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PREDICTION OF FAILURE MODES FOR CONCRETE NUCLEAR-CONTAINMENT BUILDINGS

by

T. A. Butler
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

AESTRACT

The failure modes and associated failure pressures for two
common generic types of PWR containments are predicted. One
building type is a lightly reinforced, posttensioned structure
rcpresentec by the Zion nuclear reactor containment. The other
is the nornally reinforced Indian Point containment. Two-
dimensione) models of the buildings developed using the finite
element method are used to predict the failure modes and failure
pressures. Predicted failure modes for both containments in-
velve loss of structurel integrity at the intersection of the
cyliarical sigewall with the base slab.

e TRTELLOTTION

During a postuleted severe accident in a pressurized water reactor (PhwF)
less of both natural corvection cocling and the emergency cocling syster could
Toat tc reaxster cove deyeut, heat vp, and eventual meltdown. This will sute-
seanuertly lego te aermration of steam and noncondensible gases that could cor-
Cedval by veine tre arternal pressure of the PR containment building enouql. tc
cause it te feils booriar e containment building 1s the last line of de-
fenwe e grctecting the ot dic fro a release of fission products, the ulti-
Eate pretoe Capic ity of the building biecomes an important input to analycis
af the conscguences of core-melt accidents. In this report we address the
Guestior of uitiaate coniainment copability under quasistalic overpressuriza-
tion for i Indvan Podnt and Zier nucloar reactors.

Provaice wtadree porforema by Sandia Ketional Laboratories (SNL) on Tnan e

Voint:]’ At bos Alames hetiana’ Labaratory on 710“(?] conc luded that the
failure mode- f0r both tildings was excessive hoop strain in the cylindrical
Cidewnll,  Toceprndent anadyscy porformed by the utilities were in good agree-
peent o with cooa Tanione deawss by SKE and Los Alamas.  Because of the time trane

invalved, Yhese naial studies Teft out considerable detail and used several



assumptions that weren't necessarily correct. Both of these studies used de-
1 ign material properties. In the current work we developed more detailed
models of both buildings and used as-built material properties for the criti-
cal ctructural components.

The ~pecific buildings modeled were the Zion Unit No. 2 containment and
the Indian Point Unit ho. 3 containment. Applied loads from internal pres-
sure, weight of structure and equipment, and, for the Zion building, pcst-
tensioning loads were included. The scope of this study does not include
response to loads induced from thermal gradients. A more detailed descripticn
of the response of these buildings to accident loads is presented in Ref. 3.

IT. CONTAINEENT BUILDING DESIGN

The Zion containment building is a lightly reinforced, posttensioned con-
crete structure with the basic dimensions and features shown in Fig. 1. Ver-
ticel posttensioning in the cylindrical sidewall is provided by 216 steel ten-
dons anchored at the base slab on the bottom and the transition ring on the
top. Posttensioning in the hoop direction is provided by 579 tendons that
each span 1209, Tiese are anchored in six vertical buttresses equally
spaced around the bnilding. The (ome is posttensioned by three ygroups of 63
tendons each, oriented at 120¢ witn respect to each other. Thrse tendons
anchor on the outside vertical face of the cylinder-dume transition ring. All
terdans are made of ninety-0.25 in.-(6 mm)-diam steel wires with a combined
ultirate capacity of ~ 240 000 psi (1660 MPa). Wnen the building is cen-
«tructed, the tenauns are stressed Lo 80% of their ultimate capability.
Lecause af creep of the compressed concrete, the tendon stress gradually dreps
tr GO-04% of the ultimate cavability where it stays during the remnaining life
of the structure.

Figure ¢ shows details of tne tendon ancharages at the inrtersectior of the
cylindrical sidewall with the hase slab. This ficure also shows the steel
reinforcemen pattern at the intersection for counteracting the high shear and
moment that is experienced.  The intersection of the cylindrical sidewall with
the dome tranvition ring also experiences discontinuity loads and, therefore,
hay a sioilar design,

AO2Y dn,-(6,0 me)-thick steel plate made of ASTM A44D Grade 60 rarbon
steel liney the entire inner face of the containment. This leak-tight mem-
brance has a nominai elongation of 23X in 2 in., so the concrete to which 1t ig



anchored will have to crack conside ably and the associated steel reinforcement
will have to yield to allow the liner to stretch enough to fail.

The Indian  int containment building is a reinforced concrete right ver-
tical cylinder » “h a hemispherical dome and has the basic dimensions and fea-
tures shown in Fig. 3. The only locatinn in the structure where significant
shear and moment lc:ds develop during quasistatic pressurization is at the
intersection of the cylindrical sidewall with the basemat. Additional steel
reinforcement in this area consists of bent bars and stirrups for increasing
the shear capability.

The steel liner for the Indian Pcint building is constructec of ASTM £442
Grade €0 carbon steel. Its thickness is 0.25 in. (6.4 mm) on the containnent
floor and 0.50 in. (12.7 m) on the lower portion of the cylindrical <ide-
wall. On the upper pertion of the cylindrical sidewall and insicde hemischeri-
cal come it is 0.38 in. (9.5 mm) thick.

11T, STRUCTUKAL MODELING

Both the Zion and Indian Point containment buildings are basically arisyr-
netric structures so two-dimensional axisymmetric finite eleient models werc
used to determine their fatlure modes and associated failure pressures. The
RITKLA finite element cocc[a] was used tc ccvelop the two-dimensional models.
"'t ircludes a gond cancrete constitutive model and the Los Alamos version of
the ccde has a nonlincar, twn-dimensicnal shell finite element for simulating
thee contaimmert liners,  Thee two-dimensioral mesh gencrated for representing
o Drven centainment Luildine 14 shawn in Fig. 4. Mcesh density was choson to
give gnoa reselution of ctresses in high moment and shear areas and to plac
o ial peirts te which the liner is attached at the approximate actual line
anchor spacing.  The mesh for the Indian Point containment buildinag iy similar,

tnder the base slab we inclTuded nonlinear springs to simulate the re-
ttraining effrrct of the greund on downward metion.  These springs are very
staff dn compression and have no stiftness in tension,  This allaws the tuile-
ings' tate slabe to uplift with no boundmy restraint. We neglected the of e
nf soil on the outside of the lower portion uf the cylindrical sidewall for
both burldinus,  Comparisons with structural integraity tosts indicate that
thiv 14 a qoud approxisation (Sec. V).

The cancrete materinl model used is the tensile-cracking, comnrevsion-

trushing, strain-suftening model described in Refo b The tensile cracking



mechanism is implemented by examining the maximum prircipal stress at each
element integration point. If this stress exceeds the uniaxial cutoff torsile
stress, a failure plane (interpreted here as a "cracked" plane) has formed
normal to the maximum principal stress direction. The normal stiffness across
this plane is decreased to a user-specified factor times the original stiff-
ness. The shear stiffness at this integratior point is similarly reduced. We
used the 8-node isoparane¢tric axisymmetric element with a 3 by 3 array of in-
tegration points. A norral stiffness reduction factor of 0.000 1 and a shear
stiffnes. reduction factor of 0.5 was used.

Steel reinforcement for both buildings has a nominal yield strength of
€0 000 psi (414 MPa). ANl rcop reinforcement is represented with ring finite
elements. The appropriate area for each element was determined by integrating
along the meridional airecticn using the two-dimensional continuum element
shape functions. Meridgional reinforcement was represented with two-node truss
elements. The cross-sectional area was determined by the amount of reinforce-
nent at a certain racial/vertical location in a one radian segment of the
structure. This metkod cf representing the steel reinforcement assumes a per-
fect bond with the concrete at node points. However, between node points,
displacement compatitility betwcern the concrete and truss elemenis does not
#21st. Representative reinforcement placerent in the finite element grids is
shown in Fig. 4. e did nct directly include the effect of reinforcement ties
or stirrups in either model. However the effect of this additional reinforce-
rint was incirectly incluced by retairing a significant amount of shedr stiff-
nere after cracs s develop.

The tendons v the e buileing were also represented with ring anc truss
¢lorents and were qiven ar initial strain of 0.005 2. The arial stress in the
tondeds elecente after pocturncianing was precdicted to be frew about 140 O0C
ped (0.97 Gra) to 150 (06 pot (1.03 GPa), which is SR-63% of their ultinate
strongth and i consistent with desian accumptions used in the Zion structure.

The steed Yiner plates were moacled with a three-node axisymetric shell
element. Each e lezant had tour irtegration points along the meridional direc-
tion and one throwgh U thickness. For all three steel components, rein-
forcement , tengons, and liners, wee used a value for Young's modulus in the
cleastic region of 729 x Inﬂ pei (200 GPa). Yicld strengths were based on
av=lild material prapertics,  Tangent nodulii were set at 0.001% of Young's
nodulus.  This euaventially gives an elastic perfectly-plast ic representation
¢f all the steel camponents.



IV. COMPARISON WITH STRUCTURAL INTEGRITY TESTS

The two-dimensional analytical models of both containment buildings were
loaded with appropriate internal pressures to compare their predicted dis-
placements and concrete crack patterns with those measured during the Struc-
tural Integrity Tests (SIV:z). For both tests the buildings were slowly pres-
surized to 54 psig (0.37 MPa) internal pressure, which is 115% of the design
pressure. Pressurization was held constant at selected internal pressures to
enable mapping of crack patterns. Throughout the time of the tests invar wire
externsometers were used to measure relative displacement at several locations.
Resulis of the SITs are presented in detail in Ref. 6 for the Zion containment
building and in Ref. 7 for the Indian Point Containment building.

The Zion coateinment building finite element model was loaded first with
the dead weight of the building and internal structure and equipmert along
with the tendon preload. This load state represents the initial condition
configura’ ion of the building before the SIT. Next, an internal pressure cf
54 psig (0.37 I"Pa) was applied to the model. Load step increments were not
necessary because the model predicts essentially linear behavior up to this
pressure. Figure 6 shows the locaticns of extensometers used to measure radial
displacement of the sidewall and vertical displecement of the dome for the
Zicn containment building. Table I shcws predict=d and measured displacement:
for selected gauge locations. The model predictions are generally very close
to the nmeasured displacements. The largest predicted error is at the base of
tne cylindrical wal' where the displacement is quite small. The larger than
precictec disp lacement in this arca decs indicate a negligible effect fronm the
seil surrcunding the base of the tuilding.

A visual crash survey was perforied befure the SIT and at tne maxinunm test
Pressur€s Severil fame crachs vepresentative of those typircally present fron
the thernal and crying sheinbkage were observed before the test with no agdi-
tioral cracks being obscerved at an irternal pressure of 54 peig. The analyti-
c¢sl mogel predicts somn tencile (racks on the outer surface of the structure
at the dome transition ring after posttensioning with ne internal pressure.
whero the building is proessanrizen to e mexiun test pressure of Y4 psig (U.37
MPa), the orly additiaval crvacking that ccenrs je under the hasemat where it
cauld not b been ol verven durng the SIT. Basowat cracking is caused by

upl1ft and is nipinal ot tect prevoures,



Because considerable cracking of concrete occurs in the Indian Point con-
tainment building during the SIT, the finite element model developed to pre-
dict its response was loaded incrementally. For convenience in comparing
analytical results with test data, we loaded the structure in increments that
generated response predictions at 12 psig (0.08 MPa), 2! psig (0.14 MPa), 42
psig (0.29 MPa), ana 54 psig (0.37 MPa). Prior to applying the pressure loads
the dead weight of the building along with internal structures and equipment
was applied to generate the proper initial conditions. Table Il shows pre-
dicted ana measured displacements for selected gauge locations at 54 psig
(0.37 MPa) iniernal pressure. Because this building was loaded incrementally,
we have showrn a representative comparison of analytical predictions with meas-
ureg valucs as a furction of pressure during the SIT in Fig. 6 where displace-
ment of the done apex is shown.

TAELE 1
COmirARTSG OF PREDICTED AND MEASURED SIT RESULTS
FOx THE ZION CONTAINKENT BUILDING

Gauge Feasured Predicted Deviation
T kadial Ticplacement of Cylinder Wall  —

H1 ¢.07 ix. (18 mn) .03 in. ( 8 mm) +0.04 in. (10 mr)

H? C0 . (46 ) 0.15 ir.. (38 mm) +0.03 in, ( £ mm)

[0 G.14 an. (36 mr) .14 in. (36 mm) 0.00

H Cu14 dr, 056 ) 0.14 in, (36 mm) 0.00

bt R CLI A O I ER 0.05 in., (13 mm) (t.00

brotical isplacenent of Dome

[ G20 i, (S0 rm) .36 in. (91 mm) +0.02 in. ( & mm)
o Gohe ne (167 m) 0.3% in. (89 mm) +0.07 in. (1% rmn)
(3 Coe b dng (23 mae) (.20 in. (%1 mm) +0,01 in, ( 2~}

Note:  Putative aevigtion dnuicetos the raasured displacement is greater

thon th prodicted cespanse,



For this containment building the calculated displacements are all greater
than those measured during the SIT. The principal cause for the deviations in
the displacements is the way concrete cracking is handled in the analytical
model. For example, when a crack occurs perpendicular to the hoop direction
in the model, the stiffness contribution from the concrete in the hoop direc-
tion is reduced to 1% of its original value. This simulates a very close
spacing of cracks. Crack surveys taken during the SIT indicate crack spacing
on the order of 1-3 ft (0.30-0.917 m). This means that, even though cracked,
the concrete, because of crack c<pacing and bond to rebar, still contritutes
significantly to the overall stiffness. As strain in the rebar and concrete
cracking increase, more loss of bond will occur and the model predictions be-
core less conservative,

TRBLE 11

CUNF Rz IS0 OF PREDICTED AND MEASURED SIT RESULTS
FOF THE ThUIAKN POINT COLTAINMENT BUILDINGS

(IR Poasgred st ot Predict ion Invrataen
Foval D daemant of Cyhider bl
37 LeLbhort (17, . Coove e, (64,6 me)  0L3v9 an. (9. mm) G L e (2907 ney
‘:l 91 tt E.’".'}' Rl Catd e, (61 ne) u.729 . (185.0 mm) 0078 (19‘.1 .
¥ 111 1t (33,8 1 (07 e, (18464 ) 0.707 in, (179.¢ mn) N{ l.b(t we, (JE lll.'l-,l
v 120 fu (3o n L.Y7k e, (0du.b me) 0,699 1. (177,86 me) 0121 1, (306.7 mr;
. 191 1t [Se Con G.210 in, (180.3 m.) .
i V1M1 e e et oL (1700 re) 0706 . (17923 ae) <0031 0 (7.9 e
:l Iyl fo ¢t nmy Cobr s e, (11700 mee)  GGC3 dn. (1837 m) <Gl 1ad o, (4506 ne
Veetical Lugglaement of Dome
0 Tu) 0 (2 ! Coa%d e, (BALE M) .41 an, (106.4 M) 008N ., PV 6
. RCSSR K R A (LWEL e, (18 me) 0667 . (169.4 m) B SIS B T O (P O S
fole 0 Uhwe Doy dat lul andicates the mogtured grsplacement 18 greater than

Tie e ted pebpente,

V. (Ot it SYATIC RESEONST ARD FATLURE
The twe-cim raicnal ar 2lytical models of the containment tuildings werc
increnert 1y Jeoaued to detornine their respective failure prestures and fail-

ure modet . Lead increw nts were first chosen to provide a goc representation



of structural response as a function of internal pressure. As the structures
approached failure, the increments were necessarily decreased sigr ficantly to
obtain proper convergence.

Because the structures undergo step changes in stiffness when concrete
cracks open and close, the modified Newton-Raphson solution method with equi-
librium jteration that is normally used in the ADINA code could not be effec-
tively applied. Insteac, we held the pressure at one value for ten to twenty
loac steps reforming the stiffness metrix after each step. No equilibrium
iterations were used. Convergence wias determined by following the displace-
ment of “hree critical points; these were at the wnidheight of the cylindrica!
sidewall, at the apex of the dome, and 2t the outer corner of the basemat.
kWhen all three points converged on unique values the pressure was incrementec.
Tnis procedure is equivalent to a full Newton-Raphson method with iterations
but no equilibrium checks.

Figure 7 shows the loading history used in the analysis of the Zion buila-
ing. It should be remembered that several iterations are involved in each
load step shown. Concrete cracking remains essentially unchanged between the
rmaximam SIT pressure of 54 psig (0.37 MPa) and 85 psig (0.59 MPa). At an in-
ternal pressure of &5 psig (0.59 MPa) considerable cracking occurs on the in-
side of the cylincdrical wall at its intersection with the basemat and on the
inside of the transition ring. These cracks are from tensile stresses in the
mericioral directicr caused by the bending moments generated at these struc-
turel ciscortinuities. The complete midsection of the cylindrical sidewall
crecre perperdicalar te the hoop direction ot 35 psig (0.66 MPa). Additioral
creching at the lLase of the cylindrical wall from the large shear stresses
aley occurs at this pressure. Between 100 psig (0.69 MPa) and 105 psig (0.72
Fia) internal pressure the dome cracks perpendicular to the hoop directior:.

Displacements of the building ere successfully calculated for an internal
[ressure of 125 psig (0.86 MPa). The displaced shape of the structure is showrn
ir Fig. & where the displacenents have been amplified by a factor of 50 to
make the shape casier to visualize. Of particular importance are the base
slab uplift and the higih moment and shear at the base of the cylindrical wall.
At this intrrnal pressure the concrete has cracked considerably throughout the
structue. Howcver, the steel reinforcement and posttensioning tendons remair.
elastic except near the apex of the dome where this axisymmetric model does
not adequately represent the strength of the actudal building. Because of that



state of stress, structural faiiure was not expected for small increments in
internal pressure. However, an increment of only 0.5 psi (3540 Pa) results in
a stress state where displacements become very large and convergence cannot be
obtained. This indicates that the building has reached a structural instabil-
ity and increasing displacements can be expected even with decreasing internal
pressure.

The most highly-stressed portion of the structure at this point (125 psig
(0.86 MPa) internal pressure) is in the tase of the cylindrical wall. Here
the high moment and shear loads from the bending of the wall are amplified by
the doming of the base slab. At 85 psig (0.59 MPa) internal pressure the con-
crete begins cracking on the inside of the wall in this regicn. At the base
of the wall the cracks are caused by the combined action of the tensile bend-
ing and shear strestes. Even after cracking, the concrete maintains a con-
siderable amount of shear-carrying capability because the reinforcement has
not yielded. With the ADINA code we ailow the concrete to carry only 0.01% of
its original tensile capability and 50% of its original shear capability after
cracking occurs. As internal pressure increases and shear stresses build,
additional cracking occurs perpendicular to the initial cracks. This starts
at the inside of the wall and proceeds toward the outside. When this happens
the concrete shonld no longar have any shear-carrying capability. However,
because of code limitations, the analytical model still considers 50% of the
original shear stiffness to be present. To insure that this phenomena does
rct mesk a failure below 125 psig (0.86 MPa) we checked the structure by de-
termining that the steel in this area can absorb the shear carried in the con-
crete without yielding at 125 psig (0.86 MPa) internal pressure. Extrapclation
tc delermine where the steel would yield is not pos<ible because of the com-
plexity of the stress distribution.

If the instability at 125 psig (0.86 MPa) internal pressure is only a
numerical artifice and the building can actually take more pressure, we can
c¢stimate the pressure for other possible failure modes. In particular, the
failure mode predicted in previous studies[z] involving yielding of rebar
and tendons in the hoop direction in the cylindrical wall is estimated to cccur
at 136.4 psig (0.94 MPa) iuternal pressure. This is within 1 psig (6895 Pa)
of the capability of the wall based on limit analysis.

Figure 9 shows the displacements of two points on the structure as a func-
tion of pressure. Radial displacement a. the midheight of the cylindrical



cidewall is linear until the concrcte cracks perpendicular to the hoop
direction at 85 psig (0.59 MPa) internal pressure. It remains essentially
linear with increased slope after cracking is complete at 95 psig (0.66 MPa;
to the maximum pressure attained. Vertical displacement of the dome apey.
changes slope more gradually as general concrete cracking from meridional
stresses begins near the top of the building and graduzlly moves down, because
of gravity, to involve the complete sidewall.

Hoop strain in the steel liner at the midheight of the cylindrical side-
wall follows the same pattern as wall displacement and does not exceed 0.2%
before 125 psig (0.86 FPa) internal pressure. Meridional strain at the base
of the sidewall becomes quite large (C.6%) in a very localized area in the
conical section of the lirer that acts as & transition between the horizortal
floor and sloping section of the sidewal! (Fig. 2). The liner in the sidewall
inrediately above this area experiences a maximum strain of 0.15%. The initial
strain state of the liner is important in predicting its response. In the
model used for this study, initial compression of the liner from gravity and
posttensioning is accounted for. However, additional compressive strains
expected from creep eftects are not present.

Resporse of the Irdien Point containment building is much more straight-
forward than that of the Zion building because it is not posttensioned. The
lcading history used for analyzing the Indian Point building is similar to
that usec for the Zion builcing. As discussed in the preceeding section of
the report, the containment builcing experiences considerable concrete crack-
ing et SIT prescures. As the internal pressure incredses concrete cracking
becomes mure wicespreeo, especially at the intersection of the cylindrical
¢idevell and hasemat, wkich is the preaicted failure point. At 54 psig (0.37
IFa) internal precsure the base of the cylindrical wall i¢ cracked perpendicu-
lar to the meridional direction from combined tensile and shear forces. Ad-
ditional cracks perpendicular to these begin appearing at the base of the
sidewall on the inside surface at 70 psig (0.48 MPa). When this occurs, the
concrete begins losing its capability to carry shear (see earlier discussion
for the Zion building). At 118 psig (0.81 MPa) internal pressure the shear
failure in the concrete has progressed 75% of the way through the wall. In
addition, concrete on the outside of the wall has begun to crush from the high
compressive loads. Any additional pressure results in additional crushing and
failure to numerically converge



Figure 10 shows the stress in the shear reinforcement at the base of the
wall. As concrete cracking progresses through the wall and it is able to carry
less shear, the stress in this reinforcement increases more rapidly wrth pres-
sure. A partiaily cffsetting effect is that, as the concrete cracks and
crushes at this lccation, the norment at the intersection is reduced. Then the
shear carried at the tover end of the wall is decreased somewhat. The surm of
these two effects produces the curve shown in the figure. The sharp change in
slope at 110 psig (0.76 MPa) internal pressure occurs when the concrete begins
crushing in the outside cf the wall. At 118 psig (0.&1 MPe) internal pressure
the stress in the shear reinforcercrt nas reached 90% of its yield stress.
Linear extrapclation of this curve indicetes shear reinforcement yielding at
120 psig (0.83 KPe) interrnal pressure.

If the concre.e carries no shear anc the marimur shear force possitle ic
developed at this intersectior, sim:le handbock calculetiors show that the
shear reinforcement would yiclc at ~ 1i? psig (0.7/7 1°Pa) irternal pressure.

In reality, because the shear force a2t the joint decreases as the concrete
fails, the feilure pressure shculd be somevhat higher. Because of the highly
complex and nonlirear rneture of the structural behavicr &t this joint, we are
constrainec to rely on the precictiors of the anelytical model. It predicts
failure at 118 peig (C.E1 BPa) internal pressure fror excess concrete cracking
ard crushing ccurled viti, a 10ss ¢f shaar carrying capability at the base of
the cylindrical wall.

MNericional reinforcer.at at the vicige of the ¢y hedrical sidewall at 1t
intersection with the Law st v lae ot~ 100 peie (L7 Whe) dnternil pres-
sure. The Tmer ,ielee gt % psig (L.bt Mira) interne] pioessure.  However, 1t
strain inCrezses rurh roog rapidly of ter 105 psig wher the anner merigiongl
reinfarcencnt yields., At 11 puig ((.1 Mira) nternal prevsure the strain in
the liner in the hoop direction in the cylindrical wall s approximately 0.2:1%,

which indicates yield tut rot feilure,

VII. COKCLULTORS

Results of our quatistatic aalyvis of beth contamnent huildings are sur-
marized in Tabtte I. The apparent fadlure mode for the Jen containment b b
ing is loss of overall stroctural dntegeaty in the high Shear and moment
rocinng at the base ot the cylindrical sidewall.  This accurs at 125 psag



(0.86 MFa) internal pressure. The Indian Point containment building is pre-
dicted to fail at the baze cf its cylindrical sidewall at an internal pressure
of 118 psig (0.81 MPa). It is difficult to calculate error bounds for these
failure pressures because of the complex failure mode involving shear failure
of concrete. However, we can predict accurate upper bounds on faiiure pres-
sures because, for both buildings, these involve membrane failure of the
cylindrical sidewails in the hoop directicn. A simple limit analysis using
as-built meterial properties was used to cbtain the velues presentecg in Table
IT1.

TRELE T1I
SUMERY OF QUASISTATIC AKALYSES

First coriretle CracaifiCe v v v v 4 4 4 4 & s s o o o o o« . BB usig {0.5¢ MPa)
First reirforcerent yield. . . o . . . .« « « « « « +« . . None

Liver first excecds C.3% strain, . . . . . . o . .. .. . 117 psig (0.81 KFa)
Predictea failure precsure © o v v v v v v s o o o« o . . 125 psig (0.86 MPa)
Lover bound failure pressure o o v v v v v« w4 o o . . o 105 peig (0.72 MFa)
G Er et fallure PreSture o e e e s e s e e s . . 134 psig (6G.97 FTa)

}'\r-'“. _".(-'lr\T

Favet €orinn O Cramry 120 0 v 0w e e e e e e e e oo 30 psig (0.2) Miad
T O Tt T K O (U N S TR UM S 2R
O T B o L (8 3 1 101 <1 3 T A
e YT P T L I P1E psia (0.1 voa)
Ut Lt 1l it o o o 0 o 0 e e 0 e e e s N7 psra (ULT7 Mig)
Ppior tr S fanlerC retsure L e e e e e e e e e . W 133 psig (0.9 MEa)

The T 1 et 3hre e cmare et i Table T for the Zien tuilcang
W very cGncoyative et s g ly tasold on the pressure at which more than
ha't of the covvn e ot toe tane of the oylindrical srgewell is predicted to
Tese ate o n coryang capakilaty, A Tt analysis of the shear carrying



capability of the base of the cylindrical sidewall tor the Indian Point buile-
ing gives its lower bound failure pressure. This is also conservative because
we assume an uncracked sidewall in determining the shear force acting at this
point.
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FIGURES

Zion containment bu11d1ng Conversion factors: (m) = (3.048 x 10-1)(ft);
(mr.) = (2.%4 x 101)(in.).

Details of Zion cylinder-base slab intersection.

lnd1an Point containment bu11ding Conversion factors: (m) = (3.04% x
10-1)(ft): (ne) = (2.54 x 10-1)(in.).

Firite element mesh of Zion containment building.

Lieplacemert gaae locations for Zi1un structu.a1 integrity test.
Conversion factors: (r) = (3.048 x 10-1)(ft).

Vertical displacement of Indian Point dome apex during structural
1rt§Qr1ty test. Conversion factors: (Pa) = (6895)(p.ig): (m) = (2.54 »
10-€)(in.).

Static load step histcry for determining Zion failure pressure.
Cerversior. fectors: (Pa) = (€6£95)(psig).

Disgplaced shape of Zion containment building just prior to failure
(displacerents are arplified by a factor of 50). Conversion factors:
\Pa) = (6EYS)(psig).

Disglacemert cf Zicr containment building during pressizurgtion.
Conversicr factors: (ba) = (6£¢7)(psig); (m) = (2.5 x 10-4)(in.).

Stress in shear reinforcerent at base of Indian Point cylindrical
s1denall, )CGL\vrsioh factors: (Pa) = (6295)(psig); (GPa) = (€.89 «x
1=3) (hsi).
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