
















































































































































































































































































































































































































































































TABLE XIX. STRESSES USED IN EXTRAPOLATION

oW R sC SL
20 34.8 1000 1064
20 30.5 1390 1781
50 33.8 2683 4780
50 29.7 3727 5793

Extrapolating first on standoff distance giwves:

1390 - 1000
o . = 1390 - =22 = 1136 psi (104a)
eiryn 14 34.8 - 30.5
g . = 3727 - 2121 = 2683 (33 8 _ 350y = 3269 psi (104b)
cir 33.8 - 29.7
50 1b
_ 1781 - 1064 _ _ ,
Olongzo . = 1781 34.8 = 30.5 (34.8 32.0) = 1314 psi (104c)
- _ 5793 - 4780 _ _ :
Olong 5793 33.8 = 29.7 (33.8 - 32,0) = 5348 psi (1044a)
50 1b
And finally extrapolating on charge size gives:
o . =(3269 = 1136) (50 _ 40) + 3269 = 2558 psi (105a)
cir (50 - 20)
40 1b
- ~(5348 - 1314) _ _ ,
Olong40 " (50 < 20 (50 -~ 40) + 5348 = 4003 psi (105b)

These answers are close but not exact because of the extrapolation pro-
cedure. The advantage is that error might be prevented because items ﬁave
been precalculated. The disadvantage is the extrapolations which are required.
This computation required a double extrapolation--the standoff distance, and
the charge size. A third extrapolation could be required if the appropriate
pipe thickness was not listed. 1In addition, the number of tables which could
be required rapidly becomes very bulky especially if many pipe sizes, pipe

materials, and line as well as point sources are to be comsidered.
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Graphical Plot of Parameters

All of the information contained in the previous table, Table XVIII, can
be displayed in a single graph plotti ither 0,
e playe ngle grap lp otting either 0,  or Ulong versus (nW) and R
for constant values of h and E. A series of these figures would be required
for various values of h and E. Figure 55 is one of these figures drawn for

a modulus of elasticity E in the pipe of 29.5 X lO6 psi and a pipe wall

thickness h of 0.5 in. The dashed lines in Figure 55 are for predictions

of longitqdinal stress Olong’ and the solid lines are for estimating cir-
cumferential stress Gcir' The abscissa is the standoff distance R and the
various isoclines are for constant values of equivalent energy release nW.

No extrapolating is needed for the standoff distance R, and any extrapolation
on energy release nﬁ can be eyed. These are the major advantages in using
this approach over the use of tables.

The example of a single 40=1b AN-FO charge located 32 ft from a 0.05-
in. thick steel pipe can be accomplished by directly reading Figure 55 after
judging where the 40-1b charge line should fall between the 20 and 50-1b
charge contours. From Figure 55, we would ¢stimate that the longitudinal
stress Glong was approximately 4000 psi and the circumferential stress was
approximately 2400 psi.

The major advantage to using Figure 55 is that no computations are re-
quired. Several disadvantages are that no one figure or table suffices, and
field people must know how to read a graph and log scales.

The entire family of figures has not been drawn because pipe sizes and
charge ranges can vary from company to company. In general if this approach
is used, a complete set would be required. The equations being used are

the ones used throughout this chapter, Equations (91) through (95b).

General

In creating a company field manual, any of these approaches can be used
to obtain essentially the same result. WNotice that essentially the same
estimates of circumferential and longitudinal stresses from blasting were
obtained using all approaches because the same problem and equations were
being solved.

Perhaps greater difficulties will be encountered when decisions are made

as to how longitudinal and circumferential stresses from other environments
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are included. The sclutions presented in this section give only those com-

ponents of stress which are obtained from blasting. In addition, stresses

from: 1) thermal expansion or contraction, 2) differential settlement of
the pipe, 3) weight of overburden, and 4) internal pipe pressurization all
add or subtract from the stresses caused by blasting. In addition, the

subject of safety factors has not been discussed in detail and must reflect

state laws and company policy. These added points are mentioned once again
to emphasize that this solution for stresses from blasting near pipelines
is only a partial one. The overall state-of-stress depends upon many

faétors, and to represent all in a field manual could be a very difficult
task.
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VIII. ANALYSIS OF STRESS SOLUTION

Example Problem

The solution for pipe stress which has just been presented is idealized.
In reality problems are not point sources or line sources parallel to a
pipeline. A problem which is more typical of a realistic field problem
might be defined as follows:

1) A pipeline is 30-in.in diameter with a O.ZSO;in.wall thickness,
and a SMYS of 60,000 psi. This pipeline is operated at a stress
level of 50% of yield in the hoop direction.

2) Ammonium nitrate/fuel oil is to be used as an explosive in
a 20 ft By 50 ft rectangular grid. The grid is rotated 30
degrees to the pipeline so that the nearest cormer is 50 ft
from the pipeline. The next corner which is 20 ft away is
61.5 ft from the pipeline. This charge configuration is
illustrated in Figure 56. The parameter consists of fourteen
30-1b charges spaced 10 ft apart. These charges are to be
detonated simultaneously. Four 50-1b charges lie within this
parameter and are to be detonated with a delayed fuze (assumed
to be 1.0 millisecond).

3) Soil conditions are unknown. Solve to see if this blasting will
endanger the pipe.

The point made by this discussion is that real problems never corres-—
pond precisely with idealizations which are made for computational pur-
poses. Engineering judgment is almost always required. There is no one
answer to a problem such as this. Probably the best approach would be to
solve this problem several different ways and use the answers giving the
highest stresses. '

One assumption might be to say all 620-1b of explosive detonates
simultaneously as if it were located at a point in the geometric center
of this array. Answers of the correct magnitude should result from this
type of approximation, and might infer that no problem,'a serious problem,
or uncertainty exists as to the pipeline's safety for such a blasting operation.

By sketching out a problem such as this one, additional ideas also can
be generated. For example, a delay-fuzing sequence should not be run towards the

pipeline. Lower stresses would certainly occur if the charge nearest the
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pipeline were detonated first and all delays progressed away from the pipe.
Such a suggestion should automatically be company policy so shock waves
from different sources have less chance of "shocking up" to form a more -
severe shock front at the pipeiine.

This problem will not be solved because: 1) different quantitative
numbers enter any problems and 2) various engineering judgments can be
justified. Problems such as this one will be encountered and have to be

faced by each individual pipeline company.

Solution Idealizations

Another reason for presenting the previous example was to emphasize
that solutions are idealizations. No solution is properly understood unless

these limitations are understood. Among the many limitations to these

stress solutions are:

1) The charge and the center-line of the pipe are at the same depths.

2) A line charge is a continuous line rather than a series of point
charges. A point source has no shape or finite size.

3) Any line source runs parallel to the pireline.

4) The pipeline is straight without elbows or wvalves.

5) Wrapping, sand beds, and other potential shock isolation layers
between the pipe and the soil have no effect.

6) The solution gives only the elastic stress contributions from
blasting. No inelastic behavior is included in this solution.

7) Explosive sources always detonate instantly.

8) Reflections from the surface of the ground are insignificant.

9) No explosive energy (or at least a constant percentage of the

energy) goes into cratering, air blast, and other phenomena.

Sensitivity Analysis

One -of the best ways to determine how a solution responds to a change
in some variable is to perform a sensitivity analysis. The variables which
determine the circumferential stress Seir and the longitudinal stress Glong
from blasting are the modulus of elasticity for the pipe E, the charge size
nW, the pipe wall thickness h, and the standoff distance R. For a line

source, the energy release oW for a point source is replaced by an energy
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release per unit length %E. Although the influence of E and h remain the
same in both point and line source solutions, the standoff distance R and
the energy releases nW for a point source and %E-for a line source have
different influences on pipe stresses for point and line sources.

The solutions which have been developed can he seen in Figure 52,
Whereas the circumferential stress solution is almost a straight line in
Figure 52, the longitudinal stress solution has a sharp break at 2675 psi.
This observation means that the influence of the various parameters E, h,
nW, and R on stress differ for longitudinal stresses dependent upon o being
larger or smaller than 2675 psi. Probably this break is caused by the pipe
responding in different modes. This influence on circumferential stresses
is not great enough for a separate circumferential stress evaluation.

Table XX presents the results of a sensitivity analysis. In this table
each parameter E, nW, h, and R are doubled independently. The number in
the table shows how much Seir and clong increase or decrease because the
parameter was double., If the number is greater than 1.0 as for E and aW,
the stress increases. If the number is less than 1.0 as for h and R, the

stress decreases. Two rows are used to present © results, and are

- long
dependent upon ¢ being less than or greater than 2675 psi.

TABLE XX
Results of Sensitivity Analysis

Pipe Properties Point Sources Line Sources
Stress W

Component E h nW R Bf- R
o . 1.41 0.71 2.00 0.18 2.00 0.35
cir
o} 1.22 0.82 1.50 0.37 1.50 0.55
long large

1.75 0.57 3.08 0.06 3.08 0.19

Glong small

Table ¥X indicates that stresses are most sensitive to standoff distance

R and least sensitive to the pipe properties E and h. Changes in the stand-
off distance also have a greater influence on point than line sources. |
' The list of parameters in Table XX, may seem small; however, these |
parameters are the main ones which determine the change in stress in a buried g

pipe from blasting. Particularly obvious by their omission are the pipe
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diameter, the soil demnsity, and the seismic propagation velocity in the soil.
These parameters are absent because the solution is independent to them.
In the case of larger diameter pipes, more kinetic energy is imparted to
the pipe as its diameter increases, but more strain energy can also be
stored in pipes with larger diameters. Because of the increase in kinetic
energy and strain energy, both are increased by the first power of the
pipe diameter. The pipe diameters cancel when these quantities are equated,
and the resulting response becomes independent of pipe diameter. Experi-
mental tests on 3-, 6-, 16—, 24— and 30-in pipe all yield results that show
this observation is a correct one, o 1/2
In a similarAmanner, the approximation that %-(—92) is proportional
to (——g~§) eventually leads to p and c¢ falling out o%%the analysis. If the
morep%o%plex hyperbolic tangent relationship is used, the circumferential
stress and the longitudinal stress become weak functions of p and c. The

simpler format was used, because adequate engineering answers were obtained

without appreciable benefit from added complexity.

Other Stress States

A knowledge of the state of stress caused by blasting is necessary but
not sufficient information to determine if a buried pipe will yield. Other
loading mechanisms also cause a pipe to be stressed. Because of symmetry,
circumferential and longitudinal stresses from blasting and other effects
are principle stresses. This observation means that an accurate estimate of
the elastic state of stress can be made by superposition through addition of
stresses with their signs considered. The purpose of this program does not
include a discussion of states of stress from other causes. These stresses
can be very significant, so readers should consider including longitudinal
and circumferential stresses from such causes as:

1) 1Internal pipe pressurization
2) Thermal expansion or contraction
3) Surcharge or overburden
4) Residual stresses from welding and
other assembly processes
After the resultant longitudinal and circumferential stresses have been

obtained, a failure theory will have to be selected to determine if the pipe
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Many states use the maximum shear theory because this is the most
conservative and the equation to this straight line is very simple. Some
people tend to use the distortion energy criteria as they believe this
theory is the most accurate. Each reader will have to decide for his company
which philosophy, approach, regulation, and company policy, is most applicable.
We present this short discussion so different criteria will be discussed and
can be compared in a meaningful way. Actual selection of any one approach
as being the one theory to use is beyond the limits placed on this work by
the A.G.A. All five theories combine circumferential and longitudinal stresses
in the same manner to obtain resultant states of stress. This entire discus-
sion is to emphasize that organizations may be using different yield criteria

for different reasons in various sections of the country.

y
1.0
Yield

max stress

Yield

No Yield

FIGURE 58, SIMPLIFIED YIELD THEORIES
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yields. 1In this discussion we will only mention some of the theories which
might be chosen. Actual selection of an appropriate failure theory must be
left up to engineers in each company. Sometimes state law, politics, and
other considerations beyond our control dictate the choice or selection of
a particular process for determining yield. We will illustrate some of the
theories which might be selected.

A biaxial state of stress may be plotted on a graph with one stress
such 'as the circumferential one on the X axis and the other such as the
longitudinal one on the Y axis. Figure 57 is such a plot, with the circum-
ferential and longitudinal stresses normalized by dividing by a uniaxial
yield stress oy. Four different quadrants exist in the solution shown in
Figure 57 because these are the different combinations of temsion and
compression which could exist in the two orthogonal resultant stresses.
Different yield theories have been applied by various investigators to
determine what combinations of these resultant stresses constitute the
onset of yield. Five of these different theories are illustrated in Figure

57. To determine if the pipe yields because of blasting and the other

applied stresses, the reader will have to select one of these yield theories.

The five theories shown in Figure 57 are: 1) the maximum stress theory,
2) the maximum strain theory, 3) the maximum shear theory, 4) the maximum
energy theory, and 5) the distortion energy theory. Additional details and
discussions of these theories can be found in Section X of Timashenko
(Reference 19). All of the lines in Figure 57 represent the threshold of
yield. If any biaxial combination of stresses fall within the envelopes,
no yield occurs, but if stresses fall outside the envelopes, yielding will
occur. Notice that all theories agree on the yield criteria for a uniaxial
state of stress; however, they differ for biaxial states of stress and also
have different envelopes whenever the signs are the same and when the signs
differ.

For all of these theories, the worse conditionms occur in quadrants I
and IV where the signs of the resultant stresses differ. Often regulations
and specifications simplify vield criteria by taking absolute values of

the resultant stresses, and use a yield criteria from a worse state quad-

rant such as quadrant II. Figure 58 is this plot for the five yield theories

shown in Figure 57.
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Other Analysis Methods

Two methods in particular have found some usage, and should be discussed

to place their misuse in proper prospective. The first of these is a series

of maximum velocity criteria and sometimes,maximum acceleration criteria,

which came into use in the 1940's. Unfortunately these efforts were concerned

with very narrow bounds that pertain to some particular problem such as

cracks in building and machinery misalignment. On occasion, the results

would even conflict. These limiting ground motion criteria which have

found their way into some state codes have been applied to pipelines and

can be placed into prospective by looking at the following qualitative model.

m —L X(t) ‘ y(t)

k$ T y(t) Y;)

FicURe 59, QuALITATIVE GrROUND SHock MoDEL

In this model a rectangular ground shock pulse of amplitude Y, and

duration T excites a linear elastic oscillator of mass m and spring constant k.

If the relative motion (x-y) max exceeds a certain magnitude, we assume that

a building will crack, machinery will be misaligned, etc. The equations

of motion are:

i—’z‘-+k =ky, fort<T
dt
2

m ——% + kx =0 for t > T
dt
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The initial conditions are at time t=0, x=0, and -= = 0. Solving these

equations for these initial conditions gives:

Y ’ )
° -05cse VE L 16/Er oy (108)
(x-y) max m 2 m o -
Y
o = 1 _1.(_
Gy) max 07 ifY T > T (109)
For short durations csc v %- %~approximately equals -l% -% and:
k
=(Y_T)
n_o = 1.0 i TE g ) (110)
(x-y)max m -3

For a specific structure k, m, and (x-y) are constants. This means that if

k T > then Y, is equal to a constant and is a threshold for damage and for

il
E'T = 3, (yOT) is equal to another constant and is also this threshold.

Usually investigators present what amounts to these same results by present-
ing results 180° out of phase. Acceleration corresponds to displacement and
velocity corresponds to the time integral of displacement if this shift is
made by multiplying and dividing by %, a constant for a specific structure.
In 1942 the Bureau of Mines [13] conducted experiments because of
damage and litigation arising from blasting. In these tests, displacements
were recorded for 10~ to 10,000~1b charges at standoff distances from 100
to 6000 ft. Criterion for failure in surface buildings were the development
of cracks in plaster. The Bureau of Mines investigators concluded that
ground accelerations less than 0.1 g's would not cause damage, accelerations
between 0.1 and 1.0 g's were in a caution range, and accelerations greater
than 1.0 g's were dangerous. These were fairly long duration results with
frequencies up to 10 cps. As already noted, an acceleratioﬁ criterion applies

for long duration results.

RS

In 1949, Crandell [20] proposed a constant velocity (short duration)

criterion for protecting structures from blasting. His lower limit for
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caution to structures correponds to a peak soil particle velocity of 3.0 in/sec.
Crandell then created an arbitrary formula to relate this velocity to standoff
distance, charge weight, and a ground transmission constant.

The present U. S. Bureau of Mines criteria [21] for blasting safety
involve both a limiting soil particle velocity of 2 in/sec below 3 Hz and
limiting ground acceleration of 0.10 g's above 3 Hz. Obviously these criteria
are an effort to meet both low frequency and high frequency limiting conditions.

These criteria developed for buildings have been applied to pipelines
under the assumptions that it does not matter if the structure is buried
(incorrect because of the mass of soil which acts with the structure) and a
pipe can be considered as a structure similar to a building (a very crude

assumption).

By way of summary, this first velocity and acceleration criteria have
some validity for building, but none at all for buried pipe. They also are
often misapplied because people often ignore the %-T or frequency limitations.
The second effort in common use is called the Battelle formula [22].
It uses the Morris [10] equation for ground motion, and assumes that the
pipeline movements equal those of the surrounding soil. These assumptions
lead to a quasi-static analysis and permits no diffraction of the shock front

around the pipe. The equation for circumferential stress is given by

(111)

where

is a site factor to account for soil conditions
is pipe modulus (psi)

is charge weight (1bs)

is standoff distance (ft)

is pipe diameter (in)

=2 = B R o B

is pipe thickness (in)

is circumferential stress (psi)

O

cir
Figure 60 shows a plot of test data versus this equation. To be perfectly

fair, this evaluation is not a proper one because the authors state that

Equation (111) is not valid for standoff distances less than 100 ft,
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Nevertheless this comparison is made because users have ignored the author's
qualifying statement and have used the results. Equation (111) is not as
accurate as our new relationships. In addition, misuse does not give
conservative results as Figure 60 shows, as the measured stresses are
higher than the predicted ones. Even if this formuli were applied for
standoff distances greater than 100 feet, its use would be questionable.
Equation (111) shows that doubling the pipe thickness while keeping every-
thing else constant doubles the stress in the pipe. This conclusion cannot
be explained. Increases in pipe thickness h are expected to reduce the

stress 0 , .
clir

A company's ability to use the results in this report may be restricted

by regulations based on ground motion limitations or other criteria. When
these circumstances arise, the reader should probably use both this report
and the regulations, so blasting conditions can at least be limited to which-

ever gives the most conservative result.

Factor of Safety

The second question which must be faced by each company is "what factor
of safety will we use?" This report will not answer this question either, but
some guidance will be given.

No one number should be used as a factor of safety because many interac-
tions are involved. Most newer pipes are manufactured from ductile materials,
but some older pipes were manufactured from brittle materials. A ductile
material can strain well beyond yield and still exhibit very little deforma-
tion. On the other hand, a brittle pipe material cannot exceed yield at all
or the pipe will crack. Obviously the consequence of yielding is much more
severe in a brittle than in a ductile pipeline, so much larger safety factors
should be used in brittle as opposed to ductile pipelines.

One standard deviation for predicting both circumferential and longi-
tudinal stresses from blasting equals essentially 457 of the predicted value
(467 for circumferential stress and 447 for longitudinai stress). This
statement infers that were the same blasting against pipeline experimental
conditions repeated a large number of times, approximately 68% of the
results would fall between [1+0.45] times the predicted value, and 957 of

the results would fall between [130.90] times the predicted wvalue. This
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prediction of scatter assumes a normal distribution of test results which
is not quite true, and it applies only to those stress components caused
by blasting.

Knowing a standard deviation for the blasting components of stress
helps, but it alone cannot determine the safety factor. Another key
consideration is the magnitude of the blasting stresses relative to the
total stresses. For example, in a pipeline with a yield stress of 60 ksi,

a blasting stress of 10 ksi means one standard deviation is * 4.5 ksi;
whereas, a blasting stress of 40 ksi means one standard deviation is 18 ksi.
Obviously one standard deviation of 4.5 ksi is fairly insignificant relative
to a 60 ksi yield point especially when compared to one standard deviation
of 18 ski relative to 60 ksi. The magnitude of the blasting stress relative
to the total state of stress must be considered in selecting an appropriate
safety factor.

One final consideration in the selection of a safety factor is some
concept of the consequences of failure. Loss of service in a major pipeline
serving an entire region of the United States has to be more serious than
losé of service in an artery into some building development. This observation
implies that factor of safety might be presented as a function of pipe
diameter because the larger lines are usually the most important ones.

As should be apparent by this discussion, factor of safety is not a
one answer question. We must leave this consideration up to each individual

company as regulations and company policy can also differ in various sections

of the country.

viewd

162



£
5
z.
i
i

IX CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are reached from this program:

(1) The functional relationships developed in this report represent a
”l general solution to predict the maximum stress of a buried pipe to
) nearby point and line explosive sources in various types of soils.
;ﬂ The final solution derived in Section VI uses both approximate
| analyses procedures to interrelate variables and empirical test
results to develop the final functional format. Only elastic procedures
( were used because it was considered unacceptable to permit any stress

to exceed yield in a pipeline.

(2) The general solution to predict the pipe stresses from underground -
“ detonation requires knowledge of the maximum radial s0il displacement.
i This relationship is needed because the ground motion defines the forc-

ing function applied to a buried pipe from blasting.

(3) Equations for predicting soil particle velocity and displacement for
3 N a wide range of single underground explosion energies (i.e. point
sources), soils, and standoff distances were derived empirically
i applying SwRI as well as other investigation data, and are given

in equations (30) and (31).

f (4) Equations (44) and (45) give the functional relationships for particle
velocity and soil displacement for line sources (i.e. multiple
| detonation). Again, these equations were obtained empirically using

SwRI measurements reported in Section IV.

(5) Functional relationships to predict the pipe response to near under-
ground detonations were derived for point and line sources and are
presented in equations (91), (94) (95a) and (95b), for circumferential
and longitudinal stresses. These close form solutions were obtained

from the experiments reported in Section III and IV of this report.
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(6)

(7)

(8)

(9

(10)

(11)

The empirical data used to derive equation (95a) and (95b) infer that
a change in mode of pipe response occurs around a gof 2675 psi, which
has a very pronounced effect on longitudinal response and only a small

effect on circumferential response.

Analytical and experimental observations on 3-, 6-, 16~, 24— and

30~in. diameter pipe revealed that stresses were independent of both
the pipe length and the pipe radius. Static analysis pfocedures do

not yield this conclusion, and cannot be used to draw valid conclusions

in this dynamic problem.

The sensitivity analysis given in Section VIII, Table XX indicated
that pipe stresses are most sensitive to standoff distance R and least
sensitive to pipe properties (i.e. modulus of elasticity E and
thickness h). Changes in the standoff distance also have a greater

influence on the stress for a point source than a line source.

The general solution is also independent of soil density p, and seismic
P-wave velocity ¢, in the soil. These soil properties méthematically
cancel out of the analysis in Section VI because a simplified linear
approximation was used to interrelate soil displacement, soil proper-
ties, standoff distance and energy release., Had the more complex
hyperbolic tangent relationship given in equation (30) been used, the
circumferential and longitudinal stresses would become weak functions of p
and ¢. The simplified format was used because adequate engineering

answers were obtained without appreciable benefit from added compiexity.

From the experimental data and analysis presented in this report, it
was shown that ground motions and pipe response parameters from
transient pulses can be scaled or modeled. This observation was
verified with experiments at three different test sites in three

different states using pipes with diameters ranging from 3 to 30 in.

A knowledge of the state of stress caused by blasting is necessary but

not sufficient information to determine if a buried pipe will yield.
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Other stresses such as those caused by internal pipe pressurization,
thermal expansion or contraction, surcharge or overburden, and
residual stress from welding and other assembly processes can be

very significant. This program does not include a discussion of states
of stress from other cause. However, an accurate estimate of the
elastic state of stress can be made by superposition through additions
of stresses with their signs considered. After the resultant
longitudinal and circumferential stresses have been obtained a

failure theory for yielding will have to be selected to determine if

the pipe survives. Some of these theories are discussed in Section VIII.

Other analytical methods have been used in the past to predict struc-
tural response from underground detonation. Two methods in particular
have found some usage. The first of these is a series of maximum

soil velocity criteria, and sometimes acceleration criteria. The
second is called the Battelle formula, which is based on Morris'
equation for ground motion, and assumes that the pipeline movements
equal those of the surrounding soil. The first criteria have some
validity for surface structures such as buildings, but none at all for
buried pipes. It is often misused because people find it easy to

apply in spite of its limited applicability. The second criteria bv
the author's own admissions are not valid for standoff distances of
less than 100 ft. However, users have ignored this limitation and have
applied the results for much closer standoff distance, thereby predict-
ing quite often lower stresses than those measured in this program.

The Batelle formula (eq 111) is also suspect since it yields the
questionable conclusion that doubling the pipe thickness while keeping

everything else constant doubles the stress in the pipe.

The use of the results from this report may be restricted by regulatory
codes based on either ground motion limitations and/or Batelle formula.
When this circumstance arises, the reader should use both this report
and regulatory codes, so blasting conditions can at least be limited

to whichever gives the most conservative results.
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(14)

(15)

(16)

What factors of safety can be used in applying these results is not
answered, because many interactions are involved. The following
factors interplay:

a. Pipe ductility
b. Magnitude of the blasting stresses relative to the total stress
¢c. Failure theories used
d. Consequences of failure
e. Regulations and codes
f. Company policy
g. The charge should be buried at a standeff distance of 1.5
or greater pipe diameters from the center of the pipe.

Factor of safety considerations are to be determined by individual

users.

One standard deviation for predicting both circumferential and longi-
tudinal stresses from blasting equals essentially * 45%Z of the
predicted value (46% for circumferential stress and 447 for longi-
tudinal stress). This statistic infers that if a large number of the
same blasting conditions were to be repeated, approximately 68% of
the results would fall between {1 * 0.45] times the predicted value,
and 95% of the results would fall between [1 + 0.90] times the
predicted value. This calculation assumes a normal distribution of
the test results and applies only to those stress components caused

by blasting.

Assumptions and limitations associated with the general solution are:

(a) The charge and the center-line of the pipe are at the same
depth.

(b) A line charge is a continuous line rather than a series of
point charges. A point source has no shape or finite size.

(¢) Any line source runs parallel to the pipeline.
(d) The pipeline is straight without elbows or valves.

(e) Wrapping, sand beds, and other potential shock isolation
layers between the pipe and the soil have no effect.

(f) The solution gives only the elastic stress contributions from
blasting. No inelastic behavior is included in this solution.

(g) Explosive sources always detonate instantly.
(h) Reflections from the surface of the ground are insignificant.

(i) No explosive energy (or at least a constant percentage of the
energy) goes into cratering, air blast, and other phenomena.
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(j) Explosive charge and pipe are embedded in the same soil

medium.

(k) Some conclusions for minimum standoff for application.

Because of the above limitations the following recommendations are

made for additional investigation to improve the validation of these

program results and broaden the usefulness of the data.

(1)

(2)

(3)

Conduct additional scale model tests to examine the
results of blasting when the explosive charge is well
below the center line of the pipe and no energy is vented
to the atmosphere.

Conduct model tests in which the charge and pipeline are
in different soil mediums to determine if any ground shock
reflections occur which appreciably invalidate the analysis.

Develop procedures to model an explosive grid system and
verify through model tests.
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English

A, A

R L

)

¢ (ft/sec)

D (in)

Jlew

dx

E (psi)

F,L,T

1 f2°”

h (in)

L (ft)

XI. LIST OF PARAMETERS AND SYMBOLS

Projected pipe. area; peak amplitude for either velocity or
displacement

Acceleration
Diffraction coefficient
Seismic P-wave velocity in soil

Pipe diameter

"Dimensionally equal to"

Differential length of pipe
Modulus of elasticity for the pipe material

Fundamental units of measure; force, length and time,
respectively

Symbol for function of

Pipe wall thickness

Total applied impulse

Any applied specific impulse

Side—on specific impulse

Second moment of area

Site factor for soil condition; a constant

Kinetic energy

Spring constant in the qualitative structural response model
Length of explosive line (for uniform charges spaced equal
distances apart, this length is the spacing between charges
times the number of charges)

Ratio of impulse or pressure on the back of the pipe relative
to impulse or pressure at the front of the pipe; also mass

in the qualitative structural response mode.

Numerical constants
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~ English

nW

P, (psf)

R (ft)

R R2 (ft)

l’
r (in)

S

SC (psi)

SE (in-1b)

SECir(ln—lb)

SElong

SL (psi)
T

t

U (ft/sec)

u. 0 ...

1’ 72
UA1

u/C
v

W (ft-1b)

()

w
o]

X (ft)

X/R

Equivalent explosive energy release, see Equation (90)
(1b AN-FO) and pp. 124 and 129.

Atmospheric pressure
Side-on pressure
Standoff distance from the center of the pipe to the charge

Distance between charge and ground motion canister

- Pipe radius

One standard deviation as a percentage
Circﬁmferential stress

Strain energy

Circumferential strain energy

Longitudinal strain energy

Longitudiﬁal stress

Time constant associated with duration of the load
Variable constant

Maximum radial peak particle velocity of the soil

Maximun radial particle velocity of the soil at location
1, 2... (in/sec)

Particle velocity of soil obtained from accelerometer measure—
ment at location 1

Scaled velocity

Velocity of shock front

Energy released in an explosive point source; charge weight
Energy released per unit length in an explosive line source
Mid-span deformation

Maximum radial displacement of the soil

Scaled displacement
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x (in)
x~y (in)
Y (in)

Y, (in)

Maximum radial displacement of the soil obtained by inte-
grating the velocity at location 1

Displacement in the qualitative structural response model
Relative motion

Assumed deformed shape

Ground shock pulse of amplitude; threshold for damage
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Greek Symbols'

Dtl ...,OLlO

6
A
u
ye

T term

lb—sec2
PsPg» R

Pa (1b—sec

ft4
pc? (psf)

pcpd (pst)
Pp

G (psi)
Ocir(psi)
Olong (psi)

Omax (Psi)

Oobs (Psi)
Ocal (psi)
oy (psi)
T (sec)
w (rad/sec)

n (psf)

Exponents on parameters in the equation of dimensional
homogeneity

Angle (see Figure 49)

Geometric scale factor

Mass per unit length

Micro ' strains

Dimensionless group

Mass density of soil or rock

Density behind the shock front
Compressibility of the soil

Heat capacity times temperature increase
Mass density of pipe

Maximum circumferential stress for values <2675 psi
Maximum circumferential stress in the pipe
Maximum longitudinal stress in the pipe

Maximum pipe stress; may be either the longitudinal or
circumferential direction

Observed stress

Calculated value

Yield point for the pipe
Period of pipe response
Fundamental natural frequency

Density times the heat of fusion
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