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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 faijlure modes and associated failure pressures for two
common generic types of PwWR containments are predicted. One
buildirg type is a lightly reinforced, posttensioned structure
represented by the Zion nuclear reactor containment. The other
is the ncrmally reinforced Indian Point containment. Two-
dimensional mcdels 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-
vilve loss of structurel integrity at the intersection of the
cylingrical sicewell with the base slab.

e TRTE LLOTTION

During a postuleted severe accident in a pressurized water reactor (PwR)
Tess of both natural corvection cooling and the emergency cooling syster could
Toae to rexster core drycut, heat up, and eventual meltdown, This will sub-
cequertly leao te aereration of steam and noncondensible gases that could con-
Cetval 1y rveiar the arternal pressure of the PWR containment building enoua! te
cause 3t te fails oo the containment building s the last line of de-
fenso e pretectg the 1.t 1ie fron a release of fission products, the ulti-
rate presture Capec ity of the builaing becomes an important input to analycis
of the conseGguences of core=melt accidents. In this report we address the
guestion of uitinate containment copability under quasistatic overpressuriza-
tion for the Indvan Poirt and Zier nuclear reactors,

Frovices ctodree porforma by Sandia Ketional Laboratories (SNL) on Inavan
Poiht:“‘.uxt o Alance fotwera Laboratory on 7ion(?J conc luded that the
failure mode for both buildings was excessive hoop strain in the cylindrical
Sidewall,  Traeprndent analyses porformed by the utilities were in good agree-
ment wilth cone lusione drawn by SKE and Los Alamos.  Because of the time trame

invotved, these ariiagl studies Teft out considerable detadl and used several



assumptions that weren't necessarily correct. Both of these studies used de-
. 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, post-
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.

I1. CONTAINMENT 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 cn the
top. Posttensioning in the hoop direction is provided by 579 tendons that
each span 120°, Trese are anchored in six vertical buttresses equally
spaced around the building. The c(ome is posttensioned by three yroups of €3
tendons each, oriented at 120¢ witn respect to each other. These tendons
anchor on the outside vertical face of the cylinder-dume transition ring., A1l
terdons are made of ninety-0.25 in.-(6 mm)-diam steel wires with a combined
ultimate capacity of ~ 240 000 psi (1660 MPa). Wnen the building is con-
«tructed, the tenaons are stressed Lo 80% of their ultimate capability.
Lecause of creep of the compressed concrete, the tendon stress gradually dreps
to (Oe6h% of the ultimate canability where 1t stays during the remaining life
of the structure,

Figure ¢ shows details of the tendon anchorages at the intersectior of the
cylindrical sidewall with the hase slab. This ficure also shows the steel
retnforcement pattern at the intersection for counteractiing the high shear and
moment that is experienced,  The intersection of the cylindrical sidewall with
the dome transition ring also experiences disrontinuity loads and, therefore,
has a similar design,

AO2Y in= (6,0 mm)-thick steel plate made of ASTH A442 Grade 60 rarbon
steel 1iney the entire inner face of the containment. This leak-tight mem-
brance has a nominal elongation of 23% in 2 in., so the concrete to which it ig



anchored will have to crack conside dably and the associated steel reinforcerent
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 Fiy. 3. The only locatinn in the structure where significant
shear and moment 1c: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 F&42
Grade €0 carbon steel. Its thickness is 0.25 in, (6.4 mm) on the containnent
floor and 0.50 in. (12.7 mz) on the lower portion of the cylindrical side-
wall. On the upper portion of the cylindrical sidewall and insicde hemistheri-
cal come it is 0.38 in. (9.5 mm) thick.

111, STRUCTUKAL MODELING

Both the Zion and Indian Point containment buildings are basically aricyr-
netric structures so two-dimensional axisymmetric finite eleinent models werc
used to determine their failure modes and associated failure pressures. The
AlIKhA finite element cocc[a] was used tc ccvelop the two-dimensional models,
It includes @ gond concrete constitutive model and the Los Alamos version of
the ccde has a nonlincar, twn-dimensicnal shell finite element for simulating
the containmert lincrs, The two-dimensioral mesh gencrated for representing
the Jven containnent buildine §s shown in Fig, 4, Mesh density was chosen
Give good reuolution of <tresses in high moment and shear areas and to plac
t.ota) poirts to which the linegr is attached at the approximate actual line
anchor spacing. The mcsh for the Indian Point containment building s similar,

Under the base slab we in¢luded nonlinear springs to simulate the re-
ttraining effect of the greund on downward motion.  These springs are very
sttt dn campression and have no stiftness in tension,  This allows the tuila-
ings' tate slaby to uplift with no boundary restrafnt. We neglected the effoot
nf soil on the outside of the lower portion of the cylindrical sidewall for
both burlc¢ings,  Comparitons with structural integraity tests indicate that
thiv 1% a quod approxination (Sec. V).

The contrete material model used is the tensile-crack ing, comprevsion-

cruthing, strain-softening model described in Refo b, The tensile cracking



mechanism is implemented by examining the maximum principal stress at each
element integration point. If this stress exceeds the uniaxial cutoff tersile
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. ke
used the B8-node isoparametric axisymmetric element with a 3 by 3 array of in-
tearation pcints. A normal stiffness reduction factor of 0.000 1 and a shear
stiffness reduction factor of 0.5 was used.

Steel reinforcement for both buildings has a nominal yield strength of
€0 000 psi (414 MPa). A1 rcop reinforcement is represented with ring finite
elements. The appropriate area for each element was determined by integrating
along the meradional airecticn using the two-dimensional continuum element
shape functions. Merigional reinforcement was represented with two-node truss
elements. The cross-sectional area was determined by the amount of reinforce-
ment at a certain racial/vertical location in a one radian segment of the
structure. This method cf representing the steel reinforcement assumes a per-
fect bond with the concrete at node points. However, between node points,
displacement compatitility between the concrete and truss elemenis does not
#215t. 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 moadel. However the effect of Lhis additional reinforce-
rent was incirectly incluced by retairing a significant amount of shedr stiff-
nere after cracs s develop.

The tendons ir the 2her buileing were also represented with ring anc truss
¢lerents and were qiven ar initial strain of 0.00% 2. The arial stress in the
tendot elcoente after postuncioning was predicted to be fren about 140 O00C
ped (0.97 Gra) te 1650 006G pai (1.03 GPa), which is SR-63% of their ultinate
strength and 14 consistent with desian a<cumptions used in the Zion structure.

The steed Tiner plates were moodled with a three-noade axisymmetric shell
clement.  tach elemont had tour rtegration peoints along the meridional direc-
tion and one through the thickness, For all three steel components, rein-
forcement , tendons, and Vincrs, we used a value for Young's modulus in the
clestic region of 29 x luﬂ pei (200 GPa). VYicld strengths were basecd on
an<buitd material properties,  Tangent modulii were set at 0.001% of Young's
modulus,  This essentially gives an elastic perfectly-plastic representation

¢f all the steel components.



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 ais-
placements and concrete crack patterns with those measured during the Struc-
tural Integrity Tests (SI7z). 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.
Results of the SITs ere presented in detail in Ref, 6 for the Zioun containment
building and in Ref. 7 for the Indian Point Containment building.

The Zion conteinment building finite element model was loaded first with
the cead 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 FPa) 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 nodel predictions are generally very close
to the nmeasured displacements. The largest predicted error is at the base of
tne cylindrical wal?! where the displacement 1s quite small. The larger than
precictec dicy lacement in this area decs indicate a negligible effect fronm the
seil surrcunding the base of the tuilding,

A visuel creaoh survey was perforied before the SIT and at the maxinum test
Pressure, Soveral fine croacks representative of those typircally present fron
the thernal and ¢rying shrinbage were observed before the test with no addi-
tiorel cracks being observed at an irternal pressure of 54 peig. The analyti-
¢zl mogel predicts somn tencile crarks on the outer surface of the structure
at the dome transition ring after posttensioning with no internal pressure.
whers the building iy prossurized to e mexinun test pressure of 54 psig (U.37
MPa), the only additineal crvacking that ocrurs ie under the basemat where it
coultd not have been o served dur g the SIT, Basomat cracking is caused by

uplift and iy nintmal ot teot precoures,



Because considerable cracking of concrete occurs in the Indian Point con-
tainment buildirg 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), 21 psig (0.14 MPa), 42
psig (0.29 MPa), ana %4 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 shown a representative comparison of analytical predictions with meas-
urea values as a furction of pressure during the SIT in Fig. 6 where displace-
ment of the done apex is shown.

TAELE 1
COMirARTS0N OF PREDICTED AND MEASURED SIT RESULTS
FOx THE ZION CONTAINMENT BUILDING

Gauge Measured Predicted Deviation

T 77 kadial Ticplecerent of Cylinder Wall T
H1 ¢.07 in, (18 mn) 0,03 in. ( & mm) +0.04 in. (10 mr)
HZ CJE . (46 ) 0.15 in. (38 mm) +0.03 in, ( £ mm)
[ (.15 an, (36 mn) 0.14 in. (36 mm) 0.00
Ha (J 14 e, 056 am) G.14 in., (36 mm) 0.00
Rf CLGE e (12 me) 0.05 in. (13 mm) 0.00

Vertical bisplacenent of Done

il 0.2 ., (SO i) 0.36 in. (91 mm) +0.02 in, ( & mm)
Lo G.he ne (1G7 mm) 0.3% in. (89 mm) +0.07 in. (31§ nr)
K] Coel iy (53 o) .20 in, (51 mm) 4+0.01 in, ( 2 o)

Note: Potortive aeviation inuicetes the roasured displacement is greater

thon the prodicted cesponse,



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 velue. This simulates a very close
spacing of cracks. Crack surveys taken during the SIT indicate crack spacing
on the order of 1-3 ft (0.30-0.9) m). This means that, even though cracked,
the concrete, beceuse of crack c<pacing and bond to rebar, still contritutes
sigriificantly to the overall stiffness. As strain in the rebar and concrete
cracking increase, more loss of bond will occur and the mode] predictions be-
core less conservative,

TRBLE 11

CUMFmE1S01 OF PREDICTED AKD MEASURED SIT RESULTS
FOF THE INDIAN POINT CONTAINMENT BUILDINGS

Lieaats = Poarren L0t o) Prediction beviatien

ol D lacemr tof Cyhwnger hell

30 Le o1t (17,2 . Govdd e, (64,0 m) 0.2%9 wn, ( 9L.E mm) G . (2907 mey
‘{l 9l tt }L".‘)’ o Cottd o, (6.l me) U729 . (185.0 mm) 0,074 i, (19‘.1 m
|1 130 1t (33,8 ¢ G LL7 an, (V84,5 m) 0,707 an, (1796 M) -0 l'b(v . (JEN nat.,
¢ 131 fU (3%.v n; Coh7k . (Nad b ) 0.699 n, (177.% m) =0.121 w, (30.7 mr;
“ |E I R O TR S U 0.710 in, (180.3 mn.) \
4 171 4t 5.0 Coe v, (1700 ) 0.706 wn, (179.3 or) 0,03 g, ‘7.9 mr
l.l Tyl 1t 1\:-‘.: n (bvsan, (V1206 me) 0603 n. (153.7 m) 0,140, (5.6 me
Virtical Lugplacement of Dome
u Tl 10 (R0 (Ladd an, [ BALF am) 0819 . (106.4 mm) 0,065 ., (0160
; CLeb gy (Lt ) ek, (188, ) 0.667 (1694 m ) ST UUTVITR I Y U O S S

hols & Fo 101w desiat1un ddicaten the masured grsplacement s greater Lhan
L proeigted reSpanne,

V. COWTAJNERT STATIC RRSPONSE AND FATLURL
The twe-cimeniongl arlytical models of the containnent tuildings were
increnentelly leaned to ditormine their respective failure prescures and farl-

ure modes.  Load increne nts were first chosen to provide a goc . representation



of structural response as 3 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 iteration 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 followirng the displace-
ment of three critical points; these were at the midheight of the cylindric3?
sidewall, at the apex of the dome, and &t the outer corner of the basemat.
When all three points converged on unique values the pressure was incrementec.
Tnis procedure is equivalent to a full Newtorni-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
1oad step shown. Concrete cracking remains essentially unchanged between the
rmaximur. SIT pressure of 54 psig (0.37 MPa) and 85 p3s1g (0.59 MPa). At an in-
ternal pressure of &5 psig (0.59 MPa) considerable cracking occurs on the in-
side of the cylindrical wall at its intersection with the basemat and on the
inside of the transition ring, These cracks are from tensile stresses in the
mericioral directicorn caused by the bending moments generated at these struc-
turel ciscortinuities. Tne complete midsection of the cylindrical sidewall
crecrs perpernciculer to the hoop direction at 35 psig (0.66 MPa). Additioral
craching at the t.ase of the cylindrical wall from the large shear stresses
alen occurs at this pressure. Between 100 psig (0.69 MPa) and 105 psig (0.72
Mira) internal pressure the dome cracks perpendicular to the hoop directior.

Displacements of the building rere successfully calculated for an internal
pressure of 125 psig (0.86 MPa). The displaced shape of the structure is shown
in Fig. & where the gisplacements have been amplified by a factor of 50 to
make the shape casier to visuvalize. Of particular importance are the base
slab uplift and the high monent and shear at the base of the cylindrical wall.
At this internal pressure the concrete has cracked ceonsiderably throughout the
structwe. 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 actual building. Because of that



state of stress, structural failure 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 stresces. 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 should no longer 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 @ 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
te determine where the steel would yield is not poscible 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
cstimate 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 (G.94 MPa) iuternal pressure. This is within 1 psig (6895 Pa)
of the capability of the wali 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 rylindrical



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 apex
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 horizontal
floor and sloping section of the sidewall (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
Icading history used for analyzing the Indian Point building is similar to
that usec for the Zion builging. As discussed in the preceeding section of
the report, the containment builcing experiences considérable concrete crack-
ing at SIT pressures. As the internal pressure increases concrete cracking
becomes more wicesprees, especially at the intersection of the cylindrical
<idewell and hbasemat, which is the preaicted failure point. At 54 psig (0.37
MPa) internal precsure the base of the cylindrical wall i¢ cracked perpendicu-
lar to the meridional direction from combined tensile anc 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 lpads. 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 with 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 lover 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 112 psig (0.&1 MPe) internal pressure
the stress in the shear reinforcerent nas reached 90% of its yield stress.
Linear extrapclation of this curve indicates shear reinforcement yielding at
120 psig (0.83 IMPe) internal pressure.

If the concre.e carries no shear anc the marimur shear force possitle ic
developed at this intersectiorn, simple handbock calculetions show that the
shear reinforcement would yiela at ~ 1i? psig (0.77 FPa) irternal pressure.

In realitly, because the shear force a2t the joint decreases as the concrete
fails, the fzilure pressure shcold be somewvhat higher. Because of the highly
complex and ncnlirear nature of the structural behavicr &t this joint, we are
constrainec to rely on the predictiors of the anelytical mudel, It predicts
failure at 118 peig (G801 MPa) internal pressure fror ex ess concrete cracking
ard crushing ccurled with, a 108s ©f Stwar cerrying capability at the base of
the cylindrical wall.

Mericionzl reinforcercrt at the antige of the ¢y hrdrical sidewall at te
intersection with the tase -t vy dae ot a J0OF peic {07, MEa) interni)l pres-
sure. The liner ,ielgs at ¥ psig (L.ek MPa) anternel piessure.  However, 1t¢
strain increasee purh rove tap idly ef ter 105 psig wher the inner meridional
reinforcencnt yields, At 11° pyig (0.51 Mra) anternal presture the strain ir
the liner in the hoop direction in the cylindrical wall s approaximately 0.21%,

which indicaetes yield Lot rot failure,

VII. CORCLUSTONS

Results of our quatistatic araly<is of beth contamnent buildings are sur-
marized in Tat fe 1. Tt apparent failure mode for the Jien containment Lol
ing is loss of overall structural integrity in the high shear and moment
renions at the base ot the cylindrical sidewall.  This occurs at 125 psag



(0.86 MFa) internal pressure. The Indian Point containment building is pre-
dicted to fail at the baze cof its cylindrical sidewall at an internal pressure
of 118 psig (0.681 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 builaings, 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 presentec in Table
I11.

TLELE 111
SUMIERY OF CUASISTATIC ANALYSES

zion

First comirete CrafaifiCe v v v v 4 o v v 4 o o o o o o« « BB usig {0.5¢ MPa)
Firost reirforcerent yield. & o o o o v v o v o v o« o+« » None

Liner first excecds C.3% strain, . . . . . . . . . . . . . 117 psig (0.81 MPa)
Predicted failuie pressure o 0 v v v v v o v o o o v o« 125 psigq (0.86 MP2)
Lovwer bourd failure pressure o o v v v v v v o« o o « o o Y05 psig (0.72 MFa)
Chaier bours failure pressure oL o0 w0 0w e e e e e s . 134 psig (6.9 FFa)

}"r};‘, _r"(':“\T

Farel e le Crefy 12 0 0 0 0 0w w e e e e e e e s 30 psig (0.2 Mia)
TAaret rerrtore ot e M 0 0 s s s e e e e e e e e e s W0 psag (GLEC M
Crlrer taen s et Cuctostroang w0 0 L L L s s e . . 108 psig (0.70 Ry
e I e T B TR T L T O T L 1 peig (0,81 vea)
Lot Lot 1o dire prosiuct v v v v o o s o o s 0 a0 w2 T psag (077 Mia)

Ppaot DS fadlirC Jresure o o o v w v e v s e e e e s 133 psig (0.9 MFa)

The Jowr b et Shire peaonre cver i Table 11D for the Zion tuilcing
1% very concorvative ane s g ly tasod on the pressure at which more than
halt of the coronn e ot tae tane of the cylindrical vraewell dis predicted to

Tose At wne o ceavryane capatilaty, A Timat analysis of the shear carvying



capability of the base of the cylindrical sidewall tor the Indian Point builac-
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);
(mn) = (2.%4 x 10V)(in.).

Details of Zion cylinder-base slab intersection.

lndlan Point containrent building Conversion factors: (m) = (3.04% x
10-1)(ft); (ne) = (2.54 x 10-1)(in.).

Firite element mesh of Zion containment building.

licplacement qaoe locations for Ziwen structu.al integrity test.
Ccnversicn factors: (r) = (3.048 x 10-1)(ft).

Vertical displacement of Indian Point dome apex during structural
1rtgqr11y test. Conversion factors: (Pa) = (6895)(p.ig); (m) = (2.54 »
10-¢)(in.).

Static load step histery for determining Zion failure pressure.
Cerversior. factors: (Pa) = (6£95)(psig).

Displaced <hape of Zion containment building just prior to failure
(cisplacererts are arplified by a factor of 50). Conversion factors:
\Fa) = (6EYS)(psig).

Disglacement cf Zicrn containment building during pressizuration,
Conversicr factors: (ba) = (6£9¢2)(psig); (m) = (2.5 x 10-4)(in.).

Stress in shear reinforcement at base of Indian Point cylindrical
siaenall, Coraersion factors: (Pa) = (6895)(psig); (GPa) = (6.89 x
1e=3) (hsi).
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