May 20, 1984

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMMISSION

BEFORE THE ATOMIC SAFETY AND LICENSING BOARD

In the Matter of
Docket Nos. 50-445 and
TEXAS UTILITIES ELECTRIC 50-446
COMPANY, ET AL.
(Application for
(Comanche Peak Steam Electric Operating Licenses)

Station, Units 1 and 2)

et St Nt et N Nt St

AFFIDAVIT OF ROBERT C. IOTTI REGARDING
UPPER LATERAL RESTRAINT BEAM

I, Robert C. Iotti, having first been duly sworn hereby
depose and state, as follows: I am Chief Engineer of Applied
Physics for Ebasco Services, Inc. In this position I am
responsible for directing analytical work in diverse technical
areas, including analyses of the response of major structures,
piping and support systems to dynamic events, including
earthquakes and loss of coolant accidents. 1 have been retained
by Texas Utilities Generating Company to coordinate and oversee
the technical activities performed to respond to the Board's

December 28, 1983, Merorandum and Order (Quality Assurance for

Design). A statement of my educational and professiocnal
qualifications was transmitted with Applicants' letter of May 16,

1984, to the Licensing Board in this proceeding.
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What is the purpose of this affidavit?
The purpose of this affidavit is to respond to the Licensing

Board's conclusion in its December 28, 1983, Memorandum and

Order (at 56) that "in the face of the possibly conflicting
engineering viewpoints of three different parties, we
conclude that Applicant has not demonstrated the adequacy of
its analysis of the upper lateral restraint beam."
Accordingly, Applicancs have prepared detailed finite
element analyses to demonstrate the adequacy of the upper
lateral restraint beam and of the associated reinforced
concrete supporting walls. The results of these analyses
confirm that the design of the restraint and the concrete
walls which would be affected by the assumed accident
conditions is adequate to withstand the postulated loads
which are pertinent to this analysis.

Can you summarize the analyses which have been performed?
This investigation was performed to determine the effects of
a LOCA break on the upper lateral steam generator restraint
and associated steam generator compartment walls from the
thermal growth of the restraint, as well as from concurrent
loads and other environmental effects which would occur
during a postulated LOCA. In addition, although only the
effects of a LOCA on the upper lateral restraint were
discussed during the licensing hearings, it was recognized
that the lower lateral restraint (approximately 24 feet

below the upper and serving a similar function) would
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likewise experience and cause similar and simultaneous
effects elsewhere in the compartment. Therefore, the
investigation was expanded to include the lower restraint to
assure that the most significant effects were addressed,

i.e., their overlapping effects.

Please describe the analytical methodology that was used.
First we wish to define the extent of the geometry of the
problem that was modelled.

The boundaries of the analysis wecre established as a
section of the reactor building internal structures
consisting of steam generator compartments 1 and 4 between
elevation 819' (close to the top of the mat and 15' 10"
below the lower lateral restraint) and elevation 883' (24'
above the upper lateral restraint). Elevation boundaries
were selected to assure that all stiffness contributions to
the restraining walls from adjacent floors and walls were
properly accounted for. Boundary limitations of the
analysis (beyond compartments 1 and 4 defined in Appendix II
Figures 1 & 2) were determined from the original finite
element analysis of the internal structures, done as part of
the original design effort on the internal structures.
Figures 1, 2, 2, 4 and 5 of Appendix II (attached) show the
portions of the internal structures included in the present

analysis.



Next we describe the {inite element model employed.

The analysis of the upgper and lower lateral restraints and
compartment walls was performed using NASTRAN. The
particulacr version of NASTRAN used has the capability to
determine the cracking propagation in the concrete due to
the interaction of thermal and mechanical loads. The crack
development and propagation is determined by means of a
nonlinear iteration technitue. The program provides, as an
output, stressas in the reinforcing steel, stresses in the
concrete, displacements, forces and moments in the finite
elements, crack pattern for the structure used in the model.
Appendix IIT (attuched) provides a summary description of
the theory employel in the solution method of the version of
NASTRAN used for this analysis. This ver-ion has been
verified and has been reviewed by the NRC in other
applications.

The finite 2lemant model of _he structure is generated
usina trviangular ana quadrilateral layered shell elements
and beam elements. Tvo bounding analyses have been
performed. The first anal!ysis provides the upperbound on
the effects on concrete wa.ls. For this analysis no credit
is given to the tensile capacity of the concrete. This is
coneistent with ACI Code design requirements which assume
concrete has «o tensile capacity. However, concrete tensile
strength can be approximately 10% of tc and will add to the

compartment wall system s:iffness until cracking initiates.
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Therefore, to assess the maximum loads on the beam, a value
of 450 psi for concrete tensile capacity was used in the
second analysis. This value is about 10% of the concrete
strength actually produced at CPSES but it is 12.5 percent
of the concrete strength used in the analysis. Applicants
have used the higher figure for conservatism as explained
later. Plots of the finite element models employed in the
analyses are shown in Figures 1 through 19 of Appendix IV.
What type of loads were input into the finite element model?
For purposes of these analyses, it was assumed that
compartment pressure and temperature effects due to LOCA,
would occur in combination with seismic loads. Mechanical
loads, such as thrust load reacted by the steam generator
restraints and jet impingement were taken at their maximum
peak values in combination with maximum differential
pressure although consideration of their time histories
would have permitted significant reductions in mechanical
loads. Further, although discussion at the hearings
centered on effects of a LOCA, Applicants considered that a
main steam line break would result in higher compartment
temperatures than a LOCA break and might have a more
significant impact on thermal stresses. Accordingly, the
analyses were further expanded to calculate the
temperatures, pressures and associated stresses in the
compartment walls and restraints due to a main steam line

break. For the main steam line break analysis, however,



seismic loads were not assumed to occur simultaneously with
mechanical and thermal loads causel by the break. This is
consistent with the position taken by the NRC staff in
NUREG-138,) which states: "consistent with the lesser
importance of the secondary system boundary, the Staff does
not require “hat an earthquake be assumed to occur
coincident with a postulated spontaneous break of the steam
line piping.*

The temperature and pressure effects and postulated
loading conditions for both the LOCA and main steam breaks
are as follows:

1. LOCA - The assumed critical break for purposes of this

analysis is conservativels assumed to be a full double
ended break at the reactor coolant pump suction on the
reactor coolant loop. (Note that because of the
primary system supports/restraints, this large a break
cannct occur.) This break has been chosen because it
provides the highest mass ard energy flow rates into
the compartment and results in the larges*" mechanical
lnads, the largeat differential pressure across the
walls and the highest LOCA temperatures. Figure 1 of
Appendix I (attached) shows the time history of each of
the noted effects. It can be seen that all mechanical

loads reduce to zero in less than 0.5 seconds.

NUREG-138, "Treatment of Non-Safety Grade Equipment in
Evaluations of Postulated Steam Line Break Accidents,"
November, 1976.



Differential accident pressure across the walls rises
rapidly to a maximum of 24 psi at 0.5 seconds and is
reduced to essentially O after approximately 4 seconds.
For purposes of computing maximum differential
pressure, the temperature in the compartment is assumed
to be at 120°F. at the time of the LOCA. However, to
compute the resulting effects, a temperature of 70°F is
employed in the analysis. Both of these assumptions
contribute to the conservatism of the results. The
former maximizes the compartment pressure and
temperature (hence the loads seen by the walls and
beam). The latter maximizes the response of the beam
and walls. Although the temperature of tiie atmosphere
inside the compartment rises very rapidly, the
temperature in the steel beams and concrete lag behind.
For the restraints of interest the average temperature
rises to a peak of 282°F. for the upper restraint
(289°F. for the lower restraint) after 216 seconds and
diminishes thereafter.

The temperature rise in the restraints has been
computed by the finite difference computer program
HEATING 5 Version 2. Input compartment atmosphere
temperature histories to these heat transfer analyses

have been developed via a multinodal compartment



analysis which utilizes RELAP 4 Mod 5. Schematics of

the models used for these analyses are shown in
Appendix V.

Based on the above, two postulated loading
conditions were considered for LOCA, as follows:

Stage 1 - At 0.5 seconds after the break/time of

maximum pressure

Maximum differential pressure across
walls = 24 psi

Coincidegt accident temperature of beam
= IZBOF. (upper beam)
= 133°F. (lower beam)

Peak mechanical loads were used in the analyses
even though they occur at earlier times.
Mechanical loads refer to thrusts imposed by
steam generator restraints, loads imposed by
reactor coolant pump restraints and jet loads
due to the postulated pump suction break. The
thrust loads include both reaction loads to the
break and seismic (full SSE) loadings from the
primary system which are transmitted via the
steam generator and reactor coolant pump
restraints.? (Actual peak mechanical loads
occur at 0.2 seconds and are zero at 0.5 seconds
and hence have been included conservatively.)

Seismic loads generated in all the structures,
restraint beams, major components from the SSE
are included coincidentally.

Seismic reaction loads from the primary system seismic
response are overestimated since the structural model also
includes masses of steam generator and pump, already
included in the Westinghouse seismic model which produced
seismic reaction loads at structural interface.



Stage 2 - At 216 seconds after the break

(time of maximum temperature) on
upper lateral support

Maximum accident temperature of the beam3
= 282°%. - upper beam
= 289°F. - lower beam

Coincident differential pressure across walls
= 1 psi even though thermo-hydraulic
analyses indicate no differential pressure.

In this instance the reaction load of the beam
to the seismic excitation of the primary system
had not been initially included in the NASTRAN
analyses with the intent to maximize the
reaction loads from beam thermal constraint and
to maximize beam stresses. The stresses
resulting from the reaction were computed
separately and added in the most conservative
fashion to the stresses generated by the NASTRAN
analysis. Structural seismic loads, seismic
loads or walls due to beams, steam generators
and pump masses excitation are included. To
verify the conservatism of this approach,
Applicants have run the worst case problem (i.e.
LOCA Peak Temperature with concrete tensile
strength equal to 450 psi) including the primary
system seismic load. The results of this
analysis are also shown in Tables 1 & 2 and they
confirm that conservatism of the analysis.

2. Main Steam Line Break - The assumed critical break

for purposes of this analysis is a split break at 30%

power at the steam generator outlet nozzle. This break

was selected as the critical break because it results

in the highest temperature in the compartment from the

Actually, the maximum actual temperature of 289°F. sn the
lower beam occurs at 144 seconds (approximately 285°F. at
216 seconds) but has been assumed to occur simultaneously
with the maximum in the upper beam at 216 seconds.
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array of breaks considered, which included full double
ended and split breaks for full, 70% and 30% power
levels.

Figure 2 of Appendix I contains time history plots
of the effects of the main steam line break. It can be
seen that a small but nealigible pressure spike of 0.08
psi occurs in the compartment at 1.0 seconds and
dissipates by 3.0 seconds. Also, all mechanical loads
are reduced to zero within 0.5 seconds. Temperature in
both upper and lower lateral supports rises to
approximately 355°F, at about 300 seconds. A more
preliminary and conservative figure of 370°F. was used
in the actual analysis.

Based on the above, the postulated loading
condition for the main steam line break is as follows:

a. Maximum average temperature of the upper and
lower lateral restraints = 370°F.

b. Coincident differential pressure across walls =
1 psi used even though analyses indicate that it
is zero.

¢. Mechanical loads: none used since seismic loads
are not combined in this analysis, and other
mechanical loads (i.e., steam line break
reaction loads) are negligible at the time of
peak temperature.
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What are the results of the analyses?

We would like to discuss the results of impact on the
concrete structures and on the beams separately. First we
address the impact on the concrete structure.

NASTRAN analysis for the concrete structures was
conducted for zero concrete tensile strength and for 450 psi
concrete tensile strength. The O psi value corresponds to
the conventional approach in design which assumes that the
concrete has no tensile capacity and hence tends to yield
conservative results with regard to concrete and steel
stresses. Under laboratory conditions, concrete has been
shown to have tensile strengths in the range of 8 to 12% of
its compressive strength with 10% being an average. The 450
psi corresponds to 12.5% of the compressive strength of the
concrete utilized in the analysis. It is used because it
represents 10% of the actual minimum compressive strength of
the concrete achieved at CPSES. Applicants recognize that
for consistency, with the use of the 4000 psi design
strength employed in the analyses, a more appropriate value
would have been 400 psi. Further, it should be recognized
that under actual field conditions, the chances of achieving
perfect bond and continuity between various concrete pours
and joints is considered to be remote, consequently it is
not likely that the full potential tensile strength could be
developed throughout the structure. Thus, 450 psi is

considered to represent an absolute upper bound estimate of
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the tensile strength of concrete at CPSES. Applicants chose
this value so that there could be no question on the
conaservatism of the reaction loads produced by constraint of
thermal expansion of the beam restraints. Another
beneficial effect that has been ignored so as to
overestimate the reaction loads is the heating of the inner
surface at the concrete walls surrounding the compartment
Aduring the accident. This surface heating would tend to
introduce compressive stresses at the inner surface and
tensile stresses at the outer surface. The latter could
lead to cracking and additional relief.

The results of the analyses for the concrete structures
are set forth in Table 1. As indicated therein, calculated
stresses in the concrete and reinforcing steel for both O
and 450 psi assumed values of concrete tensile strength are
well below the conservatively established allowable for
mechanical loads.4

The following interpretations should be placed on the

values listed in the Table:

The allowable stresses indicated are conservatively based on
loads which are mechanical type (non self-limiting) loads.
All the actual stresses shown are well within these elastic
limits. However, when considering a l.ad combination which
includes a faulted, displacement limited effect such as the
restraint of the free end displacement of the steel beam, a
strain excursion beyond yield into the plastic steel range
is acceptable, provided there is no loss of function of any
safety related system. When considering such self-limiting
effects, the appropriate factor of safety is based on strain
rather than stress; this is the basic philosophy behind the
ASME Code NF-3231.1 not requiring any calculations to be
made for such thermal effects on a steel support frame.
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Max. Reinforcing stresses are tensile stresses.

Max. concrete stresses are compressive stresses unless
they are indicated as shear stresses.

Thrusts are positive if applied by the beam toward the
wall (compression in beam) and negative if away
from the wall (tension in beam).

Displacement of the wall at beam end is positive when
beam displaces toward the wall und negative
when beam displaces away from wall.

What about the impact on the beams?

The primary purpose of the upper (and lower) lateral
restraint beams is to provide restraint to the steam
generator during a design basis accident due to the
postulated breaks in the primary coolant loop and the main
steam lines. The reaction loads from the breaks assumed in
the present analyses exist for less than 0.5 seconds, during
which time the stress which is caused by constrained
expansion of the beam following the increase of temperature
within the compartment due to the pipe break, is negligible
(see Appendix I, Figures 1 and 2, Plots 1 and 2). During
the time in which the constrained expansion stress builds up
to its maximum (in the next few minutes), the beam has
already served its primary function of resisting the broken -

pipe thrust.? There are thus two different stages to be

Of course, even if the thermal stress was coincident with
the mechanical load, it could be neglected. See FSAR
(footnote continued)



TABLE 1

Conc. Tensile Strength = 0 ps’ Conc. Tenslle Strength = 450 psi
LOCA LOCA M.S. M.S. Notes®
Peak Press. Peak Peak Peak
at 0.5 Sec. Temp. Temp . LOCA Peak Temp. Temp . See Footnote 5, p. 12
1 2

Max. Rebar Stress (ksl) 17.1 Allowadle

Locatlion (Element No.) (1475) 54 ksi (.9fy)

2. Max. Concrete

Compressive Stress (ksi) 0.83 0.91 1.23 1.21 1.41 1.88 Ailowable
Location (Element No.) (1023) (1389) (154) (2125) (212%) (212%) 3.4 ksl = .85 f'c
3. Max. Strain In Rebar 0.00076 0.00047 0.00059 0.00039 0.00049 C.0007 Yield strain = .00207

‘ 4. Max. Thrust
\ Upper (kips) -2138 1591 2178 3892 3414 4918

Lower (kips) 156 2350 3210 2909 2868 3988
5. Total Ew.m of +.138/.099 «21/.14 «29/.19 «16/.06 «17/.06 «257.08

Latera! Restraints
Upper /Lower (in.)

Sa. Displacement At External «143/.046 «11/.06 «12/.08 «07/.04 «07/.04 «07/.05
wWall End Upper/Lower (in.)

,.0 D‘l’lm " Nw --WS/-M} .)/oOﬂ N 7/- 1 009,002 -lO.'.02 -18/.03
wall End Upper/Lower (in.)

1 - Analysis purposely exciudes primary system selsmic loads to maximize beam thrust.

2 - Analysis Includes primary system seismic loads
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considered. 1Initially the beam and walls will be exposed to
the maximum mechanical loads. Later on the beam will impose
the most severe thermal expansion constraint loads.
Applicants have analyzed the stresses in the beam at these
two different stages: (1) when the mechanical loads peak at
0.5 sec.: (2) when the beam temperature peaks during LOCA.
The conditions assumed for the first stage analysis
(simultaneous occurrence of maximum effects of mechanical
(thrust), seismic, and differential pressure loads) are
extremely conservative and bounding. The conditions shown
for the second stage are also bounding as a result of
imposing the most severe thrust expansion constraint.
Intermediate times would result in lower overall loads since
differential pressure and mechanical (thrust) loads decay
far more rapidly than the temperature rises within the
compartment.

As previously stated two analyses have been in fact
conducted for the latter stage. One neglects the reactor

systems seismic loads reacted by the restraint in order to

(footnote continued from previous page)
Section 3.8.3.3.3, 2(b) which states, "thermal loads are
neglected when they are secondary and self-limiting in
nature and when the material is ductile." This steel beam
satisfies these requirements and this is why the thermal
loads were originally neglected. See also NRC Standard
Review Plan, Section 3.8.3 (page 15), which also allows
thermal stresses to be neglected. Even, if this support
were classified as ASME-NF, the ASME's philosophy in this
regard, is also to neglect such thermal stresses. See ASME
Code Section NF-3231.1(c) (faulted condition) and also NP-
3231.1(a) and (b) (normal, up=et and emergency conditions).
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maximize the axial loads experienced by the beams. The
other included those loads. Seismic excitation loads for
all the structures (including the beams) are always included
in the analyses for both stages.

For the steam line break analysis Applicants only
analyzed the effects of peak temperature in compartment.
Since there is negligible differential pressure within the
compartment from a main steam line break, the initial stage
results would be bounded by the LOCA initial stage results.

The following Table 2 shows the stresses in the beam
and clearly indicates that, even though the beam has already
performed its function and is no longer required when the
temperature reaches its peak, the stresses in the beam due

to the peak temperatures are well within the allowables.
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TABLE 2
Max. Stress In the
-
LoadIng Conditlon Upper Lateral Beam Allowable
Concrete Tenslle Concrete Tenslle
Strength = 0 Strength = 450 psl
1) When mechanlical load 18.4 ksl (not run) 45 ksl (90% Fy)
pesks at 0.2 sec.
+
2) When beam temperature 16.85* ksl 22.7% ksi/16.3 ksli 45 ks
peaks during LOCA 7. (13.0)%
3) Wwhen beam te'perature 8.4 ksl 15.7 ksl 45 ksl

pesks during M.S. llne

07.

A7.

break

What do you conclude from these analyses?

In summary, Applicants conclude that (1) the upper and lower
lateral restraint beams are adequately designed: and (2) the
stresses in steam generator compartment walls are well
within the allowable stress and strain limits when the
thrusts from the upper and lower lateral beam due to maximum

accident thermal loads are applied to the walls.

**

Primary system seismic load contribution separately
calculated and combined with other loads computed from
computer analysis.

Computed by NASTRAN program when primary system seismic load
is included directly in analysis.

Numbers in parentheses are results achieved when model is
executed without primary system seismic load contribution.
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APPENDIX III

i Chang ' J &/s

NONLINEAR ANALYSIS OF RC STRUCTURE WITH INTERACTION
OF THMERMAL CRACKXING AND MECHANICAL LOAD

B-5 CHANG, R ATEATSH
Ebasco Services, Ine, Two Rector Streec, New York, NY 10006, USA

D N HERTING
Universal Analytic, lac, 7740 Vestc Macchester Blvd, Plays Del, CA 90291 USA

SUMMARY

1a recent vears, finite element sethods became & major tool io the snalyses
of reactor concrete coatainment aod drywell structure of BWR type conctaiomeat. Ia
these analyses, linear elascic method is scceptable for sechanical loads because
the cracking of the concrete will sot alter appreciably the stress distribuction ia
the structure, HRowever, it breaks down completaly with the Lateraction of sechani-
cal loads and high thermal loads, which is charscteristic of containmsent structure.
Usual practice is to adjust either the sacarisl property of the concrete Lefors e
the analysis or the solution after the soalysis, Complicated geometrical configura~
tion and thermal disctribution make this kind of adjustments not oaly difficule,
but i3 outcome unpredictable.

A series of flat shell elamencs with coupled ia-plane stiffness and off-plane
stiffoess are formulaced by using Kirchoff's assumptions. These eleamants are
divided into layers along the thickness, and ssch layer cas have (ts own macerial
charsctaristics, The crackings of the concrete are propagatiog from layer to
layer and from element to element. At each stage, the equivalent thermal load
vector corrssponding to the current meterial stace are evaluated and combined wvith
external mechanical load. The oonlinear solution sethod used is & combination of
s0 called variable stiffness sethod and iaitial strain sethod. This series of
elements and nonlinear' solution methods are ilaplesented into the NASTRAK (NASA
Structural Analysis) computar program. Material assuspcioos, formulation of the
elements, criteria to establish crack openming and closiag, methods to cosstruct
the thermal load and sonlinear load, methods to hasdle the ilacersction of thermal
load and sechanical load, soulinear {teration scheme and solutiom coavergence
criteria, and computar program counfiguracion are discussed in the paper. Alse
examples to compars vith experimental data and applicaciom to the analysis are
prasented (o the paper. A tonlinear fisite element msethod (s derived aad imple~
sented to solve the problem of inceraction of thermal cracking and sechanical load
in reinforced concrate structure. The algoritha is desigoed to be efficienc for
the solutior of large-erder and complex structure, such as raactor coatainsent,
and eliminace the unceartainty (s handling the thermal load. Icts results show
that it can predict cracking propagation and stress redistridution i resscaable
agreement vith available experimencal data.

4-13-34



1. Issreduetics
I recent years, the fisite elesen: setho! became & =4 jor tool Lo the

analysis resctor concretes containment and drywell structure of DVR cype com-
taloment. 1o these soalyses, the reinforced comcrate (s usually assumed to

be linear slastic and homogeneous. The strasses distribucion characteristics,
such as off-plane shear, to-plase forces, bending moment and twist, are obtained
from these aoalyses, Then, locally, the reinforced coocrete is designed as
structural sembers by following loug sscablished semi-empirical design wathod .
Under extearnal mechunical load, such as pressure snd seismic load, chis proce
dure is scceptable becasus the cracking of the concrate will not alter appreciably
the stress discridbution ia the concrete. However, it breaks dowe comp letaly
under the lotersctios of the thermal and the sechanical load, becauss the
sagnitude of the thermal rtrmsses depend oa the mcerial of the concrete
(eracking), which in turm depends on the stress sctace ia the concrate. Thus,

they couple each other sonlinearly. Therefors, the stress characteristics
obtained from & linear elastic asalysis does not represent the real stress "
distribution under the iatersction of the thermal and the mechanical load.

To remedy this, the usual practice is to adjust eithar che mmcerial property

of the concrete befors the asalysis, or adjust the solution aftar the scalysis.
However, for structures vith complicated geometrical configuration and compli-~
cated thermal discribution, this kind of adjustment is oot only difficule,

vut its outcome uapredictabla.

From the above discussion, the analysis msethod for tim reinforced concrets
structures uoder the ilotarsction of the thermal load and the mechacical load
needs laprovemest. In cthe past few years, the nonlinear asalysis of cthe com
crate structuras gradvally gain accaptance [1. b, 3] . Ia thase nonlinear
snalyses, the material property of the concrate At each stage of loading canm
be accurately predicted; and, thus, the thermal load can be evaluated properly.
Furthersore, the advancement of high-epeed computer and satrix manipulation
softvars sake & nonlinear solution of & large order structure modal possible.
1o view of the strigent safecy requirssents of containment structure and the
uncertainty of existing soalysis sethods in dealing with the thermal load, »
nonlinear analysis for the intersetion of thermal load aud the mechanical
load sesms to bde the snsver,

1n order to handle large-order and complex structural models, not oculy &
valid nonlinear soalysis procedure but also & large versacile finite element
computear code is needed. To sccomplish this, & series of flace layarsd shell
elements and & nonlinesr soalysis procedurs are lsplesented into the computar
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code NMASTRAN (NASA Structure Acalysis) Lavel 16, The oev elemencs are compacible
vith sll other slements in the SASTRAN family, ZIaput data reduction and matrix
manipulation are done by standard SASTRAN, Special coasideracion has been

taken to design the nonlinear analysis algorithm so that it is efficient for

the solution of large-order and u-i- structural sodels.

2. lavered Shell Elesent

In gesersl, the sriffness sacrix of & shell element can be exprassed as
R -

(o) = S, B7()[0] @ |
where [l} {s the straig-displacement r-uur sacTix and [D} Ls the general-
{zed stress-strain relation mecrix. The [l, matrix i{s & function of the
geometrical shape of the element and the u;u.d displacesent shape functiom.
1o this vork, three oew flat shell elements have been implemesnted iato NASTRAN,
The formulatiou of the [l} satrices of these three elements followed those
of NASTRAN TRESC, TRIAL and QUAD! elements [7] Ia NASTRAX, the io-plase
and off-plane stiffnesses are computed independently. However, for the oew
elemants, the lo-plane stiffness and off-plane sciffoess are coupled.
Especially, for TRIAL elemsat, which is & Clough trisagle; the Clough's
sethod of constraint is extended to include the coupliag of the {n-plane
and tne off-plane cerms.

The [D] satrix is & function of the sacerial property of the elesmant only.
In evaluation of the [D] satrix, the concept of layer fiaite elecents are
adopted Lo this work. A typical layered element is shown in Figure 1, Each
layer of the slemant is corresponding to & usique saterial property vhich say
be dafined independently or changed to & new macerial property as the non-
linesr analysis progressas. Although the stress say be differesc from one
point to anether in the plane of each layer, it (s assumed to be comscant
throughout the thickness of the layer. For nonlisear saterial, the saterial
property of & laysr is assumed to be & fusction of the average stress io that
layer,

For materisal sonlinearity, the [l] matris s iodependent of the nonlicear
behavior of the slement. In order for efficlent execution of larger ovder
structural sodel, the [l] saterial (s computed outside of the nonlisesr iters-
tion loops and scored on & random file, vhich will be read back to genarate
the stiffness matrix, equivelent tharmal load. and usbalanced load veetor.

3. Macerisl Property sod Constitucive Relscions

Concrete ia counsidared to be & linear elastic-brictle matarial with &
limited tensile streagth fo. The reinforciag steel (s considered linear
elastic. The failure criterion for comcrete under bi-axial strass scate is
showa in Figure 2. The dotted line is proposed by Kupper, Hilsdorf and

3=
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Ruah [J}. and che solid liné (s used (n this analysis. The concreta i{s con=
sideread cracked (o Regions I, II and III. Since the material property of &
layered slament may be different from coe layer to another, each layer has (ts
own stress straln relacions. These relations can be express~d as

feb= [c]{e} ' @
vhare {7 | 0]'..',.'}’ uohnrounlmmuihl-{ﬂ..cy.v}r
i & layer strain vector. Bafore cracking, the com cete is considersd to be
homogeneous and isoctropic, the [C] matrix is the usval {sotropic elastcicicy
satrix, For coscrets vith ooe crack, the [c]-uu is

o o o )

[c] - [rm]? 0o g 0 [mi &)
0 o #c

vhere £, is the Young's modulus for coscrete and G, is the shear modulus.

8 (s & shear retention coefficient sccounted for aggregate incerlocking effect

of concrete [l] [2(0)] is & transformacion macrix from the coordinace sysces

oormal to the crack to the element coordinate system (Figure 3). For concrete

with two cracks, ia Region IIT of Figure 2, cthe [c] {s assumed to be {dencically

tero. For reinforcement, m[c] matrix is

L o0 o
[¢]= [re) T : : : [t )

vhare I is the Young's modulus for steel and [rm] is the transformation
macrix from the coordinate system tangential to the reinforcing bar to the
¢lemant coordinate.

As dafined in Eq (1), the element {oternal force vector (s related to
the geverslized strais veetor by the [n] macrix,

{r)=[o]r} ®
vhere (T} =¥y, Py, Tuy, We, Wy, Mey|T, Ty, Py, 7, ave sesbrace forces and
Mx, My, Mey Are moments, "‘ ."-o ."' Yor Xy x’o x'y'r- Yoxs Yoy, Yo
Ave strains at mid-surface of the element. In order to relate the Layer strain
vector {+ | and the elesent serain vestor {A|, the Kirchosf assumpcions are
used. The Kircheff Assumption can be exprassed by

le} = [u] a} )

R R
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where & is the locatiom at which the strain vector [¢| (s evaluated. Now, the
[D] matrix can be evaluated by the equation,

URSACHCICE | @
4. (Changiog of Macerial Stace

Since the material state of a concrate layer is & function of the stresses
and strains in that layer, (¢ will change f{rom ooe state to asothar as the
sonlinear asalysis progresses. There are three oajor sodes of chasging scate:

1) the formation of & new crack;

2) the closing of an existing crack;

3) the reopening of & closed crack,
Mode (1) Ls the only sode daalt by most ilaovescigacors [l.. 4, S]. and (it i3
applicable to & msonotonically increasing loading. Mode (2) (s essential L
it is to lovestigate che structural behavior iscluding the (ntarsctiocn of the
thermal load and the mechanical lsad., In order to reduce the amount of book-
keeping, Lt Ls assumed that mode (J) (s identical to mode (1) in this work.
This assumption is true if the tensile strength of concrete (s sero. Ia viaw -
that the tensile strength of concrete is small and that it is often neglected
in most engineering analyses because of {ts uncertaiscty, this assumption is
4 good approximacion.

The criterisa for the formation of new crack is based on the layer
strasses:. & ‘ayer will crack ({f the computed principal tensile struss
exceeds the teasile strangth of the concrete specified in Figure 2, L.a.

e 2gl @
vhere ¢, i3 the average principle scress of cthe layer and !: is defined by
the solid line (n Figure 2. The normal of the crack (s assumed to be in the
principal tensile direction. The criteria for the closing of an existing crack
Ls based on the layer strains: an existing crack will close if the average

Layer strain sormal to the existing crack becomms equal or less than zew,
‘I.O.

g *ue, S0 Lf e < !:It.
4 )}
.50 if eg2 tt/l.

vhers ¢, is the strain tangential to the existing crack and & (s the Poilsson
ratio. The jrocedurs to evaluate the changing of satarial stats for each
layer (s procesded as follows:

#) Compute the layer strains by

{ef = [a][9] fof ~foir (10)

5=



vhers {u} is the displacement solution vector of the current i(teratioan for
the current ch.-c.{.}. the thermal expansion coefficient vector and T,

the layer tamperature.
b) If the layer has existing cracks, the computed strains are tasted

against Eq (9) to form an {otermediate nev layer stress-strain relatiom [Cl].

f.0.,

[c.] ~sxiscing cracks closingl . [cq (11

vhere Cy is the currest layer stress-scrais relacions built iato the glsbal
stiffness matrix, which is used to obtain the displacemesnt solutiom vector {u}
¢) If no existing crack ia the layer, let [C,_] - [ .
d) Based on the nev layer strass-strain relation [c , the layer stresseas
are computed and tested against the criteris specified by Eq (8) to form the
final nev layer strass-scrain relation [c,]

[cy] -Reesxeshefommiasl, (2] (12)
5. Equivelesc Thermal load Vector

The equivalent thermal load vector is dependent om the material pro=
perty of the element, Vith the oev saterial property defised by the [61]
macrix of Eq (12), the equivalent thermal load vector for the nev msterial

{eg} -j: [17 [[,q: (¢]] {-} T(z) ds A (13)

6. Nonlinesr Solucion Nethed

Generally, two iteration methods are available in the finite element
sethod for che solution of material nonlinear problems: the so-called
variable stiffness method aad the {nitial stress/strais sechod (’] Yor
variable stiffoess sechod, & solutiom is firsc cbtained by the initial linear
system. Based on this solution, the material scate of asch slement s updaced,
and & oew solution (s obtained with the regional load vector and the new
sactarial scace. This process contioues until the change of sacerial stace
of two consecutive scates are sufficiencly small. For the initial stress/
strain method, the original elascic sywcem sciffness (s kept unaltered. At
each iterscion, the difference betveen the slement stresses vhich are cone
sisteant with the current saterial state and cthe element stresses vhich are
in squilibrium vith cthe external loads are called the usbalanced stresses.
From these unbalanced strasses, the equivalent unbalanced load veerors are
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found. Then, & nev solutive is obtaised with these addicional unbalanced load
vectors and the origisal liseir system stiffoess matrix. This process coo-
timues until the change of unbalanced vector is segligible. The variable
stiffness method has the deficisncy of resssembling sysces stiffoess At every
iteracion, This process i» -n-tn'. On the other hand, the initial stress/
strais method has the deficiency of slow convergence. 1o this vork, & com=
bisacion of both methods are used, and L)e (teration equation can be expressed

as

[w] {51 = {e « fei} + {ed) 1)
sare l.] (s the updeced system stiffnas asiv.s, {r:} is the external load
vector, !i} {s the thermal load vector based ou the current material scate
and {!3} the unseldnced load vector givea by

(- (408 L (7 ke ) o
vhere [C;] and [c. are the stress/strain relation for the new mats:ial stace

(Eq (12)) and the state built iaco the current system stiffoess macrix [l.] ’
respectively. The convergence criterion adopted are given by

l{t’ . ',M}: {2}
(% {+')
vhere {z’} (s tocal load vector om right-hand side of Eq (14) and & s

a sufficiently small cusber,

7. NASIRAN lmelementacion
The implemeutation of the cracking analysis algorithm in NASTRAN

requires only lsolaced isterisces to the program due to NASTRAN's modular
dasign. Most of the oev solution (teration procedure code are (solacted to
five nev modules, which uses many of the existiig NASTRAN sacrix subroutines.
A brief description of sich module appears below:

s) Pugctiocn Module CLIMG (Strain Mariix Generatw )

Ganerates the element stress-straiu relaciocns [l] This module (s
outside the iteraction loops and store the f:] matrix on random access files
called CAQE (Cracking Aoelysis Operatios /ile). These daca will be used
(nside the iteration loops to sompute thermal load, «iament stresses and
unbalanced load vectors.

b) Fupstiow Module CAUTIL (Crack.ag Anslysis Urilities)

Performe utilicy function such &« extracting daca frow CAGF fo-
pravious macterial staces and assesbling pertion vectors for weiule CALIYER
(deecribed below).

< &

ol
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¢) Function Module CAZMC (Tlement Stiffness Cemeracor)

Ganeratas the new slesent stiffpess matricas.
d) Punctional Module CAITER (Creck Analysis Iterstiocs)
Generates the nonlinesr thermal !nad vector and the unbalanced load
vector and performs the unbalanced load i{taratiocm,
«) Punction Module CAOTP (Cracking Amalysis Output Processor)

Thers are two itaratice loops; the outer loop is called the sciffoess
{taration vhich updates the system sciffoess oo the lefc-hand side of Eq (14);
the inner loop is called unbalanced load iteration which iterates the right~
hasd side of Bq (14) with coastant [l.] The sciffness {tarstion is Lsple=
mented by usin, the NASTRAN DMAP '(Direct Macrix Abstraction) comtrol laaguage
(8]. Module CATTER performe the usbalasced load iteration. It recovers the
strasses, evaluates nonlinesar msterial state, geserates thermal load vector
and usbalasced load vector, tasts for convergence, and settisg of parasecers
to control DMAP execution. The CASMG module resides outside both iteraciom
loops.

8. [Example Problems
a) McNeice's Plate
The McNeice's plate fz] is & 36 inch square by 2 inch thick supported
at four cormers. It (s & m-uy slab with 0.85% reinforcing bars. A concan~
trate force is acting ac the cemcar of the plate. Figure & shows the fiaite
element grid and the load deflection curves f{rom experimestal and computed
results for point 1 ou the plate,
b) Iafinite Long Cylindrical Shell Under Thermal Load
Figure & shows & cylindrical shell of 15 feer inside radius and 1 foet
thickness vith tvo-vay reinforcing bar at outside face of the cylinder. It has
& 48 built temperature of 50° F, This temperature grows to .70° F oucside of the
cylinder and 80° F tnside of the cylinder. The results of classical cheory and
this snalysis are shown in Figure 4. The small discrepancy in crackiag discance
snd the amount of iocreasing im radius is due to the assumption that stresses
are constant throughout the thickoess of a layer.




§ Chang

i

J 4&/6

References

HAND, ¥.R,, PECKNOLD, N.A., SCHNOBRICH, W C., "Nonlinear Layersd
Acalysis of RC Plates and Shells,” JOURNAL OF THE STRUCTURAL DIVISION,
July, 1972,

JOFRIET, J.C., MeNEICE, G.M., "Finita Element Ancalysis of Reinforced
Concrete Slabs,” JOURNAL OF THE STRUCTURAL DIVISION, ASCE, Volume 97,
¥o. ST1, Proc. Paper 7963, March, 1971, pp 735-806. -

KUPPER, H., HILSDORF, ®.K., RUSCH, H., "Benavior of Concrete Under
3iexisl 3tresses,” JOURMAL OF TUZ AMERICAN CONCRETE INSTITUIE,
Yolume 66, No. 8, Augusc, 1969, pp 656-666.

VALLIAPPAN, S., DOOLAN, T.F., "Nonlinear Stress Analysis of Reinforced
Concrete,” JOURNAL OF THE STRUCTURAL DIVISION, ASCE, Voluse 98, ST4,
Proc, Paper 8845, April, 1972, pp 883-898.

PHILLIPS, D.V., ZIENKIEWICZ, 0.C., "Fisite Element Nonlinear Asalysis
of Comcrete Structurss,” Proc. Tasta. Civil Eagipeers, Part 2, 1976,
21, March, 59-8%.

HERTING, D., HERENDEEN, D., HCESLEY, R., CHANG, H., "Implementation om
a Nonlinear Concrete Cracking Algoritha im NASTIAN," Fifth NASTRAN
User's Colloquium, Amers Research Cescer, October 5-6, 1976,

NASA SP~221(03), "The NASTRAN Theoretical Mapual Level 16.0."

NASA SP=222(03), "The NASTRAN User's Manual Lavel 16.2."

ZIENKIEWICZ, 0.C., "The Fioite Elesent Mechod in Engineering Science,”
McGraw-Hill, London, 1971.

-9



Reference Coordinate
System Origin

@© a. b, c *» grid points
Bys By Ac = offset véctors

FIGURE 1. TRIANGULAR LAYERED ILEMENT



Principal Stress-

Tensile Screagth
Compressive Strength

Used {in this work

Suggested by Ref .23

FIGURE 2. CONCRETE FAILURE CRITERIA UNDER BIAXIAL STRESSES




>

wv

,\ ..

FICURE 3. LAYER STRESSES IN CONCRETE WITH ONE C’ACK



APPLIED LOAD P

b o

- | . 1621 28 35 &2 A

-
: GIVEN 6 48
t = 1,75"
d = 1,31" 5 47
— i
O;-. fc = 550 P‘i 4 46
Eg = 29 x 106 psi
3 45
Ec = 4,15 x 10% ps{
b = 0,15 2 e
8 15 22 29 36 |43
ASSUMED .
to = 710 s o e
=
- ASSUMED ROLLER
SUPPORT AT FOUR
CORNERS
[
v A 4
18" 18"
— : -
A
P 1T ] T LT 3]
- / -
’
3200

2400

1600 ~——— Experimental
4 @ Theoretical —
800 w=ew Theoretical, -

e S MO WY TRE M W PR TR
0 - RS AR 20 2 28 2 32 36

DEFLECTION (10°2 inch) AT POINT 2

FIGURE 4. McNEICE'S PLATE



125" 0.875"
& ——-i"T'—"""""‘" CLASSICAL
L \/\ sy TEIS ANALYSIS e
& 3 -‘ i = -
2 e "t Growth of Radius | 7.31x107° fr | 7.49x107~° £t
33 |e A Stress in Reif. | 1058 psf 1059 psf
a pe ° ip.c Bar
o '.:. e i" Max Stress in 98.4 psf 98.4 psf
® g :'t.‘_ Concrete
= B - Vs Cracking Dis- 0.6 £ 0.621 £t
-\ [ . ® tance C
i 3
. 2 i_."._v
e J\ |“..':.6
X
c
CRACKED ZONE
szao A-A

FIGURE 5. INFINITE CYLINDRICAL SHELL UNDER THERMAL LOAD












o4

ewmnonf BINLT 'S

AT Xlia zmnr_(




s ‘2lid
Al X IQN3A4dy

ennon BRI 0

.-gkd‘ 4



o ‘914
AT X1ANIddY

s B SIS



envone B ORI 0
L ‘o4

Al *Naddy

-s'so!g‘-‘s



e PPy

|

APPENDIx IV
Fig,

e



boio colrius san  1oor. win 0110 o PL




Nose g

o1 214
Al RaN3ddy

e

e B SR 0

I -y



I 214
Al XAw3addy

PP -y









L3

vl ©4
Al Xian3ddy

s BN 0'R

14000 w44 0 -Sg‘ls



w

Sl 912
Al X1aN2Addy

o ORI TR

TR B LA L ‘pu-da"



IS OBNO IO
savnovun BRI 018

@1 DY
Al X1aN3ddy

e .os.‘



L1 94
Al X1an3addy

R

s B SRALT R

1008 O 4y W00 -:5"



smons 'SR

21 914
Al X w3addy




&y v P
7= sansid- fo ity

Nm XION3ddY : : P et
_ (MIIA 1S ) s INE 8 Me\u‘.\ .\

’ =
\ —
\\.\\Au J \\‘\
J: _\/\\ | Rl N I p"1 \\\ "
Ll \\\ Lot
\\\/\ &“ \\\ / W
4 j 1 \\\ e
gt P et | et Lo T r
s 1| - - -~
/ s M L1 \\ \A —
an\.\o\\ww\.& \\\\ \\ - \\ -
o e xnﬂ\M
. . Li
e oy I ) '\\-\\ TR ,/[./\ \\
' & |
'S s
( Wﬁ (3/ %1 235
v5§ ~eywy7 @
; e FEVD
w‘“\ —

|

?
/ \§ E\-\\ \R\EQ



COMTAINMENT BUILDING
RELAPY FLOW MODEL

ahgm 1
‘H\.wa-"‘ “ ; H i
‘ g B !
! !:::::% ;‘%}:M‘“ iy
- 1&!!:!‘”"*: i
3..:3 ..... l 2
o+ il

R

]

VA STE WM
BLOWbowY
BATA

il

Fiqure |

Appendix S



aaqunyy Aswpunog ()
Aaqungy uorbay O
anavan

(D' Zh BOLtn Likth
i STh .m.m.u.or ZHSOh
PT0h ‘T Be W% Sl
S5°2¢'S290t ‘L'e2 ‘SLL92
‘L@z ‘o222 ‘0412 ‘sLapl
‘Srul'szesl feret ‘slgti b
S29%. 'S ‘e ¢ ‘sL7) Lant
291 'siy0'eRs0 220 ‘0a 4

o't ‘s

‘0-st ‘gt o2t ‘seatl ‘o

am.-l Go.& -w'* -°om nmctﬂ
‘2 ‘1 ‘0" ‘s0 ‘070 X

u.wﬁ'vdfnﬁbo...u mtuﬁb_.ov UG
A° pAroid up Sruy plog

.w:ow.q...n..» S
jo 93%i5uG) |opow wueq
2yl “pezijpup SV w015

330 wodq 33 39 Joy Auo
-U?—U’l!&ﬁd S: wwaq 243 OU‘um

Z oanbiy

G ¥ipuaddy

; (0*0) =
5] P @ _‘r

R
-.J

!
i
: |
(hs)
+ s
o R
? 5 (O—— @® !
— !
| B i
5 D P @
v

TAAOW  SONILAY3IH
WVIL 121QddNS TIVAT AV H3AdN  A0VAHINED w3 iy



22qunty %2016«5& O
Agqungy ualboy O
LOECER

S29°bt 'Sie bl
Szibl ‘siertl 'szrdl siece)
‘s2rp 'SLEL) '9299 fsTis
‘Sersl ‘bz ‘eidn bEr i
C951 ‘8ehl RIS ‘Lobat
1820\ ‘Lo a ‘einh Mﬁw.e
.Yaé.ﬁwé.m.@é 281°%
ga0rs ‘eebL ' Ci9L ‘N9
‘g9'sploe stz tel ST
t91'S1Lr0 ‘g'o ‘s L

SLE S 'Sl

‘SLest ‘Sigs) ‘SLe 2l Sie

‘SLe'd SLel'see 'slgh

Gieg ‘eszslen 's) BTy
‘o'l ‘sL°q ‘as-0 ‘g2 0 ‘90 X

193PUIplood buimoy19) uy
30 peIvid 920 33Uy piae

‘Su01bas i

42 F4315U0D |Fpow WURq

o4y - perkoun som uodes
5309 wwaq 3 40 vy Huo
Uuiv S !-CJ G ws

€ by T aipuaddy

bbbfq -

B — Tmu:!#) —

7T @ @)

i m... Alelt ®
A i | - © @ |
. =l o—A @
L 7 | SRR RWRA

1 F e
F T 1n

120 ® @

o)
_>

?#Uftfv \3

§o 3uvg

%_
\..



