
ut i l iz ing existing translator progritn. 



5.0 ANALYSIS MODELS 

The analysis  models used i n  t h e  Seismic Optimization process a r e  described 
below. A simpte Reactor Building module, W40, is used as an example t o  
demotistrate t he  p r a c o a .  

The o r ig ina l  Steel  raodl.Lle designs fo r  -40 is i l l u s t r a t ed  i n  Figures 5 .  W O  
is located above the  Fuelling Machine Maintenance Lock U S  M Floor on t h e  
D eide of the Reaator h4Li.h~ and c ,mtabs  FtH D*O vmlve 
s ta t ion,  Floors a t  elevation in and 122.5 an and BVÃ  ̂ q i p n t .  

For Phase I of t h e  optimization process, f ixed base conditions were as-swed 
w&re  ~ Q W W  calwnns and hapa are  te  be connected t o  the CQnCmte i n t @ o w l  
s t ruc ture .  ~umped masses were applied and s t a r t i ng  w i t h  the or iginal  steel 
ittodiule, an i t e r a t i v e  analysis  process w a s  performed i n  which a maponae 
spectrum anal sis was performed. The input ftas taken as  the FRS a t  elevation 
Xl?.3 m, whicfa is approximately the average elevation of 9M40 steel Xdochile. 
After each analysis  i t e ra t ion ,  designer i n p u t  was obtained and changes were 
aad6 t o  improve the  seismic response. These  changes included using additional 
cross bracing t o  atiftea t h e  s t ructure  t4  resist excasalve sway, increasing 
be* and column cross section s izes  t 6  eliminate local f lex ib le  vibration 
modes, addingrtere r e s t r a in t s  points from the  steel modules t o  the concrete: 
i n t e rna l  s t ruc ture  and increasing the use of f u l l  moment connections. 

Optimized module RM40 is shown i n  figure 5. A similar procedure was repeated 
fo r  modules &1 and W 0 .  The optimized modules "ere t h e n  used in the 
Integrated Model. 

The optimized steel modules were integrated w i t h  the = m e t e  3D modal of the 
concrete in t e rna l  s t ruc ture  and the s t ick  model containment s t r o c t u q .  This 
model has been designated the  "Integrated Model" and is shown I n  Figure 6 .  
The entire model w a s  placed on s 6 i l  springs uiiedto model the sof t ,  medlua and 
h w d  rock design basis s o i l  conditions. This model, ie capable of accoanting 
for  the conccvte It5 / steel module interaction. An iirpqrtant s t ruc tura l  
charac te r i s t ic  a t  this model i s  its capabi l i ty  t o  model the concrete i n t e rna l  
s t ruc ture  tors ional  natural frequency to a greater accuracy than the s t i ck  
-1 in te rna l  s t ruc ture  used i n  the  earlier conceptual analysis atage. 
It was observed t h a t  the equi f"~ot  placesiBnt on the  s t e e l  iimdulo via lumped 
tnassen can have a s igni f icant  impact on the  nodule dynamic response. 
Therefore to achieve realistic and accurate seismic analysis resul ts ,  a 
de ta i led  model of t h e  concrete/steel  structure as provided by the Integrated 
model is required. 

6 .a SEISMIC ANALYSZS W U L T S  

Attached in Tabifes 1 sad 2 a r e  sainpla acceleration level* i n  steel modules 
RÃ§10 RM21 and w40 (Figure 6 )  i n  addition to the concrete I/S ailei 
CoatahKent Structure  IC/Â£ based on CQC ttodai coobioatiea rule.  F igu te  7 
shows representative FRÂ curves generated a t  selected Mdule and eonerete 
nodas fox t h e  hard nack f o i l  case. 

The t e l lowing  observat-lona a r e  noted f rom the seismic a n d y s i s  resu l t s  of the 
steel modules: 



The fun ion as de of the system has a frequency of 3.7 H i  
and 7.5 Ite foe  the Soft  Soil and Hard Rock site conditions xeapectively, 
w h i c h  is the C/S rocking mode. 

ThÃ M*rd Rock FRS reaponst is generally -tar then t h e  toft S o i l  
response. 

It is noted that the CQC aiw&s?ation 19- prudieted g01 modules in 
the integrated modei v a v  cottpacah-le with the Phase I independent model 
i-eaults. 

Ibs seismic response for steel modules have been reduced signif icant ly  
from the early conceptua-1 resu l t s .  In some areas the reduct-1on is  as 
Mgb a s  601. 

The peak accelerations fox the roodales in the A/C and B/D directions are 
not the sarae due t o  the non-symmetric nature of the module t o  concrete 
connections. 

She peak steal nodule FRS a d e r a t i a m  are comparable nith t h e  concrete 
acceleration values predicted a t  the the top of the steam generator box. 

The steel module râ‚¬iapon is s e n s i t i v e  t o  the Xocxblen sf equipmat 
lumped masses on the steel floors. 

%@br Eeflctor constttteti-on Ãˆ<lyantage~ result i n  .gre^tec ~odu<a;ivity atÃ§ a 
reduced c o n a t J ~ c t i o n  schedule. ~ctiieving an acceptable aÃ§lsmi design t o r  the 
CANDU 3 mod1Ã̂1e requires an gterative opt in i ta t ion  process t-o be cakducted b 
which the module ~Dtaign&r and Ant-lyst work closely together to  improve the 
module seiÃ̂ mi pexfo-ce. The .main conclusions of thin atudy are: . It Wn determined chat high -Otiule a&- response occurs due t o  the 

steel module f lex ib i l i ty ,  w h i c h  may be local ox dqnxdcant -  lateral 
sway. 2Ã§~Ã§ssi nodule f t y  is dependant on lack of. cmn+ction 
points  'te. ttie eenccete w z ' t i - w t u - ,  i -uef ident  use of c- 
brtcing, use of inadequate stIMceural sections, and the lack of floor 
supporting columns and moment connections In the steal module. As. a 
result, the seianic response af a flexible et-1 Module can vary 
n i g n i f i c h t l y  from its adjoining concrete structure when the 
conere.te/staal ixiteriction affect* ace accounted far. 

In geaerti t he  steel module F loo r  Response Spectra (E-RSJ genecfted from 
the Integrated model, after p e r f d n g  the module optimiiation, are- 
within acqeptable levels. 



l f " ' ~ . .  . . \" 11 
: +- -',;:..l. 
' Ã ˆ J  i . Benefit?: of the integrated ataelfconerete model include greater accuracy 

In the baae s l ab  overturning forces and inclusion of the i n t a w  
i5anczete &ructurd tors ional  W e  eBecta ott the s t e e l  Miiule ehcuic 
response. 

Increased connection of the modules to the concrete reduces t h e  seismic 
I z~aponse a t  the expense of higher thermal Xoida. Hwievvs:, t h e  thermal 

loads appear t o  be with allUwabl& U n i t e .  

Future analysis  s td -  and development work include: 

Further studies  t o  optiniie and confirm the  itedulefco~czete conneetion 
'with ths â m of reducing the th-l loads fithout compromising the , $eismic response. 
I 
Study the addition of miscellanaous stvel i n t o  the integrateU model. 

!The afcbmic response may be improved permittring Die ua-e of smaller ateel 
s e c t i o n s .  The the& loads would a l so  need t o  be investigated. 

"General Recruirinents for Seismic ~ u a l i f i c a t i a n  of CWW HuelÃ‘  Power 
Plants", cai~iU.an Standards Association, 178 Elexdale Blvd., Toronto 
Ontario, HÃˆ ln3, -3-N2M. 1-40. 

- D e s i ~  Procedures  f o r  Seismic Qualification of Candu Nuclear Power 
Plants*, Canadian Standards Aaauciation, 178 Rexdale Blvd., Toronto 
Ontario, HBW 1R3, CAÃˆI3-S28 -3-81. 

BESA1,VO, G.J. ,  and GORMAN, R.K., "ANSIS User's Manual", Swanson Anaiysia 
Systems Sac., Hay 1, 1964. 

KDtiHKZ, P.C., "+SYS Theor t i ca l  Manual", Swanson Analysi-s Systvms, 
Inc., 1087. 
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FIGURE 1 CANDU 3 STATION LAYOUT I 

HGUflE 3 CANDU 3 REACTOR 
BUILDING SECTION 



FIGURE 4 CANDU 3 REACTOR BUILDING MODULES RM10 & RM20 



OMGNAL RM40 STCEL MODULE 

OPTIMIZED R h W  





RM10 EL. 122.5, NODE 223, BID (XI) ~IRBcTIoN 

lo, 
CONCRETE VS EL. 123.5 m. NODE 883. A/C DIRECTION 






