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ACSTRACT

The inherent safety margin in nuclear structures subjected to dynamic
loading and designed to meet ASME Code limits is evaluated using @

simple single degree of freedom system. Analysis is performed for linear
elastic behavior and elastic-plastic behavior using a bi-linear stress-
ctrain curve. 1t is shown that when plasticity effects are included the
peak load to failure is significantly higher than that obtained by linear
elastic analysis alone. It is, therefore, concluded that for structures
designed to meet ASME Code limits, the inherent safety margin is signifi-
cantly higher for dynamic pulse loads than for static 1oads.

<1300



1. INTRODUCTIOM

Nuclear pressure vessel structures are often subjected to dynamic loads
which 1ast only for a short duration. Examples of such loads are safety
relief valve losds, seismic loads, etc. which are generally classified
under Class C and Class D conditions (Emergency and Faulted conditions).
The ASME Code prescribes allowable 1imits for these Class C and D loads.

In corparing the applied loads against the code limits, the dynamic analysis

is generally performed assuming elastic behavior. This takes into account
the effects of inertia and is adequate for applied loads which lead to
elastic strecses. HMowever, when large impulsive loads are applied on
structures which lead to some plastic deformation, the use of elastic
dynamic analysis ray be over-conservative since the comparison with the
code 1imits are based on applied stresses. In reality some yielding can
be tolerated and, therefore, the actual stresses in the structure are
likely to be lower than the values calculated by elastic analysis. This
can be shown by performing an elastic-plastic dynamic analysis of the
structure. However, such an analysis is not practical for complex
structures involving several degrees of freedom. Nevertheless, velid
conclusions can be obtained by comparing the results of elastic-plastic
analysis and lincar elestic analysis for 2 simple single degree of freedom
model for impulsive loads. The purpose of this report is to demonstrate
the conservetism introduced due to the use of elastic dynamic analysis and
to estirate the magnitude of the inherent safety margin that exists in
present prectice. Elastic analysis is performed for a triangular pulse
losd with different periods using a single degree of freedom nodel. The
maximun force in the structure and the corresponding displacement are éom-
puted for & given peek load and pulse duration. Elastic-plastic analysis
is perforned using a bi-linear approximation to the experimente]l stress-
strain curve. The solution to the governing differential equation is ob-
tained nunerically using a finite difference approzch and the results are
compered with the corresponding valuves from elastic analysis. Based on
this comparison the adcitiona) safety margin due to nonlinear material
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behavior can be determined.

2. LINEAR ELASTIC EVALUATION

1n order to understand the response of structures to impulsive loading

2 simple single degree freedom spring-mass system of the type shown in
Fig. 1 is selected. The applied force is a function of time F(T). For
the results presented here, 2 triangular pulse of the type shown in Figure
1 is employed. However, the numerical method developed here is completely
general and can be used for an arbitrary pulse shape.

The equation of equilibrium is;

MX ¢+ KX = F(T) (1)

where M = mass of the structure
K = stiffness, constant for elastic behavior

b
"

displacement and

-
~~
-3
-
"

arplied dynamic load

For a triangular pulse load of peak value P and, duration To the forcing

function is given b)

F A PT - ‘FOY o .‘.T.‘.-‘.“IZ
e
s 2?(’?.-'7)/'7, for GfaseTiTe
ke c for T 295
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Equation (1) can be simplified by introducirg the following non-dimensional

variables;

»>| o

Xz _x_ where )(s = maximym static displacement =

E
t = wl and to B "To where w = KM = 208 f

f = natural frequency of the system

. s

"N = natural period of the system.

—| —

Following substitution the equations reduce to the following non-dimensiona)

i‘_! s X = ﬁt&) here

i " at/t, octsts

fe) = 2 (to-t)/{. 4‘/2 g el W
e © ¢ 3!.{:,

The initiz) conditions 2re x = 0 and dx = 0 at t=0.
dt

form:

Closed form solutions can be obtained for the elastic case during

the rising period of tne pulse (1.e., tgtTJZ) as

X e 2(1-Siﬁt) to

However, the cleosed form selution for the unloading portion of the pulee
becomzs complicatec. P more general solution can bz obtained by numericelly
integrating the eguation using & second order eccurete difference method.
The nursrical solution to Egquation (2) can be obtained using @ certered

difference scher of the typc shown in Figure 2 and given by

o 20 for o, B fB
4 | - . ! ol g .(."‘ 5 ~ r

£4F
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(1)
(11)

elastic loading up to the yield point
elastic-olastic loading beyond the yield point during which

the deformation is governcd by the slope of the plastic portion

of the stress-strain curve, and

(i41)

yielding occurs).

unloading during which the behavior is elastic (until reversed

The equztions of motion for the three dgifferent regimes are as follows:

Elastic Lo2dirQ

———————————— ¢

X

where X, 1s the displacewant (g

KX =

yield 1o2d (stress) Pe.

F(1)

eneralized strain) corresponding to the

e plastic portion ©
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§ the stresc-strain curve.
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The non-dirmensionalized equations are:

x+ ns 4(¢) ocxngl
X +Axs fle)sA-) 1 €726 Ruax g

A2 o+z v FW(Zung=1)(-2) % 2Fwmax
where '3;’&/&, - ‘f £ “/“
Pe) o | (-, dofr £téte

B ¢ 2L,

Tne above eguations can be integrated using the difference method de-

scribed earlier. A computer program for solving the differential
equaticrs was developed. ¢ The program computes the displace-
ment a2t €:ch step and wher the non-dimensional displacement is less than
one, the elastic equations are used. Wnen the displacement X exceeds one,
the equations for elastic-plastic behavior are used. When the increment

in ® after a timo step becomes negative, unioading occurs and the equations
for elastic behavior are used. Computztions were performed for time

T, up to one natural period TN' for the numericel examples presented here,
the mexinm.~ displecerants (or strains) were reached within the time range
for which computations were made. Also, reversed yielding did not occur
during this tine range. The results of the numerical evaluation obtained
using the stress-strain curve for 304 stzinless steel are presented in
Ficure € for five different pulse durations. The maximum non-dimensional
displacesnt is plotted as @ function of applied loed for the sclected
pulse duretion. because of the non-dimensionalizetion, the logd versus dis-
placement plot is &lso ecquivalent to applied stress versus maxinum strain
in the structure. From this plot the allowable maxinum 2pplied stress

can b2 computed for 2 given maxiwmum strain and pulse duretion. For
instance, i1f @ strain of 10(3) (for the 304 stainless steel stress-strzin

"

curve vsed here (Ty ,075%) 1s the miximom allowable value for emergency
conditions, (Class C), for a trianguler pulse of duration 0.1 Tr, the maxi-
Al

mam allowable stress is 14.5 tinos the yield ctress (0; = 18.5 ksi). Using
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the strzin as the failure criterion, the maximum stress that can be

applied for a given “failure strain” can be determined from Fig. 6 for
different pulse durations. As expected, allowable maximum stress increasgs
2s the pulse duration decreases. '

4, COMPARISON WITH ASME CODE ALLOWABLE STRESSES

The use of linear elastic analysis and nonlinear elastic-plastic
aralysis for determining the response of 2 single degree of freedom
system has been described in the previous sections. The elastic
aporoach car now be used to determine the applied stress level at which
the structure just reaches the cude allowable stress. The elastic-
plastic analysis can be used to determine the apolied stress level to
reach a strain of 0.75% (10¢Ey for the stress-strain curve used here).
Figure 7 shows a comperison of the applied stress level to meet code
a1lowable (yielc stress for emergency conditions) and the stress for a
meximur strain of 0.75. for different p.'s. durations. Even if failure
is defined conservatively ac reaching 2 strain of 0.75% the ratio between
the code 1imit and failure is greater than four. The conbined effect of
irnertia and materia) non-lingarity is to introduce a substential degree

of conservatisr when @ structure is designed to code limits.

An 2lternate way to looh 2t the safety margin using elastic-plastic dynamic
analysis is to compare the static and dynamic reserve margins. The static
reserve margin is defined as the ratio of the static load for failure (de-
fined at 0.75 strein) to the static load to meet code limits. The dynemic
reserve mercin is defined as the ratio of the peak dynamic load to ceuse
failure (0.75° strain ¢s deternnined by elestic-plastic analysis) to the
peak dynezmic louod to ju~t reach code limits. Table 1 lists the static

and dynamic reserve mergin: for different pulse durations calculated essum-
ing 0.75% &s the strain to failure,

1t is seen the! the dynamic reserve nargin is significantly higher than
the static reserve margin, Similar trends are also expected when the
reserve margins are celculeted assuring different strains to failure. The
important conclusions thet emerge from the mergin calculetions in Teble I
are as follows:
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o When a structure is designed to meet the ASME Code the inherent safety

margin to failure is significantiy higher for short duration dynamic
10ad pulses than for static load. This additional design margin is
inherent in structures subjected to transient arising from events
1ike earthquake, LOCA and SRV discharge.

o The higher safety margin for the pulse loads cen be demonstrated by
including effects of material non-linearity. When a pulse load is
applied, the impulsive energy that is input depends not only on the
magnitude of tne applied load but also on the duration of the load
pulse. ks the duration of the pulse gets smaller, much higher applied
loads can be tolerated since the energy for plastic ceformation remains
the sarme.

It is shown thaet the safety margin inherent in nuclear structures designed
to meet ASMT Code limits is significantly higher for dyramic pulse type
Yoads than for stztic oads when effects of material nor-linearity are
included.
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TABLE 1

RESULTS FOR SDOF SYSTEM SUBJECTED TO A TRIANGULAR PULSE

Hidth of Pulise/ Reserve Margin Maximum Strain Dynamic Reserve Margin/
Natvra® Period of SDOF - Static  Dynmamic (“max)-% Static Reserve Margin
0.1 | ¥ a.52 0.75 3.93
0.2 | P ;. 4.5¢ 0.75 3.93
0.3 1% £.47 0.75 3.89
.4 1.15 &.34 0.75 W
0.5 954 4.23 0.75 3.68

"

for Service Level C, ASME Code aliowable primary membrane stress limit at 550°F = Sy 18.50 ksi

(Frg-r- Fig-}v'e C-1).
21,25 .

. : -0 -5y) = 9 > -
Static Reserve Margin {at ¢ = 0.75%) = “(emax - 0.75%) = w50 - - 15

v

Dynamic Resorve Margin (at taca " 0.75%) = Peax load to produce 0.75% strain by elastic-plastic analysis

Peak Toad to just reach yield (linear elastic analysis)
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