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e

The inherent safety margin in nuclear structures subjected to dynamic |
*

loading and designed to meet ASME Code limits is evaluated using a
simple single degree of freedom system. Analysis is performed for linear
elastic behavior and elastic-plastic behavior using a bi-linear. stress-

strain curve. It is shown that when plasticity effects are included the i

peak load to failure is significantly higher than that obtained by linear {
elastic analysis alone. It is, therefore, concluded that for structures j

'

designed to reet ASME Code limits, the inherent safety margin is signifi-
cantly higher for dynamic pulse loads than for static loads.
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1. INT RODUCT10'{

tNuclear pressure vessel structures are often subjected to dynamic loads '

.

which last only for a short duration. Examples of such loads are safety
relief valve loads, seismic loads, etc. which are generally classified
under Class C and Class D conditions (Emergency and Faulted conditions).
The A5fE Code prescribes allowable limits for these Class C and D loads.
In corp 3 ring the applied loads against the code limits, the dynamic analysis

,

is generally perforned assuning elastic behavior. This takes into account
the effects of inertia and is adequate for applied loads which lead to
elastic stresses. Ho. sever, when large impulsive loads are applied on

structures which lead to some plastic deformation, the use of elastic
dynamic analysis may be over-conservative since the comparison with the
code limits 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. Ho'.iever, such an analysis is not practical for complex
structures involving several degrees of freedom. Nevertheless, valid

conclusions can be obtained by comparing the results of elastic-plastic
analysis and linear elastic analysis for a simple single degree of freedom
model for impulsive loads. The purpose of this rep' ort is to demonstrate
the conservatism introduced due to the use of elastic dynamic analysis and

to estircate the magnitude of the inherent safety margin that exists in
present practice. Elastic analysis is performed for a triangular pulse
load with different periods using a single degree of freedom niodel. The

,

maximum force in the structure and the corresponding displacement are com-

puted for a given peak load and pulse duration. Elastic-plastic analysis

is perforced using a bi-linear approximation to the experimental stress-
strain curve. The solution to the governing differential equation is ob-
tained numerically using a finite difference approach and the results are
compered with the corresponding values from elastic analysis. Based on
this comparison the additional safety margin due to nonlinear traterial

24301
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behavior can be determined.'
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2. LINEAR ELASTIC EVALUATION

In order to understand the response of structures to impulsive loading
a 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, a 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 eruilibrium is;

M N + K X = F(T) (3) ;

mass of the structurewhere M =

stiffness, constant for elastic behaviorK =

displacement andX *

F(T)= applied dynamic lead

For a triangular pulse load of peek value P and, duration T the forcingo

function is given by

!z PT y .fer o & T 6 Tc/2.*
O

,

#
2 P (,Ta -T)f T, far k'2. 6 T 6 %

'

r(T)=

(* T D%'

o
_
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Equation (1) can be simplified by introducir.g the following non-dimensional'.

variables;

= maximum static displacement = f .,Xg where X
3

Ns
2 fift = wT and t = wT, where w = K/M =

g

f = natural frequency of the system

1
= 7 = natural period of the system.i g

Following substitution the equations reduce to the following non-dimensional

form: g
:= [ b) M84h ,p X

dt 02k|t, e l- L 4 .|2
'

I(t) :: 2 (60 0) {, b/2 6 4 4 -(2)

k SkoO
.

The initial conditions are x = 0 and dx = 0 at t=0.
'd t

Closed form solutions can be obtained for the elastic case during
the rising period of the pulse (i.e., t4t /2) asg

x = 2(t-Sint)/to

However, the clesed form solution for the unloading portion of the pulte
becomes complicatec. A mort general solution can be obtained by numerically

integrating thc equation using a second order accurate difference method.
The numri:a1 solution to Equation (2) can be obtained using a centered
difference scher/c of the type shown in Figure 2 and given by

g(I4Q - r ::$)+ EG-d t- X-[S) c: t
F

r -QAf;j -(3)L"G--.-
dE ,"
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where x(l) is the solution at time t=Ist 'and
4t is the tix increment. ;

*

The initial conditions are given by |

x(1) o

y cn 1 (.a - *"'"}|t.~

|Knowing the solutiori at 1 and (1-1), the solution at (I+1) can be cal-
culated from Equation 3. The elastic response of a single ~ degree of

freedo syster to a triangular pulse load was calculated for different
pulse durations usir.g a computer program based on the above difference

andequations. Co putetions were performed up to one natural period TN
each tire step was talen ecual to .005 T . Figure 3 shows a plot of theg

. maxitz non-diner.sionel displacener.t (which equals actual dynamic displace-
rnent/ static dis;)laceent) as a function of non-dimensional pulse duration
(i.e. , pulse duratic- /netural period). As expected, for a given peak load

the maxim;- displacennt and the stress in the structure decrease as the
pulse width is redutet. This is consistent with the expected dependence
of the raxir.um displatenent with the applied irpulse. On the other hand,
as the p;lse duratiin epproaches the natural period, the rnaximum dynamic
dispia:ere.; exceeds the stctic vcive and static analysis is no longer
conservative for su;h cases. The elastic ar.alysis presented here does

not considcr an;. viscous dan. ping and some conservatism is built in as a
,

result of this assur.rtion.

3. E L ASTI C-PL ASTI C E'.'AL UU10N

In order to evaluctc problems where the applied load is sufficient to
cause plcstic deformation in the structure, a bi-linear stress-str6in
curve (Fig. 4) was em;)1oyed. A bi-linear fit to the minimum stress-strain
curec for 304 stainless stcel at 550 F (Fig. 5) was used for the calculations

orcsented here. For thc elestic-plastic analysis three different regimes
nust be considered W,ich are:

|

I \

4
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elastic loading up to the yield point'

(i) .
(ii) elastic-plastic loading beyond the yield point during which

the deformation is governed by the slope of the plastic portion
*

or the stress-strain curve, and
(iii). unloading during which the behavior is elastic (until reversed

,

yielding occurs).

The equations of motion for the three different regimes are as follows:

Elastic Loadira

ThT) X4ECMN+KX 5

where x, is the displacement (generalized strain) corresponding to the
yield load (stress) P .g

Elastic Plastic loadine

p/} y .t. Ye? K(X-Y.c.]G V(1) Y~C 0 $ N.M

sicpe cf the plastic portion of the stress-strain curve.i

where K r

and ). = ma xir.:- displacenent just prior to ur. loading.
nax

This re;ine is valid as lor.g as the displacement keeps increasing with
Once unicading occurs, the naterial behavior becomes elastic.tine.

,Upinac rg
*

N ~'t Q. d* ( Ys y,j' V . * *
''

O tw}-

The abcVe c;uetions can be non-dinensionalized by the follo.ving sub-

s ti tut'i or s : .,

yreue;; oc.ya g c
v.| k. s tan

! x .. ,..

3 G Y|Qt |3C ',i[h,
(' (d '[ c11 ,

.

'ne |
%

Jr r, K'/g; ratio or the slopes or the plastic and eie tic portions or
|the stress-strain curve.

24305
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The non-dimensionalized equations are:

5+%s .f(t) o 6 %&l |

$.+Ase f(t) + A - D t 6 %i %x ' -

& .s. s M) + (%-s) O- A) * t %as.

*2fb o 6 k 6 dhwhere

9y) # Q(L. U/L, kah &L&L
4 tl.o

.

Tne above equations can be integrated using the difference rnethod de-

scribed earlier. A computer program for solving the differential
equatiens was developed.

" The program computes the displace-
rent at each step and when the non-dirnensional displacement is less than
one, the clastic equations are used. Wnen the displace:nent % exceeds one,

the equations for clastic-plastic behavior are used. When the increment

in 7#. af ter a time step becoms negative, unloading occurs and the equations

for elastic behavio are used. Computations were perforced for time

T, up to one natural period T .. For the numerical examples presented here,
h

the maxim,r displace ents (or strains) were reached within the time range
for which computaticns vere 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 stainless steel are presented in
Ficurc 6 for five different pulse durations. The maxirrum non-dirensional

displacewr.t is plotted as a function of applied locd for the selected
'

pulse duration, because of the non-dinensionalization, the locd versus dis-

placement plot is also equivalent to applied stress versus maximum strain
in the structure. From this plot the allowable raxit.:am applied stress

can be computed for a given maximx strain and pulse. duretion. For

instance, if a strr.in of 10C , (for the 3X stainless steci stress-strain
y

curve used here 6). = .0751-) is the na.ir.wm allowable value for emergency
conditions, (Class C), f or a triangular pulse of duration 0.1 T , the naxi-g

num allowable stre,5 is 14.5 tir.cs the yield stress (g; r- 18.5 ksi). Using
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the strain 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 increases

*as the pulse duration decreases.
!

4. COMPARISON WITH ASME CODE ALLOWABLE STRESSES

>

The use of linear elastic analysis and nonlinear elastic-plastic
analysis for determining the response of a si'ngle degree of freedom

'

system has been described in the previous sections. The elastic

approach tar; now be used to determine the applied stress level at which
the structure. just reaches the code allowable stress. The elastic-

plastic analysis can be used to determine the apolied stress level to :

reach a strain of 0.75S (10(f for the stress-strain curve used here).y
Figure 7 shows a comparison of the-applied stress level to meet code
allowable (yield stress for emergency conditions) and the stress for a
maximum strain of 0.75% for different pc's; duretions. Even if failure
is defined consersatively as reaching e strain of 0.75% the ratio between
the code limit and failure is greater than four. The con 6ined effect of

inertia and material non-linearity is to introduce a substantial degree ,

'

of conservatism when a structure is designed to code limits.

An alternate way to look at the safety margin using elastic-plastic dynamic
analysis is to conpere the static and dynamic reserve margins. The static

reserve margin is defined as the ratio of the stPtic load for failure (de-
fined at 0.75'. Striin) to the static load to treet code limits. The dyncmic

reserve margin is defined as the ratio of the peah dynamic load to cause
failure (0.75i strain es detenained by ettstic-plastic analysis) to the
peak dynamic load to jv.t reach code limits. Table I lists the static
and dynamic reserve nergin:. for different pulse durations calculated assum-

inD 0.'75% as the strain to failure.

It is seen that the dynamic reserve nargin is significantly higher than
the static reserve margin. Similar trends are also expected when the ,

reserve margins are calculated assuming different strains to failure. The

important conclusions that emerge from the margin calculctions in Table I

.are as follows:

24307
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When a structure is designed to meet the ASME Code the inherent safetye
.

margin ~ to failure is significantly higher for short duration dynamic
load pulses than.for static load. This additional design margin is

'
inherent in structures subjected to transient ' arising from events; .

,

like earthquake, LOCA and SRV discharge,

'

e The higher safety margin for the pulse loads can be demonstrated by <

including. effects of material non-linearity. When a pulsefload 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
pul s e . As the duration of the pulse gets smaller, much higher applied
loads can be tolerated since the energy for plastic deformation remains

the sane.
,

5. CO*?CL U510',5 ;

It is shown that the safety margin inherent in nuclear structures designed
to meet ASME Code limits is significantly higher for dyr.amic pulse type- ,

'

loads than for static loads when effects of material nor.-linearity are
.

included.
,

,

4

*
s

b

!.

!
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TABLE 1
'

.?-

-
.

RESULTS FOR SDOF SYSTEM SU3JECTED TO 'A TRIANGULAR PULSE
.

-
.

Hidth of Pulse / Reserve Margin Maximum Strain Dynamic Reserve Margin /
*

Natural Period of SD3F. Stat 3 Oynamic (* max)-% Static Resceve Margin

0.1- 1.15 d.52 0.75 3.93'.

O.2 1.15 4.52 0.75 3.93
0.3 1.15 4.47 0.75 3.89
0.4 1.15 4.34 0.75 3.77' -

0.5 1.!5 4.23 0.75 3.68
.

For Service Level C, ASME Code allowable primary mambrane- stress limit at 550 F.= S = 18.50 ksi-

( Fro : Fi gure 4-1) .

Static Reserve Margin (at e = 0. 5%) = b(cmax - 0.75%) = 1.15=
max

Sy

Dynamic Reserve Margin (at c = 0.75%) = Peak load to produce 0.75% strain by elastic-plastic analysis

Peak load to just reach yield (linear elastic analysis)
_

.

b

@ '
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