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ABSTRACT

This report documents the tests and analyses performed as part of the
Pipe-to-Pipe Impact {PTPI) Program at the Pacific Northwest Laboratory. The
PTPI Program is sponsored by the Mechanical and Structural Engineering Branch,
Reactor Safety Research Division of the U.S. Nuclear Regulatory Commission
{NRC). Dr. G. H. Weidenhamer is the NRC Project Manager. This work was
performed to assist the NRC in making Ticensing decisions regarding pipe-to-
pipe impact events following postulated breaks in high energy fluid system
piping. The report scope encompasses work conducted from the program's start
through the completion of the initial hot o0il tests. The test equipment,
procedures, and results are described, as are analytic studies of failure
potential and data correlation. Because the PTPI Program is only partially
completed, the total significance of the current test results cannot yet be
accurately assessed. Therefore, although trends in the data are discussed,
final conclusions and recommendations will be possible only after the com-
pletion of the program, which is scheduled to end in FY 1984,
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PIPE-TO-PIPE IMPACT PROGRAM

1.0 INTRODUCTION

The U.S. Nuclear Regulatory Commission (NRC) has authorized the Pacific
Northwest Laboratory (PNL) to dnvestigate the behavior of piping during
postulated pipe-to-pipe impact events. The laboratory research Pipe-to-Pipe
Impact (PTPI) Program is sponsored by the Mechanical and Structural Engineer-
ing Branch, Reactor Safety Research Division of the NRC.

Justification for the PTPI Program stems from a need for data upon which
to base licensing decisions. The current licensing criteria, as contained in
Standard Review Plan (SRP) Section 3.6.2, are stated as follows:

"An unrestrained whipping pipe should be considered capable of
causing circumferential and longitudinal breaks, individuatly,
in impacted pipes of smaller nominal pipe size, and developing
through-wall cracks in equal or Tlarger nominal pipe sizes with
thinner wall thickness, except where analytical or experimental,
or both, data for the expected range of impact energies demon-
strates the capability to withstand the impact without rupture.,"

The current criteria define a readily usable set of conditions under‘
which pipe-to-pipe impact events can be permitted or should be prevented.
However, the criteria do not specifically address the available energies,
piping arrangements, or other potentially significant parameters. Because
data to validate the criteria are lacking, the conservatism cannot be assess-
ed. Under certain circumstances the current criteria may not be conservative.
On the other hand, they may be overiy conservative, thus adding unneeded
restraints to power plants. The intent of the PTPI Program is to determine
the range of parameters associated with postulated pipe-to-pipe impact events
in typical nuclear power plants, conduct impact tests within the range of
interest, evaluate current criteria in light of the test results, and, if
appropriate, propose more realistic criteria.
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The pipe-to-pipe impact test methodology, equipment, and results are
detailed in Section 2.0 of this report. Section 3.0 presents a description of
the analytical method formulated to model the dimpact event. Fracture
mechanisms related to pipe wall failure are discussed in Section 4.0, The
conclusions and recommendations based on results obtained to date are
presented in Section 5.0 of this report.
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2.0 PIPE-TO-PIPE TMPACT TESTS

This section describes the methodology and equipment used in conducting
the impact tests. Results obtained are presented and discussed.

2.1 TEST MATRIX

Because the purpose of the PTPI Program was to investigate the current
pipe-to-pipe impact criteria, the initial test matrix was developed to reflect
the parameters of the current criteria. The current criteria, as contained in
Standard Reyview Plan Section 3.6.2, "Determination of Break Locations and
Dynamic Effects Associated with Postulated Rupture of Piping", consider
nominal pipe diameters and relative wall thicknesses as the important parame-
ters in determining if impacted pipes will break or leak. The rationale
behind developing the matrix was to test various combinations of diameters and
wall thicknesses. Some tests were performed on swinging and target pipes of
equal diameters and equal wall thicknesses. Some tests were conducted using
pipes of equal diameters but with different wall thicknesses. Other tests
were performed on pipes with equal wall thicknesses but different diameters.
The initial test matrix is shown in Table 2.1. For each group in the test
matrix, three or four tests at different velocities were planned.

Al1l pipe specimens were manufactured of Al06 Grade B carbon steel. A106
Grade B was selected because it is the most typical carbon steel pipe 1in
nuclear power plants and carbon steel was felt to be more 1ikely to rupture
than stainless steel. In addition, this carbon steel costs Tess than
stainless steel and, therefore, allowed more testing for the same funding.
A1l piping used in test specimens was supplied with material certifications
listing the chemical composition, the yield and tensile strengths, and the
elongation to failure, For the initial test matrix, all pipes of a given size
{diameter and wall thickness) were from the same heat.

It was assumed that 6-inch diameter pipes would provide the average
size for representative distributions. The potential effect of normally
occurring, microscopic flaws in the piping material on the failure modes was
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TABLE 2.1. Pipe-to-Pipe Impact Test Matrix

Wall Thickness Diameter

Group Swinging Pipe Target Pipe Relationship Relationship
148} 6-4n. sch 40 6-in. Sch 40 t] = t, D, = D,
2 6-in. Sch 40 6-in. Sch 40 by =t, D] =D,
3 6-in. Sch 80 6-in. Sch 80 ty = 1 D] = D2
4a 6-in. Sch 40 6-in. Sch 80 ty <t DT = 02
4b 6-in. Sch 80 6-in. Sch 40 ty > t, D] =D,
5a 6-in. Sch 120 12-in. Sch 60 ty =t D] < D,
5b 6-in. Sch 80 3-in. Sch 160 t =t D] > D2

{a) The pipes in the Group 1 tests were unheated and unpressurized. In all
other tests, the impacted (target) pipes were subjected to temperatures
of approximately 550°F and pressures ranging between 2000 and 2300 psi.

A1l swinging pipes were unpressurized and at ambient temperature when
tested.

unknown. Therefore, very small pipe diameters were not used due to the
concern for relative flaw size. Six inches was selected as the maximum
nominal diameter of the swinging pipes for the tests although much larger
pipes are currently in service. The energy requirements of swinging larger
pipes was a primary consideration. The 6-inch diameter was assumed to be
large enough to represent relative flaw size. Tests were to be performed on
pipe without artificially induced flaws. In addition, impact would not be
near welds. All test specimens were 10 feet long because this length is
economically obtainable from the standard 20- to 21-foot length of pipe. It
is also a practical length with which to work. The 10-foot length was not
intended to represent an expected break-to-hinge length or a normal spacing
distribution, although for some situations this length may be typical. All
tests had the impact point at the mid-span of the impacted pipe and near the
center of percussion of the swinging pipe. The two pipes were perpendicular
at impact to represent the worst-impact condition. Except for a limited
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number of Group 1 tests, all impacted pipes were simply supported with a
9-foot span. Except for those tested in Group 1, all impacted pipes were
pressurized to 2000 to 2300 psi and heated to approximately 550°F. Al1l
swinging pipes were unpressurized and at ambient temperature,

2.2 TEST EQUIPMENT

After the test matrix was developed, the equipment necessary for conduct-
ing the tests had to be assembled. The major components required were the
pipe-swinging device, the target pipe supports, a heating and pressurizing
system, and the instrumentation system.

2.2.1 Pipe Catapult

The most unique piece of equipment needed for the pipe-to-pipe impact
tests was the device to swing the pipes. Based upon the largest pipe sizes in
the test matrix (Group 5a), the energy requirements to cause failure were
estimated. Because it was not possible to readily assess the energy require-
ments to break the pipe, another mode of failure was examined. Failure of the
impacted pipe could be considered as its loss of functional capability. For
some systems this failure could correspond to the loss of the cross-sectional
flow area. With this in mind, the energy required to completely flatten a
1-diameter length of both the swinging and target pipe in Group 5a was esti-
mated., The flattening energy was used to estimate the energy required of the
pipe-swinging device.

Several alternatives were examined for swinging the pipes. One concept
for obtaining the same energy level did so with a very large mass falling at a
slow speed. This concept was dismissed for strain rate effect reasons among
others, In another concept, the swinging pipe would be filled with saturated
water at an elevated temperature. A rupture disk would be broken, allowing
the steam to exit around an eibow, creating a thrust very similar to an actual
pipe break event. This concept was dismissed for safety reasons. Many other
concepts were also examined.
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The concept finally adopted was a pneumatically-powered catapult. This
catapult is shown in Figure 2.1. Major components of the catapult are the
large pneumatic cylinder, catapult arm, connecting link, latch mechanism, pipe
carriage, front and rear stanchions, and base. Energy to accelerate the pipe
is stored in compressed gas in the rod end of the large cylinder. This
actuator has a 20-inch diameter piston and a 36-inch stroke, and is rated to
500 psig. The pressure acts on the piston supplying a force to the piston
rod. The piston rod is connected by a link to the catapult arm and thereby
supplies a torque to the catapult arm. The catapult arm is released by
actuating the small pneumatic cylinder. This allows the catapult arm, through
the pipe carriage, to push against the pipe. The pipe is accelerated through
an angle of up to 60 degrees, when the pressure of the gas tfapped in the cap
end of the Targe cylinder increases to greater than the pressure on the rod
end. The catapult arm decelerates as the pipe continues on at a fairly
constant velocity until it impacts the target pipe. After separating from the
swinging pipe, the catapult arm is stabilized by the compression of the
trapped volumes of gas on either side of the piston.

After the pneumatically-powered pipe catapult was conceptualized, its
feasibility was studied. The feasibility study was followed by a preliminary
design, which was subsequently refined. An analysis was performed and a
computer program written to model the operation of the catapult so that
the effects of various parameters could be assessed. This also allowed the
determination of the dynamic loads applied to the various components, These
loads were used in a stress analysis of the catapult. The catapult was then
fabricated.

The catapult was used for all tests in the initial matrix as well as for
numerous practice tests. The device performed very well with no significant
problems, even though it was used at energy levels above those originally
envisioned. Tests at these higher energy levels were accomplished without
modifications because of the original margins of safety built into the design.
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Electr :al resistance heater tapes were used to heat the target pipe.
The tapes were wrapped over the outside of the pipe except at the points of
contact wit the supports and at the center of the pipe for about 1 diameter
either side of the impact point. The specimen was covered with fiber glass
insulation while it was being heated. Just before an impact test the insula-
tion was re >ved from the central region of impact.

The following procedures were used to heat and pressurize the target
pipe: After the target pipe was secured to the supports, it was filled with
the sunflower seed o0il. Care was taken to assure that no significant air
space was left in the pipe. The heater tapes and insulation were added next.
A pair of ¢ 1l1-diameter, high pressure stainless steel lines was connected to
the target pipe. One line permitted venting and bleed-off; the other line was
used for pressurizing the target pipe. Next, the pressurizing line valve was
closed and 1e vent line was opened. The heater tapes were connected to the
power supply; as the specimen heated, the 0il expanded faster than the pipe.
The excess 0il bled off through the vent 1line and was collected. When the
specimen te Jerature, as monitored by a thermocouple, reached the desired test
temperature, the vent line valve was closed. The valve in the pressurizing
line was opened and the target pipe was pressurized from a nitrogen bottle.
To prevent e nitrogen from dissolving in the o0il, the nitrogen pressure was
transferred to the o0il by a piston in a small hydraulic cylinder. Just before
the test the heater tapes were disconnected. When the test was completed, the
pressurizing line was immediately closed and the target pipe vented.

2.2.4 Instrumentation

The most important information from each test was whether the impacted
pipe ruptured. Also important were the diameter changes and the bend angles
of both pipes. These data were augmented by various instruments that:

e established the test conditions and monitored the operation of the
catapult

e monitc ad the target pipe during a test.
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The temperature and pressure of - e target pipe and the velocity of the
swinging pipe were controlled for each test. The temperature for the tests
was specified to be 550°F but was somev at higher for a few tests. The target
pipe pressure for the tests was 2000 to 2300 psi and was usually determined by
the pressure available from the nitrogen bottle. Precise control on the
target pipe pressure was not maintained because the results were felt not to
be highly dependent on the internal pressure. The velocity of the swinging
pipe was controlled by varying the pressures on either side of the piston in
the large pneumatic actuator. Using the computer program developed to model
the kinematics and dynamics of the catapult, a combination of pressures was
selected to achieve the desired velocity and to keep from overstressing the
pneumatic cylinder. The temperature of the target pipe was monitored by a
thermocouple attached to the pipe's outside surface under the insulation. The
static target pipe pressure was set by n1e gage on the nitrogen bottle and
checked by the pressure transducer in the end of the target pipe. The pres-
sures on both sides of the piston were nitored with transducers before and
during the test. The piston displacement was monitored by an extensometer.

For each test the target pipe was instrumented with strain gages, strain
circles, and a transient pressure transducer. The load was measured at one
support. For two initial tests, an accelerometer was placed on the swinging
pipe. or these tests, the velocity of the swinging pipe just before impact
was measured. After these two tests, the diameters of both pipes at the
imf :t point were measured along with the bend angles. Two biaxial, plastic
strain gages were placed on each target pipe at the circumference containing
the initial point of impact. The strain gage signals indicated the gages
failed after a very brief period. The initial strain rates were estimatable
but, because of the obvious later failure of the gages, the data may be
suspect. The strain circles were grids of circles electromarked onto the pipe
surface. They did not indent or distort the pipe in any way. By knowing the
initial diameter and measuring the deformed diameters of the strain circles,
the local permanent strains could be assessed. The pressure transducers
mounted in the end of the target pipe monitored the pressure transient inside
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the pipe during impact and the rate of depressurization if the pipe ruptured.
Load cells were placed under one of the two supports to measure the Tload
during impact. Because of the symmetrical impact, both support loads were
assumed equal. The load cell under the support base measured the impact
force. The use of accelerometers on the swinging pipe was discontinued after
the first two tests because the data were not useful. A measure of the rigid
body motic of the pipe had been sought. This part of the signal was swamped
out by the high frequency ringing of the pipe wall, which overloaded the
accelerometer. The velocity of the pipe was measured by a chronograph consist-
ing of two parallel laser beams impinging on photocells and a timer to record
the interval between the sequential interruption of the beams.

2.3 TEST RESULTS

As me .ioned previously, the pipe-to-pipe impact tests outlined in Table
2.1 were conducted under two sets of temperature and pressure conditions. The
target pipes studied in the Group 1 tests were filled with sunflower seed o0il
at ambient temperature and pressure. O0il in the target pipes for test groups
2 through 5b was heated to 550°F and pressurized to between 2000 and 2300 psi.

2.3.1 Unheated, Unpressurized Pipe Tests

The primary purpose of the tests conducted at ambient temperature and
pressure was to check out the overall test system components before introduc-
ing the elevated heat and pressure conditions.

2.3.1.1 Group 1 Tests

Group 1 tests were performed first. Both target and impactor pipes were
6-inch Sch 40, which have a 6.625-inch diameter and 0.280-inch wall thickness

(t] =t,; D, = DZ)‘ A1l pipes were unpressurized and at ambient temperature.

2> 1

The initial tests in Group 1 were conducted with rigidly backed target
pipes. The rigidly backed target pipe was originally postulated to be the
most conservative test condition. However, although the target pipe with this

support condition was crushed significantly, the swinging pipe was deformed
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was no indication that the crack would have penetrated the wall even if more
pipe deformation had occurred. The cause of the cracks appears to be related
to the way in which the pipe was made. The grain structure of the metal is
noticeably different on either side of the crack.

To determine whether the pipes contained any significant flaws that could
affect the test results, all target pipes were examined by ultrasonic (UT)
inspection in an 8-inch zone about the centerline. The UT inspection showed
all except three of the 12-inch diameter pipes to be free of detectable
defects. The three defective pipes had several cracks on the 0D surface. The
cracks were sized for depth using an e 2ctrical resistivity gage (ERG). The
crack with the largest UT response also had the largest RG reading, which
estimated the crack to be 0.05 inch deep. All indications were marked on the
pipes so that the pipes could be oriented in such a way that the indications
would not be in the highly strained region. None of the cracks showed any
visible change as a result of the tests. Several of the pipes were inspected
with magnetic particles; except for the cracks in the 12-inch pipe, no defect
indications were found.

2.3.2 Pressurized Hot Qil Tests

The hot o0il tests constitute all except Group 1 of the test matrix. For
each group the pipe size combinations are compared to the current SRP Section
3.6.2 criteria. The results of he tests are presented and cor arisons are
made between the various groups. Photographs of the impacted pipes show the
deformation near the contact point. Results of all hot oil tests are shown in
Figures 2.4 and 2.5. The data have been normalized to aid in comparison. The
kinetic energies available at 1impact were normalized by dividing by the
product of Pi multiplied by the yield stress multiplied by the diameter of the
target pipe multiplied by the diameter ¢ the swinging pipe multiplied y the
sum of the two pipe wall thicknesses. The diameter changes were normalized by
dividing the sum of the diameter reductions by the sum of the original
diameters. The bend angles were normalized by dividing the sum of the bend
angles by 90 degrees.
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Diameter Change Results for Hot 0il Tests

























in Figures 2.14 through 2.17. The deformation is similar to that occurring in
Group 3 pi s except that both the bend angles and cross-sectional reduction
are greater.

The most severely deformed strain circles from all Group 4b tests had
axial strains of from -30 to -34% and hoop strains of from +5 to +24%.

Figures 2.18 through 2.21 show some details of the cracks in one of the
pipes that ruptured. Although two tests in Group 4b were conducted at higher
velocities, one of the pipes did not rupture and the other had less severe
cracks. The pipe shown in Figures 2.18 through 2.21 developed cracks on
either side of the impact region. The other pipe, which ruptured upon initial
impact, had a through-wall crack on only one side. The pipe shown did not
rupture on initial impact. Rather, the impactor pipe rebounded a short
distance and fell on the target pipe. This secondary impact initiated the
rupture. Very little energy was associated with this second impact. Because
another pipe, tested under essentially the same conditions except for a higher
energy level, did not rupture, it was concluded that definite variations exist
in the threshold energy required to rupture the pipes. Variations in material
properties may be important. Because all of the pipes of each size came from
the same heat, attempts had been made to maintain similar material properties.
Even greater variations in rupture thresholds could be expected for piping in
general.

Because the test pipes were filled with hot o0il and not water at LWR
conditions, the ruptures from the tests may not be as extensive as might have
occurred i a power plant. After the pipes ruptured, the pressure dropped
fairly rap 1ly. If the pipes had been water-filled, the pressure would not
have dropped below the saturation pressure of water. This may have caused the
cracks to extend farther, perhaps leading to a complete severance of the pipe.
This, however, is only a possibility and has not been demonstrated. The
test-induced ruptures would be classified as leakage cracks.
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2.3.2.5 Group 5a Tests

In the Group 5a tests, 6-inch Sch 20 pipe struck 12-inch Sch 60 pipe.
Qutside diameters of the pipes were 6.625 and 12.75 inches, respectively
(D] < D2). Both pipes had a wall thickness of 0.562 inch (t] = t2). Under
the current criteria, no rupture of the target pipes would be postulated;
however, through-wall cracks must be postulated.

Two tests at different velocities were conducted using pipes from this
group. The low velocity was selected to uncover any unexpected behavior for
this pipe size combination. When nothing unusual happened, the higher veloc-
ity was used. This was the highest energy level test performed in the matrix.

Neither test from this group resulted in a rupture. In fact, the target
pipes were barely deformed. The data are shown 1in Figures 2.4 an 2.5.
Because of the relatively larger sizes of the two pipes from this group, very
little deformation of either pipe was achieved, even though the largest
kinetic energy for any test in the matrix was used. It appears that energy
density or the amount of kinetic energy per unit volume of pipe metal is an
important parameter in pipe-to-pipe impact behavior.

The 12-inch target pipes are shown photographically in Figures 2.22 and
2.23. Very little deformation is noted. Maximum strain circle measurements
were -1 to +5% axial and +2 to +7% hoop.

2.3.2.6 Group 5b Tests

e pipes tested in Group 5b were similar to those of Group 5a in that
the impactor pipes and the target pipes had almost the same wall thickness.
However, for this group the impactor pipes were of larger diameter than the
target pipes (D] > D2). The impactor p° 2s were 6-inch Sch 80 and the target
pipes were 3-inch Sch 160. Their respective diameters were 6.625 inches and
3.5 inches. The wall thickness of the impactor pipe was 0.432 inch; that of
the target pipe was 0.438 inch (t] = t2). Under the current criteria, the
target pipes would be postulated to rupture.

Three tests at different velocities were conducted in this group.
Because of the large bend angle of the target pipe during the first test, the
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supports were moved from a spacing of 108 inches to 84 inches to keep the tip
of the impactor pipe from striking the ground at the next higher ve »city.
For the same reason the supports for the third test were moved to 42 inches
apart.

None of the target pipes ruptured. The impactor pipe was not noticeably
deformed for any of the tests from this group. In fact, the same impactor
pipe was used for all three tests. The target pipes had reductions in diame-
ters of about 11, 21 and 26% at the impact point. For the ast test, the pipe
bent at each support as well as in the center. This additional bending was
due to the inertial load on the 3-1/4 ft free length of pipes beyond the
support points.

Bend angle and diameter change data for Group 5b tests are given in
Figures 2.4 and 2.5. Photographs of t : target pipes are shown in Figures
2.2 through 2.26.

Strain circle measurements from the most severely deformed circles ranged
from -14 to +29% axial and from -13 to +12% hoop.

Group 5b tests and Group 4b tests v re similar in that pipes with higher
sectional moduli were impacting target pipes of smaller sectional moduli.
Both sets of impacted pipes showed significant deformation of the pipe at the
impact point. The pipes in Group 4b had more diameter change but less bending
than those in Group 5b.
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3.0 MODELING OF THE PIPE-TO-PIPE IMPACT EVENT

An analytical method was formulated to model pipe-to-pipe impact events,
The model consists of a set of algebraic expressions relating impact behavior
to input parameters. In this section, the derivation of the model will be
briefly presented, and the results from the model will be compared to pipe
impact experimental data.

Figure 3.1 depicts side and end views of the type of pipe impact config-
urations for which the model is applicable. Al1 supports are assumed to be
hinged, and the impacted or target pipe is assumed to be struck at the center.
Four modes of deformation are assumed for the model. These consist of local
ovalization (vertical diameter change) for each pipe at the impact point and
plastic bend angles as indicated. Sections of pipe on either side of the
impact point are assumed to remain straight.

The assumption precluding the existence of plastic hinges except at the
point of impact should not be taken 1ightly. For impact configurations for
which 2y is small compared to . (see Figure 3.1), hinge development in the
impacting pipe between the pivot point and the point of impact is possible.

— — — T ey o — — —  — —

Ila———
TN~ 7 (MASS/
\’\ \ LENGTH)
PLASTIC MOMENT PLASTIC MOMENT
MP, PN (MASS/LENGTH) MP;

a) Impacting Pipe b) Target Pipe

FIGURE 3.1. Nomenclature for the Impact Model
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It is assumed that all of the initial kinetic energy of the impacting
pipe is absorbed by the four modes of deformation (ovajization and plastic
flexure of both pipes). Thus, the model does not allow for any rebound

kinetic energy. Experimental observations of pipe tests performed to date
confirm the validity of this assumption. Rebound energies typically are
substantially less than 5% of the initial kinetic energy.

For modeling purposes, the impact event was divided into two phases: an
impulse or crushing phase of short duration, in which the pipes crush and
achieve a common velocity at the impact location, and a flexure phase in which
the bend angles form. The deformation phases were assumed to be mutually
exclusive; i.e., no flexure occurs during the crush phase and no crushing
occurs during the flexure phase.

A finite amount of the initial kinetic energy is lost during the impulse
or crush phase. This energy can be determined if the velocity distribution is
known after the crush phase and before the flexure phase. During the crush
phase, both pipes were assumed to be hinged at the impacted sections. By
applying equal and opposite impulses to the two pipes at the corresponding
impact locations, it can be shown that the impulse required to cause the two
final velocities to be equal results in the following generalized velocities
for the two-degree-of-freedom system:

. . A w.
x{D) =%;—'—B—1' {3.1)
. B (1 + 3£a/2£b)
BY‘(O) = ) w; (3.2)
where A = 3p (41a + 3£b)
B=12p 2
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This results in a kinetic energy after the crush phase of energy after
impulse, expressed as

2

3
e 5 ey [y Eb) s o2
L [I(ﬁﬂ = (A¢ + B2}

2

w4

(A + 8)2

-b 2,25 (A+8) (Ea+.g)+91a2E262}
+ 1 }Ebz (A + B)Z + 36 2a 2P &p (A+B)+ 182 gaZ EZ 52{1

SHEN

Because the initial kinetic energy of the striking pipe is

)3 2

1/3 p (ia + ¢ W (3.4)

b

the total energy consumed during the crushing phase can be computed as

Crush energy = initial energy - energy after impulse
It must be pointed out that this is the total crush energy for the two pipes.
A method for approximating the individual crush energies of the two pipes and

for determining the respective ovalizations will be described in Section 3.2.

3.1 EQUATIONS OF MOTICN

Equations of motion for the flexure phase may be written by making use of
Lagrange's equations {Meirovitch 1367). To do so, certain assumptions must be
made about the Tloading due to the plastic hinges. The direction of the
plastic moments is in a sense so as to oppose relative angular motion.

3.3



The magnitude of the plastic moments for the two pipe sections is comput-
ed by allowing for geometrical changes in the respective cross sections
resulting from crush, In addition, temperature and strain rate effects were
considered in determining suitable values of yield stress to use in calculat-
ing values for plastic moments. Details concerning the technique used in
determining plastic moment values are given in Appendix A.

The initial conditions for x and ér are positive; hence, for the first
part of the flexure phase, both hinges are known to be active. Using
Lagrange's equations of motion, it can be shown that during this phase the
equations of motion take the form:

4 Mpy
. _MP] B _TBZ
*T B A - BT A (3.5)
4 MPo
. T3 Az -MPL A
or T g A - BT R (3.6)
3 . fa 3
Py 2P % Plp ( ji’~b) 10 ¢
Mgt T et ) T (3.7)
i _sz( Bhy 1. 1 0 23
Az = By = —5 - 2y *+ ‘5) T, + 2 T, (3.8)
8, - p 13
?2 = 3 (3-9)
The injtial conditions are:
x(0) = ¢.(0) = 0 (3.10)
. LA w,
x(0) = %55 (3.11)
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. B (1 +3 2,72 ib)
6,.(0) = % W (3.12)

The equations of motion are valid only so long as the hinges are active.
The plastic moments are assumed to be active so long as their corresponding
velocities are positive; i.e., the MP] hinge is active until ér goes to zero
and the MP2 hinge is active until X goes to zero. Since plastic hinge moments
are assumed to be constant, accelerations are constant. Because initial
velocities are known and because accelerations are constant, determining which
degree of freedom comes to rest Tirst is easy.

Applying Lagrange's equation to the system with only one active degree of
freedom yields:

For 6 = 0
. -4 MPZ
. (3.13)
) I'-'\-l
For x = 0
. -MP]
er = ? (3.14)

The appropriate equation from above is then used to determine when motion
ceases. Initial conditions for the one-degree-of-freédom system are taken
from the final displacement and velocity conditions for the two-degree-of-
freedom system.

Typical velocity versus time plots for a system in which 0. reaches zero
first are shown in Fiqure 3.2. Final displacements (er and x) cannot be
calculated by determining the areas under the respective velocity curves. The
angle of bend of the target pipe is calculated as

[a"]

5, = 2 tan~! X (3.15)

%
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FIGURE 3.2. Generalized Velocity Plots for Pipe Response in
the Fiexure Phase

3.2 ALLOCATION OF CRUSHING ENERGY

Previously, it was shown that a certain fraction of initial kinetic
energy was absorbed by crushing. The method for determining the allocation of
this energy between the impacting and target pipes and the ovalization
deformation of the respective pipes will pow be described.

The dynamic load deflection characteristics of the two impacting pipes
were assumed to be as shown in Figure 3.3. Because both pipes experience the
same contact force at all times, the relative energy absorbed for a given load
is proportional to the respective areas beneath the two curves, Crush ovaliza-
tions can be determined by conceptually increasing the Toad until the total
energy absorbed is equal to that predicted by the impulse/momentum model.

It was further assumed that the dynamic load deflection characteristics
of an empty pipe experiencing this type of Toading could be determined from
static testing., Although the dynamic crush situation involves a localized
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FIGURE 3.3. Crush Energy Allocation Method

contact load balanced by distributed body force inertial loading, it was
assumed that the load deflection characteristic would be similar to that of a
Tong piece of pipe (so that end effects would not enter in) supported by a
rigid flat surface and loaded by a cylindrical platen of equal diameter. To
compensate for dynamic material effects, the static results were scaled by
using dynamic and static yield stress data ratios. In addition, temperature
effects on crush stiffness were scaled from room temperature tests by using
temperature-dependent yield stress values.

3.3 APPLICATION OF DIMENSIONAL ANALYSIS

Load defliection curves for empty 6-inch Sch 80 and 6-inch Sch 40 pipes
were determined experimentally. Because full-scale tests (even static and at
room temperature)} would have been too costly, dimensional analysis was used so
that small-scale tests could be substituted.

From techniques of dimensional analysis (Langhaar 1951), the following
relationships can be made.
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Assuming that the load P is a unique function of

D pipe outside diameter
oy material yield stress
t pipe wall thickness

$ plastic deflection beneath load

then the following expressions are valid:

(Load) P = o t2 F (% %) (3.16)
(Energy) E = o, 3 g (% , %) (3.17)

where F and G are two nondimensional functions of t/D and §/0. Thus, by using
smaller pipes with t/D ratios equivalent to 6-inch Sch 80 and 6-inch Sch 40
pipe, the desired load deflection data can be obtained for empty pipes. This
was done using the data shown in Table 3.1.

TABLE 3.1. Data Used in Scale Model Crush Tests

Pipe 0D, in. t, in. t/0D, in.
6-inch Sch 40 106 Gr B 6.625 0.280 0.0423
Scale model 106 Gr B 2.258 0.095 0.0423
6-inch Sch 80 106 Gr B 6.625 0.432 0.0652
Scale model 106 Gr B 2.375 0.154 0.0648
Yield stress values (a) Temp, °F e, sec”| Iy, ksi
ambient 0 45
ambient 100 82
550 100 68.1

(a)Robinson, Zeilenbach and Lawrence (1976)
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The impacting pipes for the current study were empty and at room tempera-
ture (RT}. The target pipes, however, were full of o0il. The liquid contents
of the target pipe will tend to stiffen its load deflection curve {raise the
corresponding curve in Figure 3.3). This stiffening effect should be more
pronounced with thin-walled pipes. Note that this is the case for the analyt-
jcal results shown in Figures 3.4 and 3.5.

One way to obtain the dynamic data for a fluid-filled pipe would be to
perform static crush tests. However, this would add new variables to the
dimensional analysis and greatly increase the amount of necessary experimental
work,

An analytical procedure was deyised to modify the data collected for
empty crush tests so that it could be applied for the fluid-filled cases. It
was assumed that the load for the fluid-filled pipe consists of two parts,
i.e.,

Frotar(®) = Fampey{8) + Fp (0) (3.18)
where Ftota] = total load
Fempty = 102d that would be required for the same deflection of an
empty pipe
FP = increase in load for a given deflection due to fluid

contents.
In addition, the following assumptions were made:

e The volume change in the vicinity of the impact point is a unique
function of crush depth and is independent of pipe contents.

e« Pressure is essentially uniform within the pipe.
e« The pipe crushing is a quasit-static event.

Under these conditions, the additional force required as a result of pipe
contents is
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_ {p dv

Fp = (P ds) (3.19)
_ V) dv

Fo = (PO ¥ f) h (3.20)

where P:  total pressure

-z

localized decrease in pipe volume

(=]

deformation of vertical diameter
PO: initial pressure
C: pipe volumetric compliance (see Appendix B).

This expression is derived in Appendix B. The expression is valid only so
long as the nonlocal behavior of the pipe remains elastic. When nonlocal
yield occurs, the term (P0 + ¥/C) should be replaced with

2o t
Poield = —— (3.21)
The quasi-static assumption made for this derivation should not be
considered valid in all cases. If the crush phase 1is short, for example,
compared to the time for a pressure pulse to propagate the pipe length, then
the assumption becomes less valid. For very long pipes, this propagation
distance might be considered as a substitute for the length of the target
pipe. One last comment needs to be made regarding the Timitation of this
pressure correction term., If the crush volume is large and if the crush
duration is short, then a likely deformation mode will be hoop yielding in the
vicinity of the impact location accompanied by a pressure wave of decreasing
magnitude as one moves away from the impact Tocation. If this type of
behavior occurs, then the expression for fluid stiffening of the target pipe
will 1ikely underpredict the true stiffness. Thus, ovalization of the target
pipe will tend to be overpredicted.

Two pipe configurations were analyzed using the model described in this
section. For each configuration, several impact velocities (w values) were
used so as to correspond with impact velocities from the experimental program.



The cases considered were the 6-inch Sch 80 impacting 6-inch Sch 80 tests and
the 6-inch Sch 40 9impacting 6-inch Sch 40 tests. Load deflection plots used
for the crush phase of the impacts are shown in Figures 3.4 and 3.5. The
scaling data given in Table 3.1 were used in conjunction with small-scale test
data in arriving at values corresponding to these figures.

3.4 CORRELATION RESULTS

Comparisons of the model predictions with the corresponding experimental
data are shown in Table 3.2. All values are normalized in the same manner as
described in Section 2. General trends of bend angles and crush ovalizations
seem to be predicted adequately by the model in view of the following
uncertainties:

e yield stress values used in the model - Yield stress values used were

' estimates. Twenty to thirty percent error could exist based on strain
rate dependency alone. In addition, because strains are quite high,
strain hardening effects could be substantial. Furthermore, the strain
condition simulated was biaxial in nature, whereas yield stress values
were for uniaxial conditions.

TABLE 3.2. Preliminary Resuits for Impact Model

Normalized Normalized

Normalized Bend Angle Diameter Change

Test Energy Exp. Model Exp. Model
2.1 0.116 0.35% 0.371 0.219 0.347
2.2 0.129 0.472 0.439 0.250 0.365
2.3 0.144 0.533 0.585 0.286 0.389
3.1 0.059 0.144  0.159 0.096 0.106
3.2 0.068 0.206 0.185 0.126 0.113
3.3 0.091] 0.272 0.252 0.178 0.131
3.4 0.106 0.25 0.267 0.175 0.134
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ovalization during the flexure phase - Experimental ovalization
measurements were, of course, taken after the flexure deformation
occurred. Ovalization deformations that occurred during the crush phase
were possibly increased during the flexure phase.

slight geometrical and material differences among the pipes
assumptions made in formulating the model - These include:
- assuming an instantaneous impulse during the crush phase

- assuming an elliptical cross section for the crushed geometry used in
plastic moment calculation

- all of the assumptions made for the calcuiation of pressure stiffening
effects for the target pipes.






4.0 FRACTURE MECHANICS CONSIDERATIONS

Fracture mechanics evaluations were performed to quide the pipe impact
test design and to interpret the test results. The specific objectives were

e to evaluate the consequences of flaws on the PNL test results

e to evaluate sensitivity requirements for pretest nondestructive examina-
tion of the pipe specimens

o to form a basis for placing margins on results of tests performed on
unflawed pipe specimens.

In these evaluations, the methodology of elastic-plastic fracture mechanics
was applied in predictions for flawed piping. For unflawed piping the con-
cepts of strain limits from metal forming technology were applied to predict
conditions for the initiation of cracking in plastically deformed piping.

4.1 FRACTURE PROPERTIES

Fracture properties for the A106 Grade B steel of the pipe specimens were
both measured at PNL and estimated from published data. Tests at PNL were
1imited to dynamic toughness measurements using precracked Charpy specimens.

Figure 4.1 shows typical trends of fracture toughness (KIC) as a function
of temperature. As indicated, the longitudinal specimen exhibits both higher
upper shelf toughness and lower ductile-brittle transition temperatures than
the transverse specimens. Nevertheless, even the data for the transverse
orientation clearly indicate that the temperatures of all the pipe impact
tests were such that ductile upper shelf behavior rather than low temperature
brittie fracture governed the outcome of the pipe impact tests.

Given that the tests were governed by upper shelf behavior, it was
necessary to use elastic-plastic fracture mechanics to make quantitative
predictions. The measurement of JIc and J-resistance curves for J integral
based fracture mechanics was beyond the scope of PNL's program. Rather, data
generated by Gudas and Anderson {1981) in another NRC-sponsored research
program were applied. These data for AT06 Class C piping steel are summarized
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FIGURE 4.1. Dynamic Fracture Toughness for Al06 Grade B Pipe

in Table 4.1. The data indicate trends as a function of specimen orientation,
test temperature, and typical specimen-to-specimen variations.

The C-L orientation is most relevant to the mode of cracking seen in the
PNL pipe impact tests. The room temperature JIc values for prediction of the
initiation of crack growth were in the range of 1000 1n.-1b/1n.2. Typical
resistance curves show that the applied value of J approximately doubled for a
crack extension of about 0.1 inch. No data for the elevated temperature
condition (550°F) of interest to the PNL impact tests were available for the
C-L orijentation., However, the data for the L-C orientation indicate that JIc
is relatively insensitive to temperature, whereas the resistance curve seems
to have a more "flat" characteristic at elevated temperatures {i.e., the value
of J does not increase as rapidly with respect to crack extension). Due to
this more flat characteristic, it is expected that cracks may be driven

through the wall more readily at 550°F than at room temperature.

One final observation is the relatively low toughness indicated in Table
4,1 for one L-C specimen reported by Gudas and Anderson {1981). These data
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TABLE 4.1. Typical Fracture Properties of A106 Class
€ Steel (Gudas and Anderson 1987)

C-L ORIENTATION

J;. = range 903 to 1034 1n.-1b/1n.2 ave. = 969 1n.-1b/1n.2

Ic
Crack Extension {in.) J Value (1n.-1b/1n.2)

0.020 1200 a

0.050 =T

1700 >
0.200 3200

L-C ORIENTATION

RT J, = range 1563 to 1830 in-1b/in.2  ave. = 1724 in.-1b/in.°

Ic
550°F J;. = range 1320 to 2292 in.-1b/in.% ave. = 1805 in.-1b/in.?
Crack Extension Room Temp. J Value 550°F J Value
(in.) {in.-1b/in.2) (in.-1b/in.2)
0.020 1900 2100 (e )
0.050 2900 2800 ,’
0.200 5600 4100 |
WORST CASE
One L-C specimen with slag inclusions gave
- - .2
JIc = 386 in.-1b/fin.
Crack Extension (in.) J Value (in.-]b/in.z)
0.020 600
0.050 900
0.200 1400

indicate the possibility that a low energy fracture could occur if a pipe
impact should plastically deform such a location of poor toughness. Such
isolated locations of low toughness may not, however, contribute significantly
to piping failure probabilities for pipe-to-pipe impact events. In fact, the
reported presence of slag inclusion in this worst-case specimen (Table 4.1)
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would often be treated in conservative fracture mechanics calculations as a
flawed or cracked location in the pipe.

4,2 FLAW SENSITIVITY CALCULATIONS

Calculations were performed to estimate the sizes of the smallest flaws
that would have the potential to affect the outcome of PNL's pipe-to-pipe
impact tests. The intent in PNL's fests was ito impact nominally unflawed
piping, and not to test worst-case flawed piping.

Fracture mechanics solutions are not available or forthcoming for the
complex patterns of plastic deformation seen in the PNL pipe-to-pipe impact
tests. It was necessary, therefore, to perform greatly simplified analyses
using handbook-type solutions from Kumar, German and Shih {1981). Results for
the fully plastic values of the J-integral are displayed in Figure 4.2. In
this case a small crack (one-eighth of the wall thickness) was assumed to be a
region of otherwise uniform tensile strain. The calculated values of applied
J increase with both increasing levels of strain and increasing flaw depth;
note that flaw depth increases with wall thickness for the postulated t/8
flaw. In a simpiistic manner, the remote strain axis of Figure 4.2 can be
associated with the strains as measured on the surface of the impacted pipe
using the grids of strain circles.

Figure 4.3 summarizes the results of the flaw sensitivity calculations.
The focus is on the typical JIC values indicated in Figure 4.3, rather than
the worst-case, but Jow probability, values of JIc' A typical strain for
PNL's tests would range from 20 to 30%; a typical JIc value would be in the
range of 1000 to 2000 in.-1b/in.2. In this case, for an adversely located and
oriented crack, a flaw depth must be on the order of 0.02 inch for any flaw
growth to occur, Much higher values of applied J are required to sustain the
flaw growth, so that the initial pre-test flaw must be substantially deeper
than 0.020 inch before through-wall cracking would be expected,

In conclusion, only flaws of depths exceeding 0.02 inch are of sufficient
size to have had a potential bearing on the outcome of PNL's pipe-to-pipe
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FIGURE 4.2. Plastic Fracture Solution for Applied J

impact tests. HNondestructive evaluations (NDE)} were performed on the critical
parts of the pipe specimens to detect cracks; these provided no evyidence of
cracks of sufficient size to affect the test results. There was evidence of
small surface defects in post-test visual examinations. These defects were
small and oriented parallel to the surface of the pipe and, as such, did not
tend to grow through the wall of the pipe.

The NDE of the pipe impact specimens included both ultrasonic inspection
and use of magnetic particles. On some specimens, outside surface indications

4.5



2000
R
j=) Q‘
i P o TYPICAL
N: = L ° J|C
R Q'
3 &
- L)
£
= |
a 1000 N
: \'\Oc'
o Q
3 >
&
OQ’
o
| S
>
_ 0002 |
2 WORST
CASE
Jie
0 | |
0 10 20 30

REMOTESTRAIN,PERCENT

FIGURE 4.3. A106 Plastic Fracture Prediction

of ¢racks were seen by both the ultrasonic and magnetic particle inspections.
The cracks were sized for depth using an electrical resistivity gage, with the
greatest measured depth being 0.050 inch. No known defects were revealed by
NDE in the impacted or deformed portions of the test pipe specimens.

4.3 PLASTIC STRAIN LIMITS

The ductile rupture of nominally unflawed material has been the subject
of extensive investigation in the field of metal forming technology {(Hecker
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1973, 1978). The levels of strain associated with pipe rupture in the PNL
tests support the use of this methodology to explain and predict the formation
and propagation of cracks in the pipe specimens. Unlike fracture mechanics
theory, these methods do not postulate the presence of existing flaws as
the mechanism of fracture. They do, however, recognize that ductile fracture
involves the growth and coalescence of material defects on the microstructural
level.

In the simplest analysis, ductile rupture will be expected when the
plastic strain (e.g., effective or von Mises strain) exceeds a critical value
based on the elongation or reduction in area for a tensile test. More sophis-
ticated predictions consider the effects of biaxial and triaxial states of
stress and strain.

A review of the literature indicates two approaches to the multiaxial
effect which give strain 1imits as shown in Figure 4.4. The forming limit
curve is based on experiments that simulate sheet metal forming (e.g., deep
drawing) operations (Hecker 1973). Strain states that lie outside the bound-
ary of this curve would be expected to produce cracking, whereas strain states
within this curve should not produce cracking. In the pipe impact tests, the
axes of major and minor strain would correspond to surface strains (e.g.,
axial and hoop strains). The position of the forming limit curve of Figure
4.4 is based on test data from deformation of sheet type specimens. For these
tests the stress in the thickness direction is zero. As such, failure or
cracking is associated with tensile instability (necking or thickness reduc-
tion). Such fajlures may not be representative of conditions in the pipe
impact tests.

The other approach to strain 1imits considers ductility exhaustion and is
more applicable to triaxial states of stress and deformation as experienced,
for example, in extrusion operations (Norris et al, 1978). The shaded zone in
Figure 4.4 corresponds to various assumptions regarding the role of tensile
stresses in enhancing the effect of plastic deformation on ductile failure.
The upper or more optimistic bound assumes no role of tensile stresses and
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bases the failure prediction solely on the level of plastic strain {failure
occurs when the effective plastic strain equals the elongation measured in a
uniaxial tensile test). The lower or more pessimistic bound shown in Figure
4.4 multiplies the plastic strain by the hydrostatic component of stress to
calculate a measure of damage. Failure is predicted when this damage param-
eter equals the corresponding value for a uniaxial tensile test.

Figure 4.5 shows measured strains {strain circle data) for the outside
surface of target pipe tested in Group 5b., While rupture did not occur in
this test, the level of deformation in the target pipe was similar {perhaps

some-
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what less) to that for tests 4b.2 and 4b.4, which exhibited through-wall
cracking. Without strain data for the inside surface of the pipe one can only
consider alternative possibilities that are consistent with the measured
outside surface strains. It is clear, however, that the deformation modes
near the point of cracking in tests 4b.2 and 4b.4, included a significant
contribution from through-wall bending deformation. On this basis, the major
strain was at Teast 0.25 (0D surface-measured value) and possibly as high as
0.55 (ID surface-estimated value). The circumferential orientation of the
cracks in tests 4b.2 and 4b.4 strongly suggest the existence of high ({(but
unmeasured) axial strains at the inside surface. If the associated minor
strains are assumed to be in the possible range of + 0.55, one can readily
plot strain states in Fiqure 4.4 that are located in the regions where crack-
ing is predicted.
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The application of strain 1imits from metal forming technology demonstra-
tes that initial defects in the PNL pipe specimens probably had an insignifi-
cant effect on the pass/fail outcome of the tests. Rather, the test results
clearly showed that large plastic strains were associated with test-induced
failures. Furthermore, the observed strain levels were consistent with
expected strain limits for unflawed material.

4.4 RUPTURE PROBABILITY FOR FLAWED PIPE

A1l results of the PNL impact tests are intended to apply to unflawed
piping; care was taken by pre-test NDE to exclude any specimens with known
flaws. Nevertheless, it must be recognized that flaws do exist in real piping
systems, although their rate of occurrence is generally believed to be very
Tfow. Impact of a pipe at the location of a flaw could rupture a pipe at
impact velocities or energy levels that are much lower than those indicated by
the PNL tests.

This discussion presents probabilistic arguments to justify the exclusion
of flawed pipe specimens from the PNL test matrix. The main consideration is
that the presence of a flaw is not required for a pipe to rupture at the
impact velocities associated with pipe impact events. Additional considera-
tions are the Tow occurrence rate for flaws and the high probability that the
impact will not occur at the location of the flaw. Hence, the probability of
impact occurring at a flaw is low. In addition, the corresponding probability
of rupturing unflawed material is much greater.

The potential contribution of flaws to impact-induced pipe rupture can be
estimated for the reference pipe geometry of Figure 4.6. Calculations were
based aon the following considerations:

e« The pipe has one weld per 10 diameters of pipe.

e The highly deformed impact region measures half a diameter by 180 de-
grees.

« Impact can occur anywhere on the pipe with equal probability (no prefer-
ence for welds),









js dependent on considerations of impact velocities or relative pipe diameter,
which will govern P4 {probability of rupture given an impact event). However,
the analysis in Section 4.5 indicates that P4 will be significantly greater

than 1073,

The conciusions based on this evaluation of flaws and their contribution
to potential pipe ruptures due to impact events can be summarized as follows:

6

e The probability of flaw-induced fracture is Tow (about 10"~ per year) and

is similar to the estimated risk of vessel fracture,.

e The contribution of flaws to rupture probability should be much Tess than
the rupture probability for unflawed piping.

e The impact tests of unflawed pipes conducted at PNL address the major
contribution to risk.

4.5 RUPTURE PROBABILITY FOR UNFLAWED PIPE

An objective of the PNL pipe impact tests was to establish the impact
velocities or energies required to rupture piping. Although piping with flaws
was specifically excluded from the test plan, several other factors of the
test were designed to give worst-case conditions (i.e., normal impact, support
conditions). This section relates the test conditions to conditions that will
exist in the field for potential impact events. That is, given that a pipe
impact event does occur, what is the probability or fraction of events that
will result in rupture of the impacted pipe?

The analysis presented here is purely exploratory and illustrative in
nature, but serves to point out the governing variables and to provide rough
estimates of failure probability. The following factors can be Tisted as
important contributors to pipe rupture, given the occurrence of an impact
event.

1. If high velocities of the impacting pipe are to be achieved, the jet
force must be normal to the accelerated pipe and the pipe motion must
exceed a few pipe diameters before the pipe impacts an adjacent pipe,
Furthermore, the suppert/hinge must be several diameters from the peak/
jet force, sao that the pipe can attain a whipping action.
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2. The moving pipe must be sufficiently larger in diameter and/or have

greater wall thickness to be capable of inflicting damage to the impacted

pipe.

3. The impacting pipe must be sufficiently normal to the impacted pipe, and
not be parallel or be simply deflected by a glancing impact.

Clearly then, not all impact events will result in significant damage to the
impacted pipe.

Figure 4.8 illustrates the parameters that govern the impact velocity and
energy associated with a pipe break/impact event. Simple derivations give the

velocity and

V2

e o~ T DT ™ Y>fm = m

energy relationships as

= (3/20) (1 - 8) p (D/t) o

-4 (1-8) p0P L

= impact velocity

= impact energy

= effective pressure on end of pipe
= fraction of energy absorbed by plastic hinge
= density of pipe material

= pipe diameter

= Jength of pipe to support or hinge
= wall thickness

= swing angle (radians).

Some realistic parameters that could be associated with the impact of a
6-inch Schedule 80 pipe impacting a 6-inch Schedule 40 pipe (as in the PNL

tests) are

T W W o O

6 in.

0.43 in.

10 ft

1500 psi

0.20

7.3 x 107 1b-sec?/in.
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IMPACTED SCH 40
PIPE

IMPACTING '
SCH 80 PIPE |

FIGURE 4.8, Configuration Used to Estimate Velocity/Energy
Relationships

Figure 4.9 shows estimated impact velocities as a function of swing angle
and tip motion as normalized by pipe diameter. Also shown is the velocity
associated with rupture in the PNL tests. The results indicate that a tip
motion of 2 to 4 diameters is sufficient to achieve a velocity that can
rupture an adjacent pipe. This indicates that sufficient velocity can be
readily achieved to rupture adjacent piping. Nevertheless, all impacts will

not result in pipe failure, unless all or most governing parameters favor
failure,

The probability of failure given an impact event was estimated by using
judgment to attach numerical values to the individual probabilities governing
rupture. Specifically, the probability of rupture was seen to be high if

e« moving pipe has thicker wall (P] = 0.25)
s motion exceeds 3 to 4 diameters (P2 = 0.75)
o Jjet force is normal to moving pipe (P3 = 0.5)
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FIGURE 4.9. Estimated Velocities From Sample Calculation

e 1impacting pipes are normal (P4 = 0.25)
e support/hinge is several diameters from break (P5 = 0.75).

Each of the individual probabilities is relatively high, but the probability
that they all will have high or worst-case values in a given event is much
lower. Specifically, the probability of a rupture, PO, given an impact event
can be estimated as P, = Py x Py x Py x Pp x Pg = 2 x 1072, This estimate
assumes that all factors must be conducive to rupture, whereas rupture may
occur in many cases if one parameter, particularly velocity, has an extreme
value. In this regard, P0 as estimated here can be viewed as a lower bound on
failure probability. That is, more than one impact in 50 (1/2 x 10-2) will
result in a rupture.



In estimating probabilities P] through P5, a number of assumptions were
made. For P1 it was assumed that a typical plant has more small piping than
larger pipes, but that the probability of a pipe breaking and being acceler-
ated by a jet force is independent of diameter. In estimating P2 it is
recognized that mean pipe separations may exceed 3 to 4 diameters and P2 could
be greater than 0.75. The probability P3 was assigned a rather high value of
0.5 because one of the ends of the double-ended break may have an elbow that
gives a jet force normal to the pipe. The probability P4 was given a lower
value of 0.25 because adjacent pipe will often have parallel routing. On the
other hand, P5 was assigned a higher value of 0.75 because at least one of the
ends of a double-ended break will be remote from a support or hinge location.

The following general conclusions are supported by exploratory considera-
tions of failure probabilities for impacts involving impact of unflawed
piping:

e« Impacts can occur at velocities higher than those of the PNL tests.

e The PNL test design includes many worst-case conditions.

e The probability of rupture may be as low as 2 x 10‘2 (given a pipe-on-
pipe impact event).

Furthermore, the analysis tends to support PKL's assumption that the probabil-
ity of pipe ruptures due to pipe-to-pipe impact events will not be signifi-
cantly affected by the presence of flaws in piping. Therefore, PNL's tests
were properly focused on unflawed pipes.






5.0 CONCLUSIONS AND RECOMMENDATIONS

Based upon the experiments and analyses that have been conducted to date,
a few preliminary conclusions can be made. One data point invalidated the
current Standard Review Plan Section 3.6.2 criteria. In the Group 5b tests,
impact by a large pipe (6-inch Sch 80) on a small pipe (3-inch Sch 160) did
not cause rupture. However, because of the limitations on the number of size
combinations and level of test kinetic energies, the criteria have not been
evaluated for all possible scenarios. Results of the tests have shown that,
in addition to pipe diameter and wall thickness, velocity and impact geometry
could significantly affect the potential for rupture. Other parameters such
as sectional modulus and support conditions may also be important. The
results of the Timited number of tests cannot by themselves determine the
validity of the current criteria or serve as a basis from which to propose new
criteria,

The initial results of the modeling efforts, although preliminary, are
encouraging. Further work in this area is appropriate. Because the rupture
of the 1impacted pipes is the primary consideration of the criteria, the
results from any model that predicts bend angles and cross-sectional deforma-
tions represent only an intermediate step. A method is needed that uses these
data to predict, within known 1imits, the 1ikelihood of rupture. The failure
model, if developed further, has the potential to achieve this.

Additional work on the Pipe-to-Pipe Impact Program has been proposed for
the remainder of FY 1984. The main task proposed for FY 1984 consists of
determining the range of parameters relevant to additional pipe-to-pipe impact
scenarios, and developing the corresponding test matrix that reflects a better
understanding of the phenomenon.

Work proposed for FY 1984 will include completing the additional tests
and, if appropriate, recommending changes to the existing pipe-to-pipe impact
licensing criteria. The associated value/impact evaluations will also be
performed, and program results will be reported.
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APPENDIX A

CALCULATION OF PLASTIC BENDING MOMENTS FOR
PARTIALLY CRUSHED PIPES

For the pipe flexure model, values for the plastic moments of the impact-
ing and target pipes are needed. The cross sections of the locations for
which the plastic moments are needed (the impact location) are not circular
but deformed due to the crushing event. Although plastic moments could be
calculated based on undeformed circuiar geometry, it is felt that a closer
approximation would be achieved with an assumed elliptical cross section.

Consider the deformed and undeformed cross sections shown in Figure A.1,
For a given crush deformation {d - 2b), an expression is needed for the
plastic moment of the crushed elliptical section. To this end, two assump-
tions were made:

¢ The wall thickness of the elliptical section at & = 0°, 90°, 180°, and
270° is equal to that of the original circular section.

e The area of material (annular cross-sectional area) of the two sections
is equal.

g
W

!

Original Section Crushed Section

FIGURE A.1. Assumed Elliptical Ovalization Geometry for
Crushed Pipe Sections
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From these assumptions, the area of circular annulus = area of elliptical
annulus, as shown by

F0d° - (d - 2t)%] =« [ab ~ (a-t) (b-t)]

% (4td - 4t2) = ¢ [(atb) t - t%]
d=a+b
a=d-b (A1)

Thus, for a given initial diameter (d), wall thickness {t), and crush
deformation {d - 2b), the major axis parameter {(a) may be readily determined.
The plastic moment about the horizontal axis for the elliptical section is now
expressible as

My = %-oy [ab? - {a-t) (b-t)2] (A.2)
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In Section

necessary to

F(s) =

Fpls)

where F

empty
P

0
v

< _Tm M

(=21

m o A

— <

APPENDIX B

DERIVATION OF TARGET PIPE VOLUMETRIC COMPLIANCE

3.0, the following expression was given for the force

crush a fluid-filled pipe a given distance:

Fempty(a) t Fp(s) (B.1)
o+ ) & (8.2)

total force

force for empty pipe

additional force for fluid-filled pipe

initial pressure in pipe (for & = Q)

volume displacement in the immediate vicinity of the
concentrated load

crush displacement

pipe volumetric compliance

x déL {d (2.5 - 2v) ,

- il
4 ? Et B

C

pipe diameter

pipe wall thickness

Young's modulus

Poisson's ratio

pipe length

bulk modulus of 1iquid contents
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made.

In arriving at this expression for FP(G), the following assumptions were

The pipe is long relative to the region containing plastic deformations.
The Tocal volume displaced during crush 1is a unique function of, and
independent of, fluid contents.

The pipe remains elastic except for a small region in the impact
vicinity.

The crush event is quasi-static.

Consider the pipe crush siteuation shown in Figure B.1. From energy

considerations, the force due to fluid pressure FP(ﬁ) is

dv

FP(G) =P a5

(B.3)

where P=P, + AP

0
initial pressure of fluid

-
1]

-
D O
1]

pressure jncrease due to V,

V = Volume of Crush
Fp Dimple

(=8

FIGURE B.1. Geometry and Terminology for Volumetric
Compliance Analysis
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The crush volume is expressible as

y = Vf + VP (8.4)
where Vf = contraction of fluid volume due to 4P
Vp = increase in pipe volume due to aP.

An expression for Vf is

2
Pwd L
d (8.5)

=

Ve =

m‘

where 8 is the fluid bulk modulus.

Vp must be computed by considering circumferential and axial stretching
of the pipe wall due to AP. The axial and circumferential stresses in the
pipe wall, neglecting end effects, are

AP

- _4d
o, = 7% (B.6)
AP
_ M
9% T T2t (B.7)
Corresponding strains are
g Vg aP
- 2 6 . _d(1 v
© F- w3 (8.8)
g Vo AP
-6 _z__d _v
¢ T E E'Et(z 4) (8.9)
Vp is now expressibie as
2
Tr[d (]+EB)1 _n_dz
Vp =L (1 + ez) 7 - 77 L (B.10)
aP, L
d 215
Vp=ﬁT—nd [E“U] for smaHaz and £q (B.11)
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The crush volume now takes the form

2

- ad” L d (5 1
v=ap 1L [E (3 - 9) + Ejl (B.12)

Substituting into the expression for FP(a),

u
——
-
+
O] =
g

Fr(8) Ts (8.13)
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