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HIGH-LEVEL SEISMIC RESPONSE AND FAILURE PREDICTION
METHODS FOR PIPING

L. K. Severud
M. J. Anderson
M. R. Lindquist
S. E. Wagner

E. 0. Weiner
ABSTRACT

Seismic response and failure analyses were performed for
four piping systems that were shake-tested to high level
nonlinear and innlastic response levels. Both pre- and
posi.-test analyses were accomplished, A number of simpli-
fied elastic, elasto-plastic, and inelastic transient
dynamic analysis methods wire utilized. Descripticas of
these methods, with their special structural parameters
and comparisons of predictions using each method to test
data, are provided. Reasonably useful, but conservative,
methods were found for predicting the high-level inelastic
response and the failure modes.
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ETEC 6-inch diameter sefsmic fragility demonstration test
(Reference 7)
Kraftwerk Unfon (KWU) 2 and 4-inch diameter pipe system test
Reference 8)

TEC 3-inch piping test

Using the following various simplified elastic and elasto-plastic methods
and a simplified nonlinear method:

Standard ASME Code Class | and 2 design analyses
Newmark modified s:octro method (Reference !i
Campbell/Kennedy/Thrasher dynamic/static (D/
(Reference 10)

Progressive hinge simplified 1imit analysis method by Jaquay
(Reference 11)

Nonlinear transient dynamic inelastic analysis using the NONPIPE
computer code {Reference 12)

Seismic probabilistic risk assessment (PRA)-type p!ping fragility
estimations using the procedures of References 13 and 4.

) margin ratio method

Compare the results of the above analyses with each other, and with the
results of dynamic tests,

Perform analyses of damping energy distribution in four pipe systems
excited to high-level response te determine how much of the tota) systems
damping is due tn:

Plastic hinges
Snubbers and supports
Rest of pipe system exclusive of two above ftems.
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2.0 SUMMARY

A series of analyses were performed for predicting elastic and nonlinear
inelastic dynamic response and collapse failure levels for a one-inch
diameter pipe test article tested at the Westinghouse Hanford Company (WHC),
for a six-inch diameter seismic fragilit‘ iping test article tested at the
Enerqy Techno! Engineering Center (ET Cg. for a combination two-inch and
four-inch diameter pipe test article tested by the German Kraftwerk Union AG
(KWU), and for a three-inch diameter test article tested at ETEC. These
analyses include (1) standard ASME Code Class 1 and 2 elastic methods, (2
the Newmark modified plastic spectra method, (3) the D/S margin ratio method,
(4) a progressive hinge simplified 1imit analysis method, and (5) a nonlinear
‘nelastic method,

Methods 2, 3, and 4 require sgocial parameters that are not easy to quantify.
They include the system ductility ratio, the 0/S margin ratio, and the
dynamic magnification factor. More comparisons of anmalytical and
experimenta)l data are needed to clarify appropriate values.

The predictions of piping collapse and test findings are shown in Table 2-1.
The WHC one-inch diameter pipe system withstood 2.8 g zero period
acceleration (ZPA) sinusoidal load input which did not fail the pressure
boundary of the pipe althouzh gross deformation did occur. The ETEC six-inch
diameter system withstood 30 g ZPA testing without collapse but eventually
fatled because of incremental ratcheting. The failure mode was described as
a local ratchet-fatigue rupture subsequent to local wall thinning and
diametry) bnging at one pipe leg anchor location. The KWU test article
withstood §.5 g ZPA acceleration during test without collapse. Testing was
stopped at this leve) before any failure occurred. The ETEC three-inch
diameter pipe system withstood 30 g 2PA acceleration during testing without
collapse. Failure eventually occurred as a result of fatigue in a tee, As
can be seen from Table 2-1, all analytical methods (except the probability
risk assessment for the KwWU test article) substantially underpredict the
collapse capacity of the piping system, Moreover, code allowable design
levels, based upon linear elastic analyses, are a factor of approximately 2
to 10 vimes less than maximum test levels.

A ratchet-fatigue fatlure mode analysis was performed on the ETEC six-inch
system and compared well with the test findings, However, further
LCevelopment of procedures and limits are recommended.

Analyses using a simplified approach of damping energy distributions have
been made for four pipe systems that have been excited to high-level
response. The purpose of the studies was to determine damping attributable
to plastic hinges, snubbers and supports, and to the remainder of the pipe
system, An r of correlations of the calculated damping values have been
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made to piping experimental findings. These comparisons of calculated and
experimental data of numerous piping systems at multiple levels of response
show good correlations., The simple methods provide a useful tool in
assessing the extent plasticity and snubbers add to piping system damping
during high level inelastic response,

It appears that the simplified inelastic methods and acceptance criteria
referred to above have very good potential for becoming reliable conservative
design tools, Before simple design-oriented methods are endorsed by NRC,
however, the authors think that ftional test data and analytica)
corro}nmm are needed to provide adequate confidence in the procedures and
code limits,
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TABLE 2-1

SUMMARY OF ANALYTICAL PREDICTIONS* AND TEST F INDINGS

DYNAMIC/STATIC MARCIN RATIO, C°S

PROCRESSIVE WINGE, STATIC LOAD, C°S

() « DYN, MACNIF. FACTOR

WEDL 1IN oY 2-In/e-in _ ETEC 3-Im ETEC 4-In
0.3 SinE 1.9 " 1.4 7172 2.0 "
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1.5% it 0.2 0.0
1.9 45 0.9 9.7
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- 7.8 44 [ )
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3.0 ANALYSIS METHODS FOR RESPONSE/COLLAPSE FAILURE PREDICTION

A number of piping analysis methods are available to calculate response and
fatlure levels and to establish margins to fatlure of a piping system under
dynamic loading. These methods include the simplified techniques of (1)
Vinear elastic analyses, (2) the Newmark plastic spectra method, (3) the 0/S
margin ratio method, and (4) the static ressive hinge formation method.
Additionally direct, detailed nonlinear methods are also avatlable. Failure
predictions addressed in this report were primarily associated with excessive
plastic deformation and collapse of the piping system. Post-test analyses
also include local fatigue and ratchet-fatigue fatlure modes.

31 SIMPLIFIED ELASTIC AND ELASTO-PLASTIC METHODS

Several simplified methods available for piping fatlure predictions are
discussed below.

3.1 Linear Elastic Dynamic Analysis Method

Conventional linear elastic analysis methods are available for response
assessment of piping systems under dynamic loading. Standard procedures use
finite element computer programs, with a number of suitable programs
avatlable. The PIPESD pro?ro- (Reference 15) was used to assess .igiwgo
systems subjected to high-level dynamic testing at WHC and ETEC. PIPESD is a
verifiea code and 1t uses the A Code, Section IIl, NB-3600, and Reference
NC-3600 equations and stress indices.

Linear Elastic dynamic analyses are performed using the response sgottrun
method with the modal responses combined using the methods of Regulatory
Guide 1.92 (Reference 16). The pt.fn' stresses of a response spectrum
analysis are normally compared with allowable 1imits such as the ASME
allowable for an operational basis earthquake (OBE) or a safe shutdown
earthquake (SSE). ASME allowable limits are set much lower than failure
conditions to ensure safety during operating conditions. Current elastic
seismic allowables are judged by many investigators to be very conservative.

Linear elastic results are useful for assessment not only by themselves but
they also form the basis on which many other simplified analysis methods are
implemented.

312 Newmark Plastic Spectra Methed

The Newmark plastic spectra method, Reference 9, uses a procedure that
involves the construction of an elasto-plastic response spectra. This
spectra is devel by reducing the elastic spectra by an energy absorption
factor that s related to the system ductility, The system ductility is that
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ratio determined from the rcststlncn-dts‘locon.nt relationship for the
structure as a whole. This system ductility ratio, u', 1s further discussed
in Section 4.0. The spectral reduction varies within the spectrum. In the
amplified spectral acceleration fon of the response spectrum

(approximately 2 to 8 for a rk-type spectrum), the spectrum s
reduced by a factor u -1, For higher frequencies, above 20 hertz, no
reduction s used while, between the two above regions, & transition from the
amplified spectral acceleration factor is used,

Campbe)) et al., Reference 10, demonstrated that, for a number of simple
pipin’ configurations, the system ductility ratio is substantially lower than
that for the materia) i1tself, A similar conclusion has been expressed for
piping systems b{ Stevenson (Reference 17), Newmark (Reference 9), and
others. The analyses presented herein also demonstrated system ductility to
be much less than material ductility,

The major feature of the Newmark method, therefore, is that of reducing the
elastic response spectra by a factor relating to ductility. Conventiona)
linear, elastic analyses are, in turn, performed using the reduced response
spectrum, The rosu\t‘n' piping stresses are assessed against an allowable
related to materia) yield strength such as Fy' (discussed in Section 4.0).
The estimated collapse failure loading is determined by reduced-spectra pipe
primary stresses (at any location in the piping system) having magnitudes
sufficient to develop a fully plastic pipe section (plastic hingc?.

‘ L
&s margin ratio method, Reference 10, 1s a method that modifies linear
elastic dynamic analysis results by a D/S factor. The D/S factor 15 a ratioe
of the dynamic margin divided by the static margin and is a direct measure of
the factor of conservatism inherent in designing equipment subjected to
dynamic Toad to static load criteria. The dynamic margin is defined as the
dynamic load to cause fatlure divided by the dynamic load that results in a
‘rodtctod elastic response equal to a specified stress acceptance criteria,
he static margin is the static fatlure load divided by the static load that
rts:\!s in a predicted elastic response equal to the stress acceptance
criteria,

The D/S factor 1s a function of the frequency content and duration of the
dynamic load and Lhe frequency of the structure, A relationship also exists
between the D/S factor and the system ductility of an elasto-plastic or
bilinear resistance structure. Reference 10 established a method to evaluate
the D/S factor for single-degree-of -freedom models and approximate methods
for myulti-degree-of-freedom systems,

The D/S method, like the Newmark method, recognizes the system ductility
ratio as @ major parameter for structural response to dynamic loading. The

!
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0/S method, however, uses the system ductility ratio to develop the D/S
factor rather than to reduce the spectra. The D/S method is implemented by
performing a conventional linear elastic analysis using the full elastic
response spectrum. The results of the analysis are then divided by the
appropriate 0/S factor to obtain the final system piping stresses. The
resulting stresses are compared with an equivalent yield strergth, such as
shown in Figure 3-1 and discussed in Section 4.0, or with an ASME Code
allowable stress. As is the case using the Newmark plastic spectra method,
the equivalent yield strength is factored also to account for the development
of a fully plastic pipe section (plastic hinge).

3.1.4 Static Progressive Hinge Formation Method

The static progressive hinge formation method, Reference 11, is an assessment
based on equivaleni static loading combined with material yielding and
plastic hinges forming at specific locations. The method recognizes that
load redistributions and redundancy in piping systems prevent system collapse
until enough individual components are loaded past their collapse loads to
form a mechanism and an unstable structura) system results.

The analysis procedure consists of a series of static analyses. The first
analysis is performed to determine the equivalent static-g lcading to causa
the first plastic hinge to develop. Then, the piping model is modified by
inserting a "pin-type" joint at the plastic hinge location. This allows
freedom of rotation and does not transmit any moment across the joint. A
second equivalent static-g load analysis of the modified .iodel 1s then
performed to determine the increment of load needed to develop a second
plastic hinge in the system. This procedure is repeated urtil the number of
plastic hinges in the model lead to a static instability (collapse mechanism)
of the system. By summing the initial and incremented loads, the static
limit load carrying capacity of the piping system is determined.

As in the Newmark and the D/S methods, the assessment of the collapse loading
capability (plastic hinge strength) of the various system components is
important. Jaquay, Reference 8, suggested that test data justify usin?
collapse loading capacities 50% and 70% higher than predicted by norma
elasto-plastic 1imit load capacities of albows and straight pipe,
respectively. This was done in the progressive hinge analyses reported
herein. However, the Newmark and D/S analyses did not include the 50% and
70% increases.

An advantage of the progressive hinge method is that it allows visualization
of the probable failure sequence of the structure thus giving an indication
of the final failed shape, However, this method of Reference 8 predic:s
failure based on pipe accelerations. To fully develop the method, procedures
need ‘o be developed to determine the factor that relates pipe dynamic
accelerations to base static acceleration (magnification factor). One
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suggestion is to use magnification factors from the Newmark plastic spectrum
method.

3.2 SYSTEM DUCTILITY RATIO AND EQUIVALENT YIELD POINT STRENGTH

The Newmark and D/S simplified methods, discussed previously in Section 3.1,
utilize the concept of reduced system response as a result of inelastic
action. This is based upon the premise that even a slight amount of
inelastic action reduces the response of the structure significantly because
of nonlinear behavior. The inelastic action is accounted for in these
methods by the introduction of parameters called the system ductility ratio
and the equivalent yield point strength.

3.2.1 System Ductility Ratio

For impulse and impact loads in nuclear plant facilities, the AISC guicelines
of Reference 25 suggest allowable ductility ratios. For structural steel
structures, beams with local ard lateral buckling prevented, allowable
ductility ratio of 20 is recommended. For axial tensile members, the ratio
is half the material total elongation divided by the waterial yield strain.
However, it is noted in Reference 25 that the NRC requires specific
Justification for allowable ratios in excess of 10 in most cases.

The system ductility ratio is a measure of the elastic plus inelastic
capability of the structure, see Figure 3-1. It is important to recognize
that the system ductility ratio is based upon the ductility that is
determined from the resistance-displacement relationship of the structural
system as a whole rather than from, for example, the moment-rotation capacity
of a particular joint or the ductility of a particular element or component
of the structure. Since the system ductility ratio represents the energy
absorption capacity ot the structure as a whole, it is generally
substantially lower than the material ductility by itself because .f strain
concentrations.

For the seismic collapse failure levels being predicted in this report,

appropriate maximum ductility ratio: are needed for each piping multi-degree-
of -freedom system,

If an elasto-plastic response is assumed, Reference 7 states that, for any
structural system, the system ductility developed in response to loading can
be approximated by the weighted mass displacement of the elastic-plastic

system divided by the weighted mass displacement at first yield of the
elastic system, i.e.,
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where:
u’ = System ductility
My = [Ith mass
81g = Displacement of the ith mass in the elastic
material model solution at first yield
619 = Displacement of the ith mass in the elastic-
plastic material model solution at a civen
system inelastic response (strain) lev:2].
[t is important to note that the system ductility, u’, is a variadble
dependent on the level of inelastic response and the deformation snape. For
a single degree-of-freedom system, the &i, would correspond to the material
strain and the u’ would simply equal the Batio of the material response total
strain to the yield strain.

For a multi-degree-of-freedom system, the change in deformed shape of the
system (because of strain localization) after first yield can limit the u’
significantly.

The equation described above was used to estimate the system ductility for
the WHC one-inch diameter pipe loop and the configuration proposed for the
ETEC seismic fragility demonstration test.

3.2.2 Equivalent Yield Point Strength

A simple elasto-plastic model of the system inelastic response is employed.
To adjust for strain hardening and for section limit-load capacities relative
to first local yielding, an equivalent yield point strength concept was
adapted. Figure 3-1 depicts these relationships.

3.3 NONLINEAR INELASTIC TRANSIENT DYNAMIC ANALYSES

Nonlinear, inelastic analysis provides more accurate predictions of the
structural response of a system under time-varying dynamic loads. These
analyses typically require specialized computer programs to implement the
analyses. The NONPIPE program, Reference 9, was used for inelastic analyses
of the piping systems involved in high-level dynamic testing at WHC and that
planned for ETEC.

10
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The NONPIPE computer code provides a relatively inexpensive means of
fnelastic dynamic analysis of piping systems by the uncoupling of bending,
torsion and axial responses. Nonlinearities include those caused by material
inelastic response. By uncoupling the moment and axial responses, bending
definition in the plastic range may be specified by trilinear load-deflection
curves of bending and torsion components. NONPIPE analysis utilizes the
direct stiffness method, with viscous damping proportional to the mass and
tangential stiffness matrices.

3.4 STRESS INDICES

The piping stress analyses have been based on Equation 9 of the ASME Code
(Reference 18). Equation 9 calculates primary stresses as follows:

‘B‘ P Do Bz D° M

i
3 ¢ wingy ¢ 1

where:

o
—

o
o
"

Primary stress indices for the specific component under
investigation

Pressure

Outside pipe diameter

Nominal wall thickness

Moment of inertia

Resultant moment because of mechanical lcads.

o
o
o " & n 0@

Mi

The By stress index addresses pressure stresses; the By stress index
calcu*ates stresses caused by moments from dead weight &.d dynamic loading
effects. More recent editions of the ASME Code were used for the stress
indices since the later editions remove some of the conservatisms in earlier
versions of the Code (see Reference 20).

3.4.1 Straight Pipe
The following terms were used for straight pipe stress indices:

By = 0.50
By = 1.00

1]
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3.4.2 Elbows

The pressure term, By, for elbows was taken as:

8y = -0.1 + C.4h, but not < 0 nor > 0.5

where: h = oy

and
t = Nominal wall thickness
R = Nominal bend radius
rm = Mean pipe radius.

The momert term, By, for elbows was taken as:

« 2. (1.95)
.2 ]l h

3.4.3 Tees

The pressure term, By, for tees was taken as:
By = 0.5

The tee moment terms, Bpy and Bp., for the branch and the run were taken as:

Bop * 0.4 (Rm/Tr)2/3
|§3 * 0.5 Rn/Tr;2/3

where:

Ry = Mean radius of run pipe
Ty = Nominal wall thickness of run pipe.

12
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4.0 COMPARISON OF RESPONSE/FAILURE PREDICTION METHODS

A number of simplified elastic and elasto-plastic methods and a nonlinear
method for piping system collapse failure under dynamic loading have been
described. Each of the methods require estimation or calculation of
structural parameters unique to the particular method. Table 4-1 shows the
features of each method, the significant parameters considered in the
analysis, the analysis approach, and the limit criteria.

Table 4-1 1ists the methods in ascending order of detail, complexity, cost,
and degree of accuracy and information. A1)l methods are practical and not
unduly costly. Except for the ASME Code-type linear elastic method, the key
input parameters include choice of: (1) damping or dynamic amplification
factors, (2) effective yield strength of material, (3) compone<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>