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ABSTRACT

Major topics during a safety evaluation of pipework in operating nuclear power stations
are external events (e.g. earthquakes) and internal events (e.g. postulated pipe
ruptures). Some of the corresponding material and structural mechanics aspects of the
integrity of such systems are reviewed. This includes leak-before-break considerations
and nonlinear response under strong base excitation or due to simulated breaks and
valve closure.

1 INTRODUCTION

A design review of existing pipework may become necessary in the course of a periodic
safety evaluation of a nuclear power station. According to a status report of the CEC
Working Group on the Safety of Thermal Reactors [1], two topics of interest during such
an evaluation are, among others, external events (e.g. earthquakes) and internal
events (e.g. postulated pipe ruptures). Furthermore, the IAEA Programme on the
Safety of WWER-440/230 Nuclear Power Plants [2] noted in this connection the
usefulness of leak-before-break (LBB) concept analyses.

The requalification of existing installations is essentially a plant-specific activity. With
respect to investigating external events, LBB requirements, or postulated pipe ruptures,
however, the fundamental tools developed to date and the experience gathered in
applying them are generally transferable.

In the following, a summary of observations on related topics with implications for
qualification and optimized backfitting of operating nuclear power stations is presented
based on recent work.
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2 EXTERNAL EVENTS: OBSERVATIONS ON STRUCTURAL EFFECTS OF
EARTHQUAKES ON PIPING

Evidence gathered in the field after strong earthquakes (Table 1) and recent
experimental research on structural response of pipework to cyclic overloads of short
duration indicate that welded steel piping systems that are free of major design,
manufacture, or installation deficiencies are practically invulnerable to seismic loads [3].

Excluding building collapse, failures of in-plant pipework observed after a strong
earthquake in installations other than nuclear power plants are caused solely by

a) large displacements of main lines or equipment
and lack of flexibility of connected piping,

b) large differential motions at rigid wall penetrations
or ground settling,

c) threaded connections,
d) brittle materials,
e) advanced corrosion, erosion or fatigue,
f ) insufficient clearance between in-line equipment

and neighboring structures, and
g) failed supports.

Experimentally, failure of a flexible piping system subjected to a simulated earth-
quake has been impossible to achieve under realistic conditions. Fictitious dynamic
loadings (such as periodic excitation or extremely high accelerations) and degraded
piping (such as due to sequential loadings or intentionally cracked test specimens)
were necessary for bringing about progressive damage, leaks, and breaks [4].

Dynamic elasto-plastic analyses of a three-dimensional piping system (Figure 1) for
which experimental results are known are being performed in order to interpret these
findings [5]. The analyses are expected to provide the theoretical justification for
simplifying current rules of seismic design.

Concerning seismic qualification of existing systems, these results are most useful in
the case of facilities with no seismic design, or facilities designed for a lower level of
seismic loading than currently required.

3 OBSERVATIONS ON PIPE RUPTURE PRECLUSION

Break preclusion can be assumed [6] provided requirements of "Basic Safety" and
"Independent Redundancies" are met (Figure 2). The former is based on criteria of

a) material selection,
b) mechanical design and analysis,
c) fabrication and inspection, and
d) quality assurance.
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"Independent Redundancies" are

a) hydrostatic pressure testing,
b) in-service inspection,
c) leak detection, and
d) LBB behavior.

The critical crack size in piping made of a ductile material is determined based on
fracture mechanics considerations [7, 8]. If LBB behavior can be confirmed, break
preclusion is assured by the redundancies listed above. If not, other measures, such as
load and fatigue monitoring, may become necessary.

To date numerous LBB analyses have been performed, which have also been
approved by the licensing authorities [7, 8]. These analyses cover, among other topics
(Figure 3)

a) defects assumed,
b) fatigue crack growth,
c) crack growth behavior beyond design,
d) surface crack for end of life (EOL),
e) through-wall crack stability under maximum loads, and
f ) leakage rate of stable through-wall cracks.

Leak before break analyses for the main coolant and surge lines of various WWER-
440/230 are available, including nomograms (Figure 4) for calculating critical crack
length, leakage area and rate as well as acoustic leak monitoring signal intensity [8, 9].

Location of sensors (Figure 5) for acoustic leak monitoring systems (ALMS) also
depends on considerations of fracture mechanics [8, 9].

In summary, these LBB investigations showed that emphasis should be put on

a) material, defect, and loading analyses as well as
b) nondestructive testing of welds, evaluation of dissimilar welds,

installation of an effective leak detection system, and
c) fracture mechanics investigations of crack growth,

critical through-wall crack length and leakage properties.

4 INTERNAL EVENTS: OBSERVATIONS ON STRUCTURAL EFFECTS OF
PIPE RUPTURES [4]

4.1 Results of High-Level Pressure Wave Tests

Blowdown and valve closure experiments with an unflawed feedwater line (Figure 6)
and one weakened by a circumferential crack near the pressure vessel nozzle have
resulted in considerable plastic deformation and leakage, respectively [10-12].

Concerning qualification of existing piping systems for pressure wave loadings, these
results are most useful in justifying avoidance of snubbers, while exhibiting leak before
break for loads of short duration.
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4.2 Pipe Rupture Nonlinear Analyses

Postulated pipe ruptures in high-energy systems of nuclear power stations are being
simulated by means of computer codes which take various nonlinear effects into
account: plastic response of piping as well as gaps and plastic deformation of pipe whip
restraints (Figure 7).

Time histories of plastic strains in three-dimensional piping systems, including
ovalization with possible dynamic hinge formation [13], help determine the type and
number of restraints for optimum protection.

5 CONCLUSION

Safety margins and energy absorption levels demonstrated by experimental and
numerical investigations of nonlinear response of piping systems subjected to intense
dynamic loads are becoming part of the design basis for qualification and optimized
backfitting of operating nuclear power stations [14]. In this connection, the plant-specific
assessment of the applicability of leak before break concepts is also expected to
become increasingly useful [15, 16].
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MAGNITUDE RANGE NUMBER

4.5 < M < 5.5 5

5.5 < M < 6.5 8

6.5<M<7.5 13

7.5 < M 7

NUMBER OF EARTHQUAKES WHOSE EFFECTS
ON INDUSTRIAL EQUIPMENT WERE SURVEYED

• FOSSIL AND NUCLEAR POWER STATIONS • HEAVY INDUSTRIAL FACILITIES

• OIL AND GAS PROCESSING PLANTS • MANUFACTURING PLANTS

• WATER AND SEWAGE TREATMENT PLANTS • RESEARCH LABORATORIES

• STORAGE AND TRANSPORTATION FACILITIES • SCHOOLS, HOSPITALS, HOTELS

SOME OF THE FACILITIES SURVEYED AFTER AN EARTHQUAKE

Table 1
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N
mm2

c)

Fig. 1 a) Piping system, b) Loading, c) Elasto-plastic response
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Basic Safety
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Fig. 2 Basic safety concept overview

- * _ _ Leak-Bef ore-Break: Region _ ^ ^ Break Region

i.o-

cn
es

s

o

/a
ll 

T
h

Si

£
Q.

a
a
O
a
5

0-

LBB Behaviour

/ /
/ '

/ /
/ /

//

'/I

OrtKtSt t .
« E O L

Allowible Crack S l u
at Acceptance Tect

i

/

|

L
en

g
th

u

6

ag
e

a
o

f

-̂

no LBB Behaviour

t

V
ai

l

i f
o -•

s o
d

1 t

>

vv

PL A

1 a 'A,

-L--\\-
i J~j~

—!
1

Crack Length 2c

Fig. 3 LBB procedure

259



O 100 -

F[mm ]

10 -

V [Umin] 10 100 1000 2c (mm)

RMS ipV]

- 1

• 1 0

-100

Example: 245 x 18 mm
122 bar, 300 °C
• with Moment
• without Moment
1 2cCrH
2 2 e e r n / 2
3 2o , . . k

Crack Length (2c), Leakage Area (F,..y )
Leak Rate (V), RMS-Signal (RMS)

Fig. 4 Sample nomogram relating LBB parameters
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Fig. 5 LBB analysis and qualification of ALMS for WWER-440/230 plants



a)

Fig. 6 a) Piping system, b) Loading, c) Elasto-plastic response

Fig. 7 Whipping motion of ruptured pipe segment
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