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SEISMIC ANALYSIS OF MECHANICAL
SYSTEMS AT PICKERING NGS

A report prepared by Dr. A. Ghobarah under contract to the Atomic Energy Control Board.

ABSTRACT

The objective of this study is to assess the seismic withstand capacity of selected safety-related
mechanical systems associated with the Pressure Relief Duct (PRD) at the Pickering A Nuclear
Generating Station. These systems are attached to the PRD and include the Emergency Coolant
Injection System piping, the Vacuum Ducts, the Emergency Water Storage System, the PRD
expansion joint seals and the PRD to Reactor Building joint seals. The input support motion to
the mechanical systems is taken to be the seismic response of the PRD determined in an earlier
study (AECB project no. 2.248.1, published under INFO-0548) using various levels of
predetermined ground response spectrum envelop.

Representative models of the mechanical systems were developed. Analytical simulations were
used to determine the dynamic characteristics and the behaviour of the mechanical systems to
inelastic nonlinear dynamic response of the PRD when subjected to severe levels of ground
motion. The seismic performance of the various mechanical components that are attached to the
PRD were determined on the basis of performance criteria consistent with the safety function
of the systems. The performance of the mechanical systems is determined up to the point of
structural collapse of the duct.

RÉSUMÉ

Cette étude vise à évaluer la résistance sismique de certains systèmes mécaniques de sécurité liés
à la conduite de dépressurisation de la centrale nucléaire Pickering A. Ces systèmes sont reliés
à la conduite de dépressurisation et comprennent la tuyauterie du système de refroidissement
d'urgence du cœur, les conduits à vide, le système d'eau d'aspersion, les joints d'étanchéité du
joint de dilatation de la conduite de dépressurisation et les joints d'étanchéité entre la conduite
de dépressurisation et le bâtiment du réacteur. On considère que le mouvement de support en
entrée transmis aux systèmes mécaniques constitue la réaction sismique de la conduite de
dépressurisation établie au cours d'une étude antérieure (projet n° 2.248.1 de la CCEA, publié
sous INFO-0548) à l'aide de divers niveaux d'une enveloppe prédéterminée du spectre de
réaction du sol.

On a élaboré des modèles représentatifs des systèmes mécaniques. Des simulations analytiques
ont servi à déterminer les caractéristiques dynamiques et le comportement des systèmes
mécaniques sous l'effet d'une réaction dynamique non linéaire et inélastique de la conduite de
dépressurisation soumise à un mouvement prononcé du sol. On a établi la résistance sismique
des divers éléments mécaniques reliés à la conduite de dépressurisation en fonction de critères
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compatibles avec le rôle des systèmes sur le plan de la sûreté. On détermine la résistance des
systèmes mécaniques jusqu'au point d'effondrement structural de la conduite.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made
or opinions expressed in this publication and neither the Board nor the author assumes liability
with respect to any damage or loss incurred as a result of the use made of the information
contained in this publication.



EXECUTIVE SUMMARY

The objective of this study is to assess the response of selected mechanical systems and
components that are associated with the Pickering Pressure Relief Duct (PRD) when the duct is
subjected to earthquake ground motion up to its structural collapse limit. The mechanical
systems evaluated are:

• The Emergency Coolant Injection System piping (ECIS) - header, feeders,
Reactor Building (RB) penetrations and valve station

• The vacuum ducts
• The Emergency Water Storage System inside the PRD
• The PRD expansion joint seals and the PRD/RB joint seals

The input motion to the mechanical systems was determined by the response of the PRD to
earthquake ground motion which was evaluated in earlier studies AECB project numbers 2.248.1
(INFO-0548) and 2.248.4 (INFO-0549). In these studies, a detailed picture of the structural
response of the PRD to an increasing level of input ground motion was established. The
response was evaluated in terms of selected ground response spectrum scaled according to its
peak ground acceleration (PGA).

Most of the mechanical systems selected for this study were found to remain structurally
functional up to the collapse of the PRD. Some problems were associated with systems and
components supported by or attached to different structures with significant relative
displacements. Some examples are the ECIS feeder pipe penetration at the RB, the vacuum ducts
at the penetration attachment point, and the PRD expansion joint seals and the PRD/RB joint
seals.

The weld at the penetration of the ECIS - 16 in. (406 mm) feeder pipe into Reactor Buildings
1 to 3 may be over-stressed at a ground motion level equivalent to the selected ground response
spectrum scaled to a PGA of 0.10 g. A similar situation will arise for Reactor Building 4 at
PGA of 0.08 g. The shortest J-tubes located near the centre are subjected to the highest
stresses. The maximum seismic stresses are near the probable material yield strength. Failure
of the tube's steel plate shell is not anticipated. The hanger rods of the J-tubes are vulnerable
at ground motion level equivalent to the selected ground response spectrum scaled to a PGA of
0.14 g.

The original and the additional seal material of the PRD expansion joint are expected to rupture
due to large relative displacements at a ground motion level equivalent to the selected ground
response spectrum scaled to a PGA of 0.08 g. Similar failures are expected for the PRD/RB
original seals at a PGA of 0.11 g. The additional external seals of the PRD/RB joint are
estimated to withstand a ground motion level of 0.15 g. The analysis of the relative
displacements at the PRD expansion joints is based on the conservative assumption of free
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sliding of the PRD in the longitudinal direction on its supports at the expansion joint. This
assumption may be closer to expected behaviour given that the bearing surfaces are detailed as
1.0 in. lubrite plate on a 2.0 in. steel base plate.

The analysis conducted in this study indicates that large differential displacements can be the
critical parameter that may govern the design. Differential displacement should be considered
an essential part of seismic design, seismic qualification of structures and mechanical systems
and design reviews of important structures and systems.
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1. OBJECTIVE

The objective of this study is to assess the seismic response of selected safety-related mechanical

systems associated with the Pressure Relief Duct (PRD) at the Pickering A Nuclear Generating

Station. The selected mechanical systems are attached to the PRD and their dynamic behaviour

are evaluated in relation to a given response level of the PRD structure. Speculation on the

probability of occurrence of the seismic events is beyond the scope of the study.

The selected mechanical systems and components are:

1. The Emergency Coolant Injection System (ECIS):

a) the 24 in. (610 mm) header pipe supported on top of the PRD,

b) the ECIS branch feeder pipe to the Reactor Buildings (RBs),

c) the ECIS 16 in. (406 mm) feeder pipe penetration into the RBs; and,

d) the valve station.

2. The vacuum ducts ( J-tubes)

3. The Emergency Water Storage System 24 in. (610 mm) pipe supported inside the PRD

4. Seals at the PRD expansion joints and the PRD/RB joints



2 . INTRODUCTION

At the time when a nuclear power plant (NPP) is committed to design, the best available

knowledge is used to set the design basis earthquake (DBE) (CSA CAN3-N289.2-M81, 1992).

The DBE is an engineering representation of a potentially severe ground motion at the site that has

a low probability of being exceeded during the lifetime of the plant.

Recent work and experience in Canada and the US suggest that the perception of seismic hazard

for NPP sites in eastern North America (ENA) may change as a result of new knowledge and

information. Revised assessment of seismic hazard indicates that some existing NPPs could be

subjected to a level of earthquake ground motion greater than that for which they were designed.

On the other hand, experience from recent earthquakes suggests that modern structures and

equipment may well be able to withstand ground motions substantially greater than their DBE

level. In addition, allowing for inelastic and nonlinear behaviour of the structure, when

appropriate, provides a reserve of strength and ductility for seismic resistance.

In earlier studies, AECB project numbers 2.248.1 and 2.248.4, a comprehensive investigation was

conducted to evaluate the seismic withstand capacity of the Pressure Relief Duct (PRD) structural

system at the Pickering A Generating Station (GS). A representative section of the structure, as

shown in figure 2.1 (Ontario Hydro, 1969), was modelled. Analytical 3-D simulations were used

to determine the dynamic characteristics and linear elastic response of the structure. Additional 2-D

inelastic nonlinear dynamic analysis provided the response of the duct to severe levels of ground

motion. In the study, a generated time history was used as input ground motion to the duct. The

level of ground motion was increased until the capacity of various components of the structure was

reached. The evaluation of the seismic response of the PRD provided the sequence of events that

would ultimately cause the loss of design function of the structure. In addition, the analysis

provided data for the estimation of the seismic withstand capacity of the structure.



2.1 BACKGROUND

The PRD is a Special Safety System designed to contain and direct the outflow from the Reactor

Building (RB) to the pressure suppression and containing systems in the Vacuum Building (VB).

The system is held at a pressure slightly below atmospheric pressure. The duct comprises a large

elevated rectangular reinforced-concrete box structure of internal width of 20 ft (6.10 m), height of

25 ft (7.62 m). The thickness of the roof, walls and floor slab is 2 ft (610 mm). It is 2172 ft (662

m) long and connects the eight RBs to the VB, as shown in figure 2.1 (Ontario Hydro, 1969) and

is supported on a number of piers and frames. The maximum spacing of the supporting frames is

87 ft (26.50 m). Piers and frames supporting the duct are 68 ft - 10 in. (21.00 m) high and

founded on steel piles (Ma et al., 1982 and Carlucci et al., 1982).

The PRD is designed with a number of expansion joints to allow for thermal expansion and relative

motion between the different duct sections. The PRD is connected to each RB by an 8 ft (2.44 m)

long, 25 ft (7.62 m) diameter circular duct with a wall thickness of 2 ft (610 mm). At the PRD

expansion joints and the PRD/RB joint, a flexible elastomeric seal is installed to provide the

containment while allowing for relative movement across the joint.

The PRD supports the Emergency Coolant Injection System (ECIS) piping and valves. A 24 in.

(610 mm) header is supported on top of the PRD and runs along its entire length. The ECIS

piping contains several expansion loops. The flow in the pipe is regulated by several valves

located in a valve station between Pickering A and B sections of the duct. A 16 in. (406 mm)

feeder pipe connects the ECIS header pipe to each of the RBs. The feeder pipe starts at the

connection with the header at elevation 354 ft - 6 in. (108.10 m). It travels down to elevation 306

ft - 4 in. (93.40 m) and then travels horizontally and enters the RB.

The PRD is connected to the VB by twelve 6 ft (1.83 m) diameter steel tubes of varying

configurations known as the J-tubes. The J-tubes are suspended from the PRD and are welded to

steel receptacles in the floor of the PRD. The PRD side of those steel receptacles house the



pressure relief valves. The other ends of the J-tubes are rigidly connected to the VB.

The reinforced concrete PRD, its connections to the RBs, the VB, J-tubes and the ECIS piping

system supported on the PRD are containment structures and form part of the containment

boundary.

The Emergency Water Storage System is also supported by the PRD. It consists of a 24 in. (610

mm) diameter main pipe running the length of the PRD with branches entering each of the RBs and

the VB. The pipe is located inside the PRD and hangs from the ceiling by hangers, spaced at about

25 ft (7.62 m) intervals. The piping is not Nuclear Class material. Failure of the Emergency

Water Storage System piping inside the PRD may interfere with the operation of the PRD. The

pipe layout includes expansion loops in the Pickering B section of the duct. However, in the

Pickering A section, there are no expansion loops.

2.2 APPROACH

The mechanical systems considered in this study are attached to or supported by the PRD structure.

The dynamic input motion to these systems, in the form of a time history or a floor response

spectrum, is the motion of the point of attachment on the PRD when subjected to earthquake

ground motion. The floor response spectra for different levels of peak ground acceleration (PGA)

were established from the response of the PRD in the previous studies. The response of the PRD

is used as an input support motion for the mechanical systems attached to the PRD. This approach

provides a sufficiently accurate response for the supported system when the structure and the

mechanical system can be dynamically decoupled.

In the previous studies, artificial time histories were generated as spectrum compatible synthetic

records. A design spectrum was selected to envelope several earthquake records based on specific

parameters such as magnitude, location and soil conditions. The selected earthquakes included

representative California and ENA earthquakes. The resulting spectral envelope is a conservative

representation of the ground motion.



In this study, representative models of the mechanical piping systems and components were

developed. Analytical simulations were conducted using standard programmes (Bathe et al.,

1973). Three perpendicular support motion components (two horizontal and one vertical) are

considered in the analysis. The results are combined using the square root of the sum of squares

(SRSS) rule to obtain the total response. For simplicity, the dynamic analysis is restricted to

investigations of seismic loads only, plus self-weight effects where appropriate. Other design and

operational loads such as thermal, pressure, wind loading or the effects of various load

combinations could affect the performance and stresses in the mechanical systems and their

supports.

Some aspects that have a significant impact on the study results are:

• The selection of the section or part of the system that is representative of the

most critical conditions of the system response. This is particularly

important in the case of long pipe lengths.

• The selection of the most appropriate modelling of the boundary conditions

at joints, junctions and supports.

• The criteria for the decision on what constitutes damage to the mechanical

system and the point when it is judged to have ceased to fulfil its design

function. Impairment of the system function includes loss of support,

collapse of the PRD which supports the mechanical system or the breach of

containment because of large cracks in the PRD, pipes or seals.

The evaluation of the input support motion and floor response spectra for the analysis is discussed

in Chapter 3. The structural model, the vibration characteristics and the dynamic linear elastic

analysis of the ECIS pipes are presented in Chapter 4. The behaviour of the vacuum ducts is

reviewed in Chapter 5. The modelling and dynamic behaviour of the Emergency Water Storage

System piping inside the PRD is presented in Chapter 6. The analysis of the PRD expansion joint,

PRD/RB connections and the performance of the seals are presented in chapter 7. The conclusions

of the study are summarized in Chapter 8.
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Figure 2.1 Pickering A GS - Pressure relief duct and supporting structures
(from Ontario Hydro, 1969)



3 . INPUT SUPPORT MOTION

3.1 INTRODUCTION

The mechanical systems selected for this study are supported by the PRD structure. The ECIS- 24

in. (610 mm) header pipe, the valve station and the Emergency Water Storage System inside the

PRD are entirely supported by the roof slab of the duct. The J-tubes have one end fixed to the

vacuum building while the other end is supported at the floor slab of the PRD. One end of the

ECIS-16 in. (406 mm) feeder branch pipe is connected to the header pipe on top of the PRD while

the other end is fixed at the point of penetration into the reactor building. The PRD expansion joint

seals are subjected to the relative displacements that may take place between PRD sections. The

PRD/RB joint is also subjected to the relative motion of the PRD and the RB.

The vacuum and reactor buildings are assumed to be rigid structures that move; with the specified

ground motions. This assumption may not be entirely true since the structures have their own

dynamic characteristics and the presence of the structure may modify the free-field ground motion.

In other words, the ground motion reaching various structures may be different. However, the

changes in the motions of the RBs and VB are expected to have a negligible effect on the response

of piping systems with small mass ratios.

The motions of the VB and the RBs are taken to be the same as the ground motion used in the

previous study AECB project no. 2.248.1 (Ghobarah 1993a). The ground motion used in the

dynamic analysis of the PRD was a time history generated to fit an envelope spectrum based on the

Saguenay earthquake record as shown in figure 3.1. The ground motion record is applied in two

perpendicular horizontal directions. The same record scaled by 2/3, is applied in the vertical

direction of the PRD (CSA CAN3-N289.1-80,1992). The resulting forces, moments and stresses

are then combined using the SRSS rule.
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3.2 PRD RESPONSE

The response of the PRD, as determined in earlier studies, is used as input motion to the piping

systems supported on the PRD. Because the small masses of the these systems in comparison

with the mass of the PRD, it is considered that their presence does not change the PRD response.

This is consistent with the decoupling criteria specified in CSA CAN3 N289.3-M81 (1992). The

frequencies of free vibration of the PRD components are listed in Table 3.1 for fixed or free PRD

to RB joint conditions. Free conditions at the connections between the PRD and RBs occur when

the displacements are within the tolerance of ± 1.0 in. (25.4 mm) or after shearing of the anchor

rods between the PRD and the stub of the RB. For the vertical motions, the displacements are

small enough to remain within the ± 1.0 in. free condition tolerance at the PRD/RB joint.

Linear and nonlinear static and dynamic models, simulating the behaviour of the PRD under

seismic conditions, were developed. The same input ground motion envelope response spectrum

of selected events and generated time histories were used. The broad band response spectrum

includes the possibility of seismic events occurring at a range of distances from the plant site. The

spectrum was anchored at the peak ground acceleration (PGA) of the ground motion. The elastic

and inelastic behaviour of the PRD was evaluated up to the assumed strength or performance limits

of the components of the structural system. The input support motion to the mechanical systems is

taken as the PRD response to load time histories which were compatible with the envelope

spectrum (Ghobarah, 1993a).

The PRD response is determined in the form of displacement and acceleration time histories in two

perpendicular horizontal directions (longitudinal and transverse) and the vertical direction as well as

in the form of floor response spectra. For PGA > 0.08 g, the PRD is assumed to be free at the

connection with the stub of the RBs. This assumption implies that the anchor rods at the RBs have

already failed in shear. At a PGA = 0.20 g, the analysis suggests a collapse mechanism may form

in the transverse direction of the duct.



The PRD response applied as an input support motion to the mechanical piping systems is

represented by the following plots:

• The longitudinal displacement responses of the PRD due to the generated time history with

PGA of 0.10 g, 0.15 g and 0.20 g are shown in figures 3.2 to 3.4, respectively.

• The longitudinal acceleration responses of the PRD due to the generated time history with

PGA of 0.10 g, 0.15 g and 0.20 g are shown in figures 3.5, 3.6 and 3.7.

• The transverse displacement responses of the Centre Pier (CP) due to the generated time

history with PGA of 0.10 g, 0.15 g and 0.20 g are shown in figures 3.8, 3.9 and 3.10.

• The transverse acceleration responses of the CP due to the generated time history with PGA

of 0.10 g, 0.15 g and 0.20 g are shown in figures 3.11, 3.12 and 3.13.

• The transverse displacement responses of the pier PI due to the generated time history with

PGA of 0.10 g, 0.15 g and 0.20 g are shown in figures 3.14, 3.15 and 3.16.

• The transverse acceleration responses of the pier PI due to the generated time history with

PGA of 0.10 g, 0.15 g and 0.20 g are shown in figures 3.17, 3.18 and 3.19.

• And the vertical acceleration response of the PRD due to the generated time history with a

PGA of 0.10 g is shown in figure 3.20.

The calculated maximum displacements and accelerations of the PRD when subjected to different

levels of the generated time history based on the Saguenay template, are listed in Table 3.2. These

values are the peaks of the PRD response plots presented by figures 3.2 to 3.20. Two cases are

listed considering the PRD either fixed or free at the RB. A free condition at the connections

between the PRD and RBs occurs when the displacements are within the tolerance of ± 1.0 in. or
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after the shearing of the anchor rods between the PRD and the stub of the RB.

3.3 FLOOR RESPONSE SPECTRA

The response of a single degree of freedom system of various frequencies, supported by the PRD,

is represented by a floor response spectrum. The response spectra are determined from the PRD

acceleration response time histories in the longitudinal, transverse CP and PI, and vertical

directions. The acceleration time histories used to develop the response spectra in the three

directions are presented in figures 3.5 to 3.7 (longitudinal), 3.11 to 3.13 (transverse CP), 3.17 to

3.19 (transverse PI) and 3.20 (vertical).

The floor response spectra are calculated for two cases of secondary system damping: 2% and 5%.

When the mechanical system is subjected to small elastic vibration, small damping should be

assumed. In the case when the mechanical system is subjected to large inelastic deformation,

system damping of 5% may be justified.

The floor response spectra are plotted in the following figures:

• The response spectra of the PRD in the longitudinal direction, when the duct is subjected to

the generated time history scaled to PGA of 0.10 g, 0.15 g and 0.20 g, are plotted in

figures 3.21, 3.22 and 3.23, respectively. In each graph, two curves represent the cases of

2% and 5% damping for the mechanical system.

• The response spectra of the CP in the transverse direction, when the duct is subjected to the

generated time history scaled to PGA of 0.10 g, 0.15 g and 0.20 g, are plotted in figures

3.24, 3.25 and 3.26.

• The response spectra of pier PI in the transverse direction, when the duct is subjected to

the generated time history scaled to PGA of 0.10 g, 0.15 g and 0.20 g, are plotted in
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figures 3.27, 3.28 and 3.29.

The response spectrum of the PRD in the vertical direction, when the duct is subjected to

the generated time history scaled to a PGA of 0.10 g, is plotted in figure 3.30.

The absence of linear proportionality of the response spectral accelerations, between various levels

of PGA, is due to the inelastic nonlinear response of the PRD.

The floor response spectra shown in figures 3.21 to 3.30 are based on using the absolute

acceleration of the PRD. The absolute acceleration response is calculated by adding the relative

acceleration response of the PRD to the ground motion. The small peak at about 0.2 Hz shown in

the response figures result from the ground motion and not the PRD relative acceleration response.

Because of the long period of this peak, it's effect on the mechanical system is negligible.

Table 3.1 Frequencies of free vibration of the PRD

Case

Transverse frequency (Hz)

Longitudinal frequency (Hz)

Vertical Frequency (Hz)

PRD fixed to RB
for PGA < 0.08 g_
1.43 (CP)
4.12 (PI)
Associated with frame and pier
legs and not PRD

9.25
(Always free boundary)

PRD free at RB
for PGA > 0.08 g
0.83

0.96

9.25
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Table 3.2 Maximum displacements and accelerations of PRD for different events

Event

1 in. gap closes
Anchor rods act in shear
Linear elastic limit in transverse
direction (CP, PI & Frame)

Anchor rods at RBs fail in shear
Linear elastic limit in
longitudinal direction

Nonlinear behaviour continues

Collapse mechanism forms in
transverse direction (CP &
Frame)

PRD/RB
connection

free

fixed

free
free

free

free

PGA

g
0.04

0.05

0.08
0.10

0.15

0.20

PRD maximum
displacement
in.
1.0

0.90 - CP
0.05 - PI
0.02 - Frame
0.01
2.0
2.5
2.6 - CP
2.5 - PI
2.5 - Frames
0.04
3.8
3.9 - CP
3.8-PI
4.4 - Frame
0.06
5.3
4.7 - CP
5.2 - PI
7.35 - Frame
0.08

(L)

(T)
CD
(T)
(L)
(L)
(L)
CD
CD
CD
(V)
(L)
CD
CD
CD
(V)
(L)
(T)
CD
(T)
(V)

PRD maximum
acceleration
g
0.08

0.20 - CP
0.09 - PI
0.06 - Frame
0.10
0.18
0.19
0.26 - CP
0.20 - PI
pounding
0.33
0.28
0.29 - CP
0.24 - PI
pounding
0.5
0.33
0.31 - CP
0.26 - PI
pounding
0.66

(L)

CD
CD
(T)
(L)
(L)
(L)
CD
CD

(V)
(L)
(D
CD

(V)
(L)
CD
CD

(V)

(L) Longitudinal, east-west direction of the PRD
(T) Transverse, north-south direction of the PRD
(V) Vertical direction of the PRD
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Figure 3.1 Generated time history from the Saguenay template scaled to PGA = 1.0 g
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Figure 3.2 Longitudinal displacement response of PRD due to the generated time history with PGA = 0.10 g
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Figure 3.3 Longitudinal displacement response of PRD due to the generated time history with PGA = 0.15 g
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Figure 3.4 Longitudinal displacement response of PRD due to>the generated time history with PGA = 0.20 g
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Figure 3.5 Longitudinal acceleration response of PRD due to the generated time history with PGA = 0.10 g
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Figure 3.6 Longitudinal acceleration response of PRD due to the generated time history with PGA = 0.15 g
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Figure 3.7 Longitudinal acceleration response of PRD due to the generated time history with PGA = 0.20 g
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Figure 3.8 Transverse displaœment response of PRD at CP due to the generated time history with PGA = 0.10 g
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Figure 3.9 Transverse displacement response of PRD at CP due to the generated time history with PGA = 0.15 g
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Figure 3.10 Transverse displacement response of PRD at CP due to the generated time history with PGA = 0.20 g
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Figure 3.11 Transverse acceleration response of PRD at CP due to the generated time history with PGA = 0.10 g
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Figure 3.12 Transverse acceleration response of PRD at CP due to the generated time history with PGA = 0.15 g
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Figure 3.13 Transverse acceleration response of PRD at CP due to the generated time history with PGA = 0.20 g
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Figure 3.14 Transverse displacement response of PRD at PI due to the generated time history with PGA = 0.10 g
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Figure 3.15 Transverse displacement response of PRD at PI due to the generated time history with PGA = 0.15 g
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Figure 3.16 Transverse displacement response of PRD at PI due to the generated time history with PGA = 0.20 g



0

to

10
Time (s)

Figure 3.17 Transverse acceleration response of PRD at PI due to the generated time history with PGA = 0.10 g
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Figure 3.18 Transverse acceleration response of PRD at PI due to the generated time history with PGA = 0.15 g
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Figure 3.19 Transverse acceleration response of PRD at PI due to the generated time history with PGA = 0.20 g
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Figure 3.20 Vertical acceleration response of PRD due to the generated time history with PGA = 0.10 g
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Figure 3.21 PRD longitudinal acceleration response spectram due to the generated time history with PGA = 0.10 g
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Figure 3.22 PRD longitudinal acceleration response spectrum due to the generated time history with PGA = 0.15 g
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Figure 3.23 PRD longitudinal acceleration response spectrum due to the generated time history with PGA = 0.20 g
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Figure 3.24 PRD transverse acceleration response spectrum at CP due to the generated time history with PGA = 0.10 g



2% damp.

5% damp.

Frequency (Hz)

Figure 3.25 PRD transverse acceleration response spectrum at CP due to the generated time history with PGA = 0.15 g
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Figure 3.26 PRD transverse acceleration response spectrum at CP due to the generated time history with PGA = 0.20 g



2% damp.

5% damp.

NO

Frequency (Hz)

Figure 3.27 PRD transverse acceleration response spectrum at PI due to the generated time history with PGA = 0.10 g
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Figure 3.28 PRD transverse acceleration response spectrum at PI due to the generated time history with PGA = 0.15 g
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Figure 3.29 PRD transverse acceleration response spectrum at PI due to the generated time history with PGA = 0.20 g
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Figure 3.30 PRD vertical acceleration response spectrum due to the generated time history with PGA = 0.10 g
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4 . EMERGENCY COOLANT INJECTION SYSTEM (ECIS)

4.1 INTRODUCTION

The Emergency Coolant Injection System (ECIS) provides make-up cooling water to the heat

transport system following a Loss of Coolant Accident (LOCA) in the reactor. The ECIS is a

designated safety system, because it must function under accident conditions to assist with the

removal of decay and residual heat from the reactor fuel. The ECIS piping is classified as Nuclear

Class NF2 (ASME Code, Section III, Class 2).

The section of the ECIS system selected for this study consists of a 24 in. (610 mm) header on top

of the PRD, 16 in. (406 mm) feeder branch pipes and penetrations to the RBs, and a valve station.

The pipes are schedule 40 and made of carbon steel. The specified yield strength is 35 ksi and the

specified ultimate tensile strength is taken to be 60 ksi. The probable yield strength is assumed to

be 1.25 times the specified yield, or 44 ksi.

4.2 HEADER PIPE

A representative section of the pipe was selected between RB2 and RB3 as shown in figure 4.1.

The pipe section is 330 ft (100.60 m) long with supports spaced about every 25 ft (7.62 m), and

includes: two fixed supports type HA at the ends; seven type HG longitudinally guided supports;

and six type HS supports where longitudinal, transverse and upward movements are permitted.

The pipe section extends across an expansion joint in the PRD at the CP.

The ECIS header pipe is 24 in. (610 mm) in diameter, schedule 40, with a 0.687 in. (17.5 mm)

wall thickness (Table 4.1). The pipe is covered with 6 in. (152 mm) Calcium Silicate rigid

insulating material with a density of 10 Ib/ft3 (Engineering Equipment Users Association, 1963).

The high pressure header is labelled as 01234-L101-24NF2(c).
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The ratio of the pipe mass to that of the PRD is less than 2%. The provisions of the CAN3-

N289.3-M81(1992) Code requires that the decoupling criteria be checked for mass ratios greater

than 1%. Because of the difference in the frequency of free vibrations between the piping system

and the PRD structure, the decoupling criteria are satisfied for the calculated mass ratio of 2%.

Therefore, dynamic decoupling of the piping system from the supporting structure is allowed. For

all practical purposes, the two systems can be evaluated independently by using the response of the

PRD as input motion to the piping system.

The frequencies of free vibration of the piping system, listed in Table 4.2, are identified according

to the direction of vibration as longitudinal (L), transverse (T) and vertical (V). The missing mode

numbers in Table 4.2 refer to modes of participation factors of less than 10%. Two cases of

dynamic analysis are considered. In the first case, it is assumed that the pipe is in contact with the

HS supports while in the second case the pipe is assumed to be not in contact with the supports.

HS designates the supports where the pipe sits on top of the support and is free to slide in all

horizontal directions; only the vertical motion downwards is restricted. The main difference

between the two analyzed cases is in the vertical vibration modes of the piping system. When the

pipe is in contact with the HS support, the frequency of the first vertical mode is high and is

beyond the frequency range presented in Table 4.2. This is because the pipe is stiff and the spans

of about. 25 ft are short. However, when the pipe is moving upwards, the HS supports are not

effective and the fundamental vertical frequency is 4.74 Hz.

When the pipe is subjected to the floor response spectra in the three directions, the highest

moments and reactions occur at the fixed supports. The results are listed in Table 4.3. The total

reactions are calculated by summing the vibration results from the three directions using the square

root of the sum of squares (SRSS) combination rule. The values of these reactions and moments

for the case of PGA = 0.20 g are small when compared to the specified yield strength of 35 ksi.

The normal and shear stresses in the pipe were found to be less than 2 ksi indicating elastic

behaviour for either case of 2% or 5% damping.
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Table 4.1 Wall thickness for various ECIS pipe designations

Designation

Nuclear Class
NF2

Nominal size
in.
3/4
10
16
18
24

Schedule

80
100
100
40
40

Wall thickness
in.
0.154
0.718

1.031
0.562
0.687

Table 4.2 Natural frequencies of the ECIS 24 in. header pipe

Mode

1
3
5
6
8
9
10
11
13
14
15
16
19
20

Frequency

Hz

4.74
8.20
9.88
10.46
13.98
14.16
14.30
14.37
24.01
26.87
29.86
30.04
30.89
34.50

Participation factor

Pipe in contact with
HS supports

- •

0.24 (L)*
-

0.20 (L)
0.72 (T)*

-
0.11 (L)+ 0.11 (T)

-
0.89 (L)
0.28 (T)

-
0.21 (T)

. 0.67 (L)
0.44 (T)

Pipe not in contact with HS
supports
0.36 (V)*
0.24 (L)*
0.10 (V)
0.20 (L)

0.72 (T)*
0.79 (V)

0.11 (L) +0.11 (T)
0.22 (V)
0.89 (L)
0.28 (T)
0.13 (V)
0.21 (T)
0.67 (L)
0.44 (T)

Identifies the first mode in the specified direction
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Table 4.3 Reactions at the west anchored support HA of the ECIS header pipe,
for PGA = 0.20 g

Forces and Moments

Rx (kips)

Ry (kips)

k (kips)

Mx (ft.kips)

My (ft.kips)

Mz (ft.kips)

Longitudinal
vibration
4.90

-

0.20

-

1.70

-

Transverse
vibration
1.50

-

0.49

-

3.90

-

Vertical
vibration
-

1.83

-

7.13

-

14.71

SRSS
combination
5.12

1.83

0.53

7.13

4.25

14.71

x is in the longitudinal direction of the PRD
y is in the vertical direction of the PRD
z is in the transverse direction of the PRD
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4.3 FEEDER PIPE TO THE REACTOR BUILDINGS

Each Reactor Building is connected to the ECIS header on top of the PRD by a 16 in. (406 mm)

pipe labelled as L5-16NF2(c). The pipe is schedule 100, 1.031 in. (26.2 mm) thick and is

insulated using 5 in. (127 mm) thick Calcium Silicate. The feeder pipe starts at the 24 in. (610

mm) header by a locked open manual valve labelled VI96. The pipe is vertical between elevations

354 ft - 6 in. (108.10 m) and 306 ft - 4 in. (93.40 m), then travels horizontally to penetrate the

Reactor Buildings. The 16 in. pipe is fixed at the reactor building and is provided with some

flexibility due to various structural components at the connection with the header. The vertical

branch of the pipe is 48 ft (14.63 m) long and is supported by a guided vertically free sliding

support. This arrangement is used for the pipes to Reactor Buildings 1, 2 and 3 (RBI, RB2 and

RB3). The header pipe to Reactor Building 4 (RB4) has a different geometry. The weight of the

valve VI96 is assumed to be 600 pounds and is included in the analysis.

4.3.1 Feeder Pipe to RBI, RB2 and RB3

The layout and details of the pipe are shown in figure 4.2. The frequencies of free vibration and

the associated modal participation factors are listed in Table 4.4. It is noted that the fundamental

frequencies of the pipe are far from the dominant frequency of the input motion at the pipe

supports. This means that dynamic amplification of the pipe motion should not be significant. In

this case, a dynamic analysis of the pipe was not necessary and a static analysis should give a

reasonably accurate picture of the state of stress in the pipe. The static analysis was based on the

maximum differential displacements between the pipe supports attached to the PRD and the fixed

support at the reactor building.

The maximum relative displacements can be obtained from the PRD peak displacements when

subjected to the generated time history scaled to PGA = 0.20 g. This PGA corresponds to the

formation of a collapse mechanism in the transverse direction of the PRD. The corresponding

maximum PRD transverse and longitudinal displacements are 7.35 in. (187 mm) and 5.3 in. (135

mm), respectively, from Table 3.2. The vertical displacements of the PRD, due to the vertical
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ground motion, are very small and may be neglected. The transverse and longitudinal

displacements can be applied to the pipe supports which are attached to the PRD. At the same time,

the pipe connection to the RB was held fixed. The maximum stresses in the pipe due to the

maximum relative displacement in each direction can then be evaluated using the SRSS

combination rule for the stresses in the two directions. The maximum normal and shear stresses at

different sections of the pipe are listed in the tables accompanying figure 4.3.

The maximum total normal stresses in the pipe, due to ground motion of PGA = 0.2 g, are:

- at the elbow (section 7) = 88.8 ksi {> probable yield strength of 44 ksi}

- at the RB penetration (section 8) =58.0 ksi {> probable yield strength of 44 ksi}

The maximum total shear stresses in the pipe, due to ground motion of PGA = 0.2 g, are:

- at the elbow (section 7) =18.7 ksi {< probable yield stress in shear of 25 ksi}

- at the RB penetration (section 8) = 18.7 ksi {< probable yield stress in shear of 25 ksi}

Yielding of the pipe is assumed to limit the applied moment. The PGA level corresponding to

displacements less than 7.35 in. (187 mm) and 5.30 in (135 mm) is estimated by linear

interpolation. This process is reasonable given the displacement values listed in Table 3.2.

Accordingly, it is estimated that the pipe reaches the probable yield strength at a PGA = 0.12 g.

Table 4.4 Frequencies of free vibration of the 16 in. pipe to RBI, RB2 and RB3

Mode

1
2
3
4
5
7
9
10

Frequency
Hz
15.45
24.48
27.67
54.40
83.80
92.90
123.00
186.00

Participation Factor

0.09 (L) + 0.07 (T)
0.32 (L)
0.26 (T)
0.10 (L)
0.10 (T)
0.27 (V)
0.26 (V)
0.21(T) + 0.12(L)

Fundamental Modes

First longitudinal
First transverse

First vertical
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4.3 .2 Feeder Pipe to RB4

The layout and details of the pipe are shown in figure 4.4. The frequencies of free vibration and

the associated modal participation factors are shown in Table 4.5. It is observed that the

frequencies of free vibration of the pipe are far from the dominant frequencies in the input motion

at the pipe supports. Hence, a static analysis based on the maximum differential displacements

between the PRD and the reactor building should provide a reasonable evaluation of the pipe

stresses.

The maximum stresses in the pipe correspond to the case when the pipe is subjected to the

maximum PRD transverse and longitudinal displacements of 7.35 in. (187 mm) and 5.3 in. (135

mm). The maximum total stresses are calculated using the SRSS combination rule. The maximum

normal and shear stresses are listed in the tables accompanying figure 4.5.

The maximum total normal stresses in the pipe, due to ground motion of PGA = 0.20 g, are:

- at the elbow (section 6) = 105.0 ksi {> probable yield strength of 44 ksi}

- at the RB penetration (section 8) =112.0 ksi {> probable yield strength of 44 ksi}

The maximum total shear stresses in the pipe, due to ground motion of PGA = 0.20 g, are:

- at the elbow (sections 5 and 6) = 38.1 ksi {> probable yield stress in shear of 25 ksi}

- at the RB penetration (section 8) = 33.0 ksi {> probable yield stress in shear of 25 ksi}

Using linear interpolation to estimate PGA levels corresponding to displacements of less than the

maximum displacements, the pipe is estimated to reach the probable yield strength at a PGA = 0.10

g-
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Table 4.5 Frequencies of free vibration of the 16 in. pipe to RB4

Mode

1
2
3
4
5
6
7
8
9
10
11
12
14

Frequency
Hz

16.49
18.58
21.85
27.62
29.07
31.77
39.77
49.30
50.60
55.80
59.30
70.40
131.00

Participation Factor

0.29 (T)
0.16 (T)
0.17 (L)

0.14(T) + 0.12(V) +0.11(L)
0.11 (V)
0.14 (L)

0.15 (V) + 0.15 (T)
0.13 (T)

0.32 (V) + 0.14 (T)
0.22 (L)

0.30 (V) + 0.21 (T)
0.12 (T)
0.36 (L)

Fundamental
Modes

First Transverse

First Longitudinal

First Vertical
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4.4 PIPE PENETRATION AT THE REACTOR BUILDINGS

The ECIS 16 in. (406 mm) feeder pipes to RBI, RB2, RB3 and RB4 are assumed fixed at their

connections to the Reactor Buildings. Analysis of the pipes indicates that pipe sections at these

connections are subjected to high stresses which exceed the strength limits of the pipe when the

PRD is subjected to ground motion of PGA > 0.10 g. The penetration details of the ECIS 16 in.

feeder pipe at the exterior face of the RB perimeter wall are shown in figure 4.6. The ECIS feeder

pipe is welded to another 16 in. pipe designated EP 11055, which is about 5.5 ft (1.68 m) long,

embedded in the Reactor Building perimeter wall. The butt weld between the two pipes is subjected

to same stresses as in the pipe wall at this section. The shear stresses will be limited to those

associated with bending moments at plastic moment level in the pipe.

EP 11055 is butt welded to a circular flange plate and eight shear lugs which transfer forces to the

RB wall. The maximum shear stress in the weld is calculated under PRD relative transverse

displacement of 2.5 in. and relative longitudinal displacement of 2.5 in., and a PGA of 0.10 g in

both transverse and longitudinal directions. Displacement values are obtained from Table 3.2.

Stresses from the transverse displacement are added to stresses from the longitudinal displacement

using the SRSS combination rule. Total maximum shear stress in the weld between the pipe,

flange plate and shear lugs is 23.0 ksi in the case of pipes to RBI, RB2 and RB3. Total maximum

shear stress in the weld in the case of the feeder pipe penetration into the RB4 is 35.7 ksi. These

stresses are higher than the probable yield stress in shear of 25 ksi. It is estimated that, in the case

of pipe penetration at RB 1, RB2 and RB3, the weld between the pipe and flange plate reaches the

probable yield stress in shear at a PGA = 0.10 g. In the case of pipe penetration at RB4, the weld

between the pipe and flange plate reaches the probable yield stress in shear at a PGA = 0.08 g.

Higher PGA levels will thus cause plastic deformations, when stresses exceed its yield strength,

leading to weld failure and a possible loss of the ECIS.
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4.5 VALVE STATION

The valve station is located on top of the PRD and is part of the ECIS header pipe system. The

valve station consists of three valves, designated as V350, V351 and V352 on the 18 in. (457 mm)

pipe loop, shown in figure 4.7. Another valve designated V195 is located on the 24 in. (610 mm)

pipe. The valve weight is assumed to be 600 1b. In order to estimate the forces and stresses

developed in the pipe system surrounding the valve station, the pipe segment shown in figure 4.7

is analyzed. The pipe segment has two anchored supports at both ends, and is supported on two

type HG longitudinally guided supports and three type HS supports. The HS support allows free

horizontal, transverse and upward motion for the pipe. The wall thicknesses of the schedule 40,

24 in. and 18 in. pipes are 0.687 in. (17.5 mm) and 0.562 in. (14.3 mm), respectively (Table

4.1).

Two dynamic analyses cases are considered for the valve station. The first case assumes that the

pipe is in contact with the HS supports while in the second case no contact is assumed. The

frequencies of free vibration of the valve station piping system for the two cases are listed in Table

4.6. The frequencies are identified according to the direction of vibration as longitudinal (L),

transverse (T) and vertical (V). The main difference between the two cases is in the vertical

vibration modes of the piping system. When contact with the HS support is included, the

frequency of the first vertical mode is high and equals 42.6 Hz. However, when the pipe is

moving upwards, the HS supports are not effective and the fundamental vertical frequency

becomes 14.36 Hz.

When the pipe is subjected to the floor response spectra in the three directions with 2% damping,

the highest moments and reactions occur at the fixed supports. The results are listed in Table 4.7,

for a PGA = 0.20 g. The total reactions are calculated by summing the vibration results from the

three directions using the SRSS combination rule. The values of these reactions and moments are

fairly small and so are the forces on the valves. The normal and shear stresses in the pipe are

found to be less than 1 ksi, indicating that the pipe remains elastic.
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Table 4.6 Natural frequencies of the valve station piping system

Mode

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Frequency

Hz

14.4
19.5
34.8
42.6
49.6
57.0
58.2
60.7
61.7
73.8
82.0
82.4
86.4
87.3
93.9

Participation factor

Pipe in contact with
HS supports

_
-

0.30 (T)" + 0.18 (L)#

0.14 (V)*
0.31 (L) + 0.16 (T)
0.42 (L) + 0.36 (T)

-
-

0.26 (T) + 0.16 (L)
0.20 (V)
0.16 (V)

-
-

0.12 (L)
0.31 (V)

Pipe not in contact
with HS supports

0.20 (V)*
0.35 (V)

0.30 CD* + 0.18 (L)'
-

0.31 (L) + 0.16 (T)
0.42 (L) + 0.36 (T)

0.27 (V)
0.10 (V)

0.26 (T) + 0.16 (L)
-
-

0.14 (V)
0.11 (V)
0.12 (L)

Identifies the first mode in the specified direction
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Table 4.7 Reactions at the west anchored support HA of valve station piping system,
due to PGA = 0.20 g

Forces and
Moments

Rx (kips)

Ry (kips)

Rz (kips)

Mx (ft.kips)

My (ft.kips)

Mz (ft.kips)

Longitudinal
vibration

0.40

-

1.18

-

4.71

-

Transverse
vibration

0.38

-

0.93

-

3.58

-

Vertical
vibration

-

1.90

-

14.80

-

10.00

SRSS
combination

0.55

1.90

1.50

14.80

5.92

10.00

x is in the longitudinal direction of the PRD
y is in the vertical direction of the PRD
z is in the transverse direction of the PRD
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Figure 4.1 Plan of ECIS 24 in. header pipe segment between reactor buildings 2 and 3, on top of the PRD
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RB wall

HA: support fixed to the top of PRD
HS: displacement in south X direction prevented
HG1: displacement in X & Y directions prevented
HG2: displacement in the east-west Z direction prevented

Figure 4.2 ECIS 16 in. feeder pipe from PRD to RBI, RB2 and RB3
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•transverse

1 t 3 longitudinal

4..
5
6-

7

Pipe t o RBI, 2 and 3 Section In pipe

Section

no.

1
2
3
4
5
6
7
8

Transverse
displacement =

11.3 at
26.2 at
27.1 at
63.0 at
63.0 at

76.0 at a, 75
82.0 at
47.0 at

PRD
7.35 in

b
a
a
a
a
. 3 a tb
a
b

Maximum normal stresses (ksi)

Longitudinal PRD
displacement = 5.3 in.

3.9 at b
4.3 at a

4.3 at a, 9.2 at c
10.8 at a, 32.5 at c
10.8 at a, 32.5 at c

35.8 at b
34.1 at a
33.9 at b

SRSS combination

12.0 at b
26.5 at a
27.4 at a
63.9 at a
63.9 at a
83.4 at b
88.8 at a
58.0 at b

Section
no.

1
2
3
4
5
6
7
8

Transverse
displacement =

9.4 at
9.4 at
5.1 at
5.1 at
12.5 at
12.5 at
15.2 at
15.2 at

PRD
= 7.35

c
c
c
c
c
c
c
c

Maximum shear stresses (ksi)

in.
Longitudinal PRD

displacement = 5.3 in.

6.1 at a, 5.6 at c
6.1 at a, 5.6 a te
3.6 at a, 2.4 at c
3.6 at a, 2.4 at c
6.7 at a, 4.4 at c
6.7 at a, 4.4 at c

10.9 at c
10.9 at c

SRSS combination

10.9 at c
10.9 at c
5.6 at c
5.6 at c
13.2 at c
13.2 at c
18.7 at c
18.7 at c

Figure 4.3 Maximum normal and shear stresses in the 16 in. pipe to RBI, RB2 and
RB3, due to PGA = 0.20 g



58

25,0'

V196

10,5'

HA

%j 24* pipe j f ,16* pipe T4.0'
^j I r^ *v ~>

A 20,9' , HS 6,25'

Y

HG1-

EL: 348'-3'

25,5'

ELi

5,9'
EL! 3i6'-10'

X

ELi 3O6'-4'

J — RB4 wall

HA: support fixed to the top of PRD
HS: downward displacement in Y direction prevented
HG: displacement in X & vertical downward Y directions prevented
HG1: displacement in the north-south Z direction prevented

Figure 4.4 ECIS 16 in. feeder pipe from PRD to RB4
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R64

Pipe to RB4 Section In pipe

Section

no.

1
2
3
4
5
6
7
8

Transverse PRD
displacement = 7.35

32.0 at c
35.0 at a
14.0 at b
73.0 at b
71.0 a te
92.0 at b
85.0 at b
107.0 at b

Maximum normal stresses (ksi)

in.
Longitudinal PRD

displacement = 5.3 in.

25.0 at c
13.0 at a
23.0 at b
33.0 at b
24.0 at c
51.0 at b
56.0 at b
33.0 at b

SRSS combination

40.0 at c
37.0 at a
27.0 at b
80.0 at b
75.0 at c
105.0 at b
102.0 at b
112.0 at b

Section
no.

1
2
3
4
5
6
7
8

Maximum shear stresses (ksi)

Transverse PRD
displacement = 7.35 in.

20.0 at a
6.0 at c
18.0 at c
18.0 at c
33.6 at a
33.6 at a
31.4 a te
31.4 a te

Longitudinal PRD
displacement = 5.3 in.

10.8 at a
10.1 a te
17.1 a te
17.1 a te
18.0 at a
18.0 at a
10.2 at c
10.2 at c

SRSS combination

22.7 at a
11.7 ate
24.8 at c
24.8 at c
38.1 at a
38.1 at a
33.0 at c
33.0 at c

Figure 4 5 Maximum normal and shear stresses in the 16 in. pipe to RB4
due to PGA = 0.20 g
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Figure 4.6 Penetration details of ECIS 16 in. feeder pipe at the exterior face
of reactor building wall
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5. J-TUBES

5.1 INTRODUCTION

Twelve 6 ft (1.83 m) diameter J-tubes connect the PRD to the Vacuum Building. A general layout

of the J-tubes is shown in figure 5.1. The J-tubes are suspended from the PRD and are welded to

steel receptacles in the floor of the PRD. The steel receptacles house the pressure relief valves.

Each J-tube hangs from the PRD floor by four 2 in. (51 mm) anchor rods which accommodate

differential displacements of about ±1.5 in. (38 mm) in the horizontal direction. Elevation and

dimensions of the J-tubes are shown in figure 5.2. Details of the J-tube attachment to the PRD are

shown in figure 5.3 (Ontario Hydro, 1969). The ducts are fabricated from 3/8 in. (9.5 mm) carbon

steel plate. The J-tubes are assumed to be fixed at the Vacuum Building where horizontal forces

are carried directly by the wall. It is assumed that the specified yield strength of the J-tube plate

material is 35 ksi and the specified ultimate tensile strength is 60 ksi. The probable yield strength is

assumed to be 1.25 times the specified strength.

5.2 STIFFNESS AND DYNAMIC CHARACTERISTICS

Table 5.1 lists the frequencies of free vibration of the J-tubes. The shortest J-tubes designated Jl

and J2 are located in the middle, as shown in figure 5.1. Tubes Jl 1 and J12 are the longest and

are the furthest to the east and west. Free and fixed models for the J-tube/PRD joint conditions are

considered. The free condition at the J-tube/PRD joint represents a small dynamic displacement

that is within the ±1.5 in. (38 mm) displacement tolerance of the hanging rod arrangement. Even

for the most flexible J-tube, the frequencies of free vibration are much.higher than those of the

PRD. A detailed dynamic analysis of the J-tubes was not necessary. However, because of the

high stiffness of the J-tubes, relative displacements between the supports at the two ends are

expected to cause significant stresses.
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Table 5.1 Fundamental frequencies of the J-tubes

Tube

JlandJ2

Jll and J12

Connection to PRD

fixed

free in (L) and (T) directions

fixed

free in (L) and (T) directions

Longitudinal

Frequency

Hz

12.98

4.02

8.75

3.26

T r a n s v e r s e

Frequency

Hz

20.85

6.32

17.60

5.22

V e r t i c a l

Frequency

Hz

61.60

62.00

50.27

51.20

Longitudinal (L) and Transverse (T) refer to the PRD directions

5.3 RESPONSE

At their connection to the PRD, the J-tubes are subjected to the maximum PRD longitudinal

displacement of 5.3 in. (135 mm) and maximum transverse displacement of 7.35 in. (187 mm),

which both correspond to the generated time history scaled to a PGA = 0.20 g. Static analysis of

the J-tubes, using the above differential displacements in the longitudinal and transverse directions

of the PRD, gave the maximum stresses in the tubes at a PGA = 0.20 g. See figure 5.4.

It is found that the stresses in the tube Jl are more critical than those in the tube J l l . The

maximum normal and shear stresses in the tube Jl are given in the tables accompanying figure 5.4.

It is concluded that, under a PGA = 0.20 g, the J-tubes exhibit mainly elastic behaviour with

maximum normal stress occurring in the Jl and J2 tubes at 47.8 ksi. The probable yield strength

is 44 ksi. The maximum shear stress was found to be 14.2 ksi which is below the probable yield

stress in shear of 25 ksi.
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5.4 ANCHOR RODS TO THE PRD

The anchor rods are assumed to be A36 mild steel with a specified yield strength of 36 ksi. The

tensile and shear forces in the four 2 in. (51 mm) diameter anchor rods, due to the imposed

maximum transverse relative displacement of 7.35 in. (187 mm) and maximum relative

longitudinal displacement of 5.3 in. (135 mm) on the tube Jl, are listed in Table 5.2. These

displacements correspond to a PGA = 0.20 g ground motion. The tensile stresses in the anchor

rods, used to clamp the J-tubes to the bottom slab of the PRD, are found to exceed the probable

tensile strength taken as 1.25 the specified tensile strength.

Specified ultimate tensile strength of the anchor rods = 60 ksi

Specified shear strength of the anchor rods = 36 ksi

Probable ultimate tensile capacity of one anchor rod

(Stress area = 0.75 nominal area) = 176 kips

Probable shear resistance of one anchor rod = 141 kips

The PGA level corresponding to displacements less than the maximum of 7.35 in. and 5.35 in.

(Table 3.2) in the transverse and longitudinal directions, is estimated by linear interpolation.

Accordingly, it is estimated that the probable tensile capacity of the rods is reached at a relative

displacement between the PRD and the VB that corresponds to a PGA = 0.14 g.

Table 5.2 Forces in anchor rods of tube Jl due to PGA = 0.20 g

Force per
anchor rod
Tensile force
(kips)
Shear force
(kips)

Transverse PRD
displacement = 7.35 in.
403

55

Longitudinal PRD
displacement = 5.3 in.
N/A

80.8

SRSS
combination
403 > 176

98 < 141
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ei9'-o'

pressure
relief duct ' J—tubes

91'-0*

109--6'

r

Figure 5.1 Plan of J-tubes arrangement between pressure relief duct and vacuum
building
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vacuum building^
wall

ELi 346'-C

51,0'

EU 295'-0'

p
A

PRD f loor

V/J/////A 320'-6'

35,5'

17,5'

34.0'

Jl & J2

J l l & J12

Figure 5.2 Detailed elevations of J-tubes
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VACUUM CONNECTION
(FOR FUNCTIONAL TESTING)

EXPANSION JOINT

TOP HOUSING

ROLLING
DIAPHRAGM SEALS .

SEALING RINGS

RELIEF DUCT FLOOR •

HANGER ROD
(ROTATED « •
FOR ILLUSTRATION
PURPOSES)

PISTON
(FULLY CLOSED)-

BOTTOM HOUSING •

PISTON
' (FULLY OPEN)

. INTAKE HOUSING

VENT PIPE TO
ATMOSPHERE

• RECEPTACLE

TO CONTROLLED
VACUUM HEADER

-FLAP VALVE

PISTON SEATING
RING

Figure 5.3 J-tube attachment to the PRD

(From Ontario Hydro, 1969)
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.7

transverse

longitudinal

Jl-tube Section In tube

Section
no.

1
2
3
4
5
6
7
8

Transverse PRD
displacement = 7.35

36.5 at a
47.8 at a
47.6 at a
45.7 at a
45.9 at a
17.5 at a
17.4 at a
31.7 at a

Maximum normal stresses (ksi)

in.
Longitudinal PRD

displacement = 5.3 in.

8.2 at c
3.7 at c

20.5 at c
12.5 at c
3.7 at c
7.7 at c
12.5 at c
4.0 at c

SRSS combination

36.5 at a
47.8 at a
47.6 at a
45.7 at a
45.9 at a
17.5 at a
17.4 at a
31.7 at a

Section
no.

1
2
3
4
5
6
7
8

Transverse PRD
displacement = 7.35 in.

9.7 at c
9.7 at c
10.4 at c
10.4 at c
9.7 at c
9.7 at c
10.4 at c
10.4 at c

Maximum shear stresses (ksi)

Longitudinal PRD
displacement = 5.3 in.

14.2 at a, 10.3 at c
14.2 at a, 10.3 at c
5.7 at a, 1.8 at c
5.7 at a, 1.8 ate

• 10.2 at a, 6.3 at c
10.2 at a, 6.3 at c
7.7 at a, 3.8 at c
7.7 at a, 3.8 at c

SRSS combination

14.2 at a
14.2 at a
10.5 at c
10.5 at c
11.6 ate
11.6 ate
11.1 ate
11.1 ate

Figure 5.4 Maximum normal and shear stresses in the Jl-tube
due to PGA = 0.20 g
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6. EMERGENCY WATER STORAGE SYSTEM

The Emergency Water Storage System piping, identified as system 7133, travels the length of the

PRD with branches entering each Reactor Building (L503W24). The length of pipe in the

Pickering A section of the duct is straight (line L502W24) while in the Pickering B section, there

are expansion loops. It is supported from the ceiling every 25 ft (7.62 m). Each pipe branch

entering the reactor building is considered to be a fixation point for the longitudinal and transverse

directions of the pipe. Structural support systems for the pipe are shown in figure 6.1. The pipe

is 24 in. (610 mm) in diameter with an assumed wall thickness of 0.687 in. (17.5 mm). Piping

material is carbon steel with an of assumed specified yield strength of 35 ksi and assumed probable

yield strength of 1.25 times the specified yield, or 44 ksi. The specified ultimate tensile strength is

taken to be 60 ksi.

Free vibration frequencies of the piping system are listed in Table 6.1. The fundamental modes

with the highest participation factors in the transverse (T), longitudinal (L) and vertical (V)

directions are identified.

Floor response spectra with 2% damping, due to a PGA = 0.20 g, are used as input to the pipe

supports in the longitudinal, transverse and vertical directions of the PRD. The fixed supports are

subjected to shear forces of 30.3 kips and moments of 212 ft.kips. Maximum total stresses in the

pipe combined from the three directions using the SRSS method are found to be:

maximum normal stress = 15.9 ksi { < probable yield strength of 44 ksi}

maximum shear stress = 2.3 ksi {< probable yield stress in shear of 25 ksi}

These values of stresses are considered to be small, such that the failure of the pipe will not occur.
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Table 6.1 Frequencies of free vibration

Mode

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
32
34

Frequency
Hz

0.90
1.23
1.36
2.31
2.34
2.64
3.61
4.21
4.99
5.05
5.61
7.76
8.43
10.24
12.05
12.09
29.10
39.40

Participation
Factor

0.94 (T)*
1.18 (T)
0.20 (L)
0.70 (L)*
0.42 (T)
0.14 (T)
0.84 (L)
1.42 (L)
0.40 (T)
0.16 (L)
0.38 (T)
0.29 (L)
0.30 (L)
0.15 (T)
0.15 (T)
0.22 (T)
0.24 (V)*
0.23 (V)

'represent the fundamental mode
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Figure 6.1 Plan of 24 in. pipe inside pressure relief duct, between reactor buildings 1 and 4
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7. ELASTOMERIC SEALS

7.1 INTRODUCTION

The PRD is divided into sections about 132 to 142 ft (35 to 37 m) long that are separated by

expansion joints. The separation gap between the PRD sections at the expansion joints is

approximately 5.50 in. (140 mm). The expansion joints are located at pier or frame leg supports,

as shown in figure 7.1. For containment, the joints are covered by a elastomeric seal as shown in

figure 7.2 (reference drawing NA44-DG-25200-1002). In addition to the relative thermal

expansion and contraction movement of the different sections of the PRD, relative dynamic

displacement across the seals are expected during an earthquake.

The PRD is connected to each of the RBs by a short reinforced concrete circular stub about 8 ft

(2.44 m) long, 25 ft (7.62 m) in diameter and with a wall thickness of 2 ft (610 mm). The PRD is

connected to the stub by 48 - 1 in. steel anchor rods, 2 ft (610 mm) long. The arrangement

tolerates a relative displacement of ± 1.00 in. (25.4 mm) between the two structures in the vertical

and longitudinal directions. There is no tolerance for relative movement in the transverse direction

(Ontario Hydro, 1992 and Drawing No NA44-EG-25240-1191). The 48 steel anchor rods

connecting the stub to the PRD are in tension as the PRD moves away from the RB in the

transverse direction, and in shear for vertical and longitudinal movements of the PRD in excess of

the ± 1.00 in. tolerance. Containment at the joint is provided by the elastomeric seal shown in

figure 7.3 (reference drawing NA44-DG-25200-1002).

Additional external seals for the PRD expansion joints and the PRD/RB joints are being installed.

A typical arrangement for the additional external PRD expansion joint seals is shown in figure 7.4

(reference drawing NK30-DOH-25259-5130). A typical arrangement for the new PRD/RB joint

seals is shown in figure 7.5 (reference drawing NK30-DOH-25259-5124).
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Functional criteria for maintaining containment at the expansion joint and the PRD/RB connection

requires that the relative displacement across the rubber seal not exceed the maximum tolerable

displacement. These displacements consist of two components. The first component of

displacement takes up the slack in the rubber seal so that the seal is flat without stretching. The

second component strains the rubber material to rupture.

7.2 PRD EXPANSION JOINT SEALS

In the earlier study (AECB project no. 2.248.1), full friction was assumed between the PRD and

its supports. This simplifying assumption was adequate for the purposes of the earlier study but

eliminated the possibility of relative displacement between different sections of the PRD. The

approach to the estimation of the magnitude of relative dynamic displacements across an expansion

joint is to assume realistic friction between the duct and its supports. A conservative approach is to

assume free sliding of the duct sections in the longitudinal east-west direction only on the pier or

frame support at the expansion joint. This assumption may be closer to expected behaviour given

that the bearing surfaces are detailed as a 1.0 in. lubrite plate on a 2.0 in. steel base plate ( reference

drawings NA44-EG-25240-1134Ro and NA44-EG-25240-1142Ro). The actual behaviour is

expected to be somewhere in between the two extreme assumptions of full friction and free sliding.

Considering that various sections of the duct can move independently, it is assumed that their

response will be dependant only on the dynamic characteristics of the duct sections.

Consider two adjacent sections of the PRD between the piers CP and PI as illustrated in figure

7.1. The fundamental frequencies of vibration of section 1 and section 2 are 0.48 and 1.33 Hz,

respectively. From the seal geometry, a relative displacement across the seal of 3.14 in. (80 mm)

is required to take up the slack so that the seal becomes flat without stretching. The relative

displacement on the expansion joint that will extent the rubber seal flat without stretching

corresponds to ground motion of PGA = 0.04 g.
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The behaviour of the seal material in tension was established by test results (shown in figure 7.6).

The material allows strains of up to 40% before failure occurs. For the original seal length of 8.64

in. (219 mm), the maximum relative displacement is 3.46 in. (88 mm). In other words, a total

relative displacement across the seal of 6.60 in. (168 mm) is required to rupture the seal material.

This displacement should occur at a ground motion of PGA level of approximately 0.08 g which

corresponds to failure of the PRD/RB anchor rods in shear. The ratio of the seal breaking load to

the inertia load of the PRD was estimated to be 0.51.

For the additional external seal design shown in figure 7.4 (reference drawing NK30-DOH-25259-

5130), the flat seal length is 8.5 in. (216 mm). The relative displacement to flatten the seal is 3.0

in. (76 mm). An additional displacement of 3.4 in. (86 mm) will stretch the seal material to

rupture. This displacement corresponds to ground motion of PGA = 0.08 g.

When the seal is stretched, there is a possibility of slipping between the seal and the clamping bars.

In case of slipping, the seal will tolerate more differential displacements between different sections

of the PRD and would survive a higher level of PGA than what is estimated assuming no slipping.

The friction forces between the seal and clamping bars cannot be reliably estimated. This friction

may vanish as the seal thins due to stretching. For this reason no slipping is assumed in the

present analysis.

In both the original and the additional external seal designs, the stresses in bolts and embedded

parts that provide anchor for the seals were found to be small.

In summary, the original and the additional external seal designs for the PRD expansion joint will

be extended flat v/ithout stretching at ground motion level of PGA = 0.04 g. Rupture of the seal

due to stretching is expected to occur at ground motion of PGA = 0.08 g.
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7.3 PRD TO RB JOINT SEALS

The shear capacity of the anchor rods would be exceeded at a PGA = 0.08 g; a level of ground

motion that is slightly less than the 0.10 g required to form the first hinge in the structure. At

higher levels of ground motion, after the rods exceed their shear capacity, the PRD will be free to

move both longitudinally and southward with respect to the RBs. However, transverse motion in

the north direction will still be resisted by the stiff RB connecting stub. At a PGA = 0.20 g, a

failure mechanism may form in the transverse direction of the PRD when relative displacements at

the PRD/RB joint equal the maximum PRD longitudinal displacement of 5.3 in. (135 mm) and the

maximum transverse displacement of 7.35 in. (187 mm).

The geometry of the original seal, shown in figure 7.3 was used to compute the maximum tolerable

limits of relative movement across the joint. For longitudinal motion of the PRD in which the seal

is extended diagonally, the maximum tolerable relative movement across the seal may be as high as

3.00 in. (76 mm). In the transverse direction of the PRD, a relative displacement of 0.75 in. (19

mm) will extend the seal flat across the gap. These limits consider only movements to extend the

seal to a flattened position, and do not consider elastic stretching of the rubber. The relative

displacement limit on the PRD/RB seal without stretching may be reached at a PGA of

approximately 0.08 g in the transverse (north-south) direction. Excessive relative displacements at

the seal may be expected to occur when the PGA exceeds this level. Considering that the length of

the flat seal in the PRD/RB joint is about 7.0 in. (178 mm), the seal will allow 2.80 in. (70 mm) of

stretching before failure. Stretching of the seals will take place before rupture of the rubber may be

expected at ground motion of PGA = 0.11 g. At this level, a breach of containment should be

expected.

For the additional external seal shown in figure 7.5 (reference drawing NK30-DOH-25259-5124),

the relative displacement in the transverse direction needed to flatten the seal is 2.42 in. (61 mm).

From the flat seal position, the maximum elongation to rupture of the seal material is 2.67 in. (68

mm). This displacement corresponds to ground motion of PGA = 0.15 g.
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In both the original and the external new seal designs, the stresses in bolts and embedded parts that

provide anchor for the seals were found to be small.

In summary, the original seal at the PRD/RB joint will be extended flat without stretching at

ground motion level of PGA = 0.08 g. Rupture of the seal due to stretching is expected to occur at

ground motion of PGA = 0.11 g. The additional external seal is expected to withstand ground

motion of PGA = 0.15 g.
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Figure 7.1 Two adjacent parts of the PRD structure in the longitudinal direction
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Figure 7.2 Expansion joint seal between two parts of the PRD structure
(Reference drawing NA44-DG-25200-1002)
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Figure 7.3 Joint seal between PRD and circular stub to RB
(Reference drawing NA44-DG-25200-1002)
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Figure 7.4 The additional external PRD expansion joint seal design
(Reference drawing NK30-DOH-25259-5130)
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8. CONCLUSIONS

The use of static and dynamic models provided an opportunity for detailed examination of the

seismic response of selected mechanical systems and components supported on or attached to the

Pressure Relief Duct (PRD) at the Pickering Nuclear Generating Station. Two and three

dimensional models of the mechanical systems were used in the study. Input support motion was

taken as the PRD response to various levels of selected ground response spectrum envelope. On

the basis of the analysis presented in this study, the following conclusions are reached:

1. All the mechanical systems considered in this study have masses that are very small when

compared to the mass of the supporting PRD structure. Dynamic decoupling was justified

in the analysis by satisfying the decoupling criteria.

2. The seismic stresses in the Emergency Coolant Injection System (ECIS) header pipe and

valve station are small for all levels of ground motion.

3. The seismic stresses in the Emergency Water Storage System piping inside the PRD are

small for all levels of input ground motion.

4. The seismic stresses in the 16 in. (406 mm) Emergency Coolant Injection feeder pipe to

reactor buildings RBI, RB2 and RB3 are high and may exceed the probable strength of the

carbon steel material. As a result, the imposed large displacements may be beyond the

deformation limits of the pipe. For the feeder pipe to the reactor building RB4, over-

stressing is expected at the elbow. For feeder branch pipe penetration at the RBI, RB2 and

RB3, welds at the penetration joints are expected to be over-stressed at a ground motion

level equivalent to the selected ground response spectrum scaled to a PGA of 0.10 g; a

similar condition is predicted, for the penetration at RB4, at a PGA of 0.08 g.
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5. The shortest tubes located near the centre of the J-tubes are subjected to the highest

stresses. The maximum seismic stresses in the J-tubes are near the probable material yield

strength. However, failure of the J-tube's steel plate shell is not anticipated. The hanger

rods of the J-tubes are vulnerable to over-stressing at a ground motion level equivalent to

selected ground response spectrum scaled to a PGA of 0.14 g.

6. The seal material of the original and additional external PRD expansion joints are expected

to rupture due to large relative displacements at a ground motion level equivalent to the

selected ground response spectrum scaled to a PGA of 0.08 g. The original PRD/RB seals

are predicted to rupture at a PGA of 0.11 g for seals and the additional external seal may

fail at a PGA of 0.15 g. The analysis of the relative displacements at the PRD expansion

joint is based on the assumption of free sliding of the PRD in the longitudinal direction on

its supports at the expansion joints. This assumption may be close to expected behaviour

given that the bearing surfaces are detailed as 1.0 in. lubrite plate on a 2.0 in. steel base

plate.

7. The results of the analysis suggest that in several cases, large relative displacements

between parts of the structure or between different structures, due to ground motion, are

the critical design parameters. For example, the maximum relative displacements between

the PRD and the VB and RBs were taken to be 5.3 in. and 7.35 in. in the longitudinal east-

west and in the transverse north-south directions, respectively. Seismic design and

qualification of structures and mechanical systems should be checked using the relative

displacement predicted for the structures, due to severe earthquake ground motion.

Limitations on the performance of the mechanical systems such as the ECIS feeder pipes,

J-tubes hanger rods, the PRD expansion joint seals and the PRD/RB joint seals are

governed by the large relative displacements between supports and attachment points

caused by the earthquake ground motion.
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