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SUMMARY

This report describes a blasting research program conducted to develop simple pro-
cedures for predicting the maximum stresses in steel pipelines induced by nearby, buried, ex-
plosive detonations. This extensive experimental and analytical study was funded by the
Pipeline Research Committee of the American Gas Association and performed by
Southwest Research Institute from 1975 to 1981.

In this program, the general problem of a buried explosive detonating near a pipeline
was divided into two parts. In the first part, similitude theory, empirical analyses and test
data were used to derive equations for estimating maximum ground displacement and parti-
cle velocity. The ground motions provided the forcing function imparted to a buried
pipeline. In the second part, similitude theory, conservation of mass and momentum, and
approximate energy methods were used to derive functional relationships for the maximum
pipe strains and stresses. Experimental data from more than 60 tests, primarily in model
scale, were then used to develop equations for estimating maximum pipe stresses induced by
point and parallel line explosive sources buried in a homogeneous soil media. The large
amount of data used and the wide range of these data make the solutions applicable to most
soil blasting situations near pipelines.

Subsequently, the applicability of these prediction equations was extended to estimate
pipe stresses from other more complex geometries. Test data were obtained from 38 model
scale experiments using angled-line, parallel grid, and angled-grid explosive sources also
buried in soil. These data were then used to develop empirical methods by which complex
explosive geometries could be simplified into equivalent point or parallel line sources,
depending on their proximity to the pipeline. Using the simplifying methods developed, the
test data from the complex geometry source compared quite well with the point and parallel
line source equations.

As part of the blasting research program, three other limited tasks were also per-
formed. In the first, a correction factor to the point source solution was derived empirically
for situations in which a pipeline is between a relatively near free surface and the explosive
source. In this case, the lack of earth behind the pipe enhances the pipe stresses because of
the lack of inertial resistance. In the second limited task, a literature study was conducted to
determine the effects of barriers between an explosive source and a pipeline. Strain
measurements from one specific set of field tests were used to develop an equation to predict
the effects of a trench on strain levels on a pipe as a function of scaled distances. Because of
the limited data base, this equation should be valid only within the range of the dimen-
sionless parameters involved. Finally, four model experiments were also conducted in a
study to determine the feasibility of simulating the problem of blasting in a rock mass adja-
cent to a pipeline buried in soil. The pipe stress and ground motion data from these ex-
periments were used to develop an equation for computing an effective standoff distance so
that the point source soil equations could be used to approximate the pipe response.
Because no test data were obtained in rock/soil media, application of the effective standoff
equation is tentative at this time.



This final engineering report was prepared in two volumes. Volume | is a summary of
the prediction equations and methods developed. Definitions of parameters and symbols
are included, as well as application information. Volume Il is a complete technical report
which describes in detail the background of this research effort, the experimental program
and results, the development of the ground motion and pipe stress solutions, the use of
some of these equations and methods in example problems, and the three smaller tasks per-
formed. In addition, discussions are presented on assumptions and limitations of the solu-
tions developed, the sensitivity of the point and parallel line stress equations, alternative
forms for these equations, the total state of stress on a pipe and yield theories, factors of
safety, and other procedures which are in some blasting codes and have been used to limit

blasting near pipelines.
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l. INTRODUCTION

This technical report is Volume Il of the final engineering report which describes an ex-
tensive research program conducted to develop equations and methods for predicting the
stresses in buried steel pipelines caused by nearby buried detonations. This research pro-
gram was performed during the period 1975 through 1980 by Southwest Research Institute
(SwWRI) for the Pipeline Research Committee (PRCI) of the American Gas Association
(A.G.A)).

Prior to 1975, no approach existed for estimating pipeline stresses caused by nearby
buried explosive detonations within 100 ft. Many states had, and still have a ground motion
criteria which limits maximum ground particle velocity to either 1.0 or 2.0 inches/second at
the surface. This soil particle velocity criteria evolved from work published by Crandell
(1949) for the effects of ground shock on buildings. More recent experimental work in-
vestigating the effects of buried charges on buildings such as that of Dovak (1962) in
Czechoslovakia and Nicholls, et al. (1971) using data obtained by Thoenen and Windes
(1942), Langefors, et al. (1958), and Edwards and Northwood (1960) basically show that
threshold soil particle velocity criteria are reasonable when applied to above-ground struc-
tures. However, a pipeline is not a building. A steel pipe is a strong structure relative to a
building, and when buried, also has a large mass of earth providing additional inertial
resistance to any ground shock from a buried detonation. These soil particle velocity criteria
have been applied to buried pipelines because: 1) they are simple (even if incorrect), and 2)
nothing else existed except for the Battelle equations.

The Battelle equations, McClure, et al. (1964), were developed at the Battelle Memorial
Institute under contract for the PRCI. These equations are theoretical elasticity solutions
based upon Morris’ equation (1950) for ground motion, and the assumptions that: 1) a
pipeline movement equals exactly that of the surrounding soil, and 2) no diffraction of
shock fronts occurs. No experimental data were available to compare to the Battelle equa-
tions when they were developed. The method was recommended for use only for explosive-
to-pipe distances greater than 100 feet. However, they have been misapplied by many for
closer distances. Now that test data exist at these closer distances, the Battelle circumferen-
tial stress equation can be demonstrated to give nonconservative results in certain instances
at distances less than 100 feet.

Because of the limitations on surface ground motion criteria and the Battelle equations,
a better method was needed to handle blasting near pipelines. As the energy crisis has
become more severe, the use of explosives near gas pipelines has increased. More pipelines
are being constructed, including parallel pipelines adjacent to earlier ones. More strip
miners are blasting near pipelines to remove overburden. Also, other common usage of ex-
plosives, such as for highway construction, artificial lake construction, and utility line con-
struction in the expanding suburbs has increased blasting activities near natural gas
pipelines.



In 1975, the Pipeline Research Committee initiated a blasting research program with
Southwest Research Institute for the purpose of developing procedures for predicting
pipeline stresses induced by nearby buried explosive detonations, particularly those within
100 feet of a natural gas pipeline. The Blasting Research Supervisory Committee was

formed by the PRCI to guide and monitor SwRI in this research. Two consecutive projects
were funded by the PRCI. In the first project, Project No. PR-15-76, SwRI performed the
following tasks:

Reviewed the literature on ground shock propagation and the effects of blast-
induced waves on buried pipe-like structures.

Developed an analytical approach and test program for predicting blast-
induced pipe stresses.

Conducted model experiments using point and parallel line ,explosive sources
buried in a homogeneous media to obtain ground motion and pipe response
data.

Quantified the procedures for estimating the radial soil ground motions and
maximum dynamic circumferential and longitudinal pipe stresses using the ex-
perimental data.

Conducted full-scale experiments to generate additional point source data and
validate the ground motion and pipe stress solutions.

Developed different methods of presenting the pipe stress solutions for easy
pipeline industry use.

Prepared and published a final engineering report and a summary videotape
report. A seminar on the results of this project was also presented.

In 1979, the second project, PR-15-109, was initiated to expand the application of the
solutions developed in the first project to other explosive geometries and field situations.
This second project included tasks to:

Conduct additional model experiments using point sources buried in soil to the
same depth and deeper than the pipe.

Revise the point source solutions for predicting ground motions and biaxial
pipe stresses to include the additional test data.

Conduct a limited number of parallel line, angled-line, parallel grid, and
angled-grid explosive source tests.

Develop empirical methods for simplifying these complex explosive geometries
into equivalent point and parallel line sources.

Perform an analytical and experimental study to determine the feasibility of us-
ing a concrete/soil model to simulate blasting in a rock mass adjacent to a
pipeline buried in soil.

Conduct a literature study concerning the use of trenches to reduce blasting
stresses.



Present the results of the entire blasting research program in this final engineer-
ing report, in a videotape summary report, and in a seminar. In the-second pro-
ject the prediction equations were improved and their application extended to
other situations that were not studied in the first project. Therefore, these
reports replace those available after the first research project and ail other in-
terim reports published under this blasting research program.

The resulting prediction equations and methods interrelate the explosive type, explosive
weight, standoff distance, pipe size, pipe modulus, explosive configurations, and the resul-
tant circumferential and longitudinal pipe stresses caused by blasting. In order to create
these solutions, the general problem was divided into two separate parts. The first part
estimated maximum radial soil particle velocity and soil displacement at various distances
from either single detonations (point sources) or multiple detonations from a line of charges
(parallel line sources). The second problem was, then, to estimate both circumferential and
longitudinal maximum pipe stresses caused by the previously determined ground motions.
This division of the general problem into these two separate parts is apparent throughout
this report until such time as the solutions can be combined to give a final interrelationship
for point and parallel line sources. This solution is in an explicit closed form which can be
solved by direct computation using calculators, tables or graphs. To develop the stress solu-
tion, similitude theory was combined with theoretical approaches using energy procedures,
conservation of mass and momentum principles for shock fronts, and empiricism.

Subsequent experimental and analytical efforts were undertaken to develop methods
for approximating angled-line, parallel line, and angled-grid explosive sources by equivalent
parallel line or equivalent point source. In this way, the prediction equations could be ap-
plied to these more complex explosive geometries. In all, ground motion and pipe strain
data were obtained in more than 100 tests from the detonations of point, line, and grid ex-
plosive sources at three different test sites. Five different size pipes were used to obtain cir-
cumferential and longitudinal strain data. These data were used in the development of the
solutions and to demonstrate their validity.

Two smaller tasks were also performed as part of the PRCI blasting research program.
One task consisted of a literature study concerning the effects of using trenches for shielding
a pipeline to reduce blast-induced stresses. This study included a literature search for ex-
perimental and theoretical information, an analysis and evaluation of the data found, and
recommendations as to, the effectiveness of this approach’ to reduce blast effects on
pipelines. Because no test data are available for blasting in rock adjacent to a pipeline
buried in soil, the second of the two smaller tasks consisted of investigating the feasibility
of using a concrete/soil model to simulate such a field problem. *Although this task was
primarily a feasibility study, some experimental data were obtained which provide clues on
how to use the soil solutions in rock/soil blasting situations.

In this Volume Il of the final engineering report, the entire analytical and experimental
effort performed as part of the PRCI blasting research program is documented. This volume
is organized into 14 sections. Section Il presents the analytical approach taken and describes
briefly the pi theorem used to model the ground motion and pipe response to buried ex-



plosive detonations. The derivations of the general functions for ground motions and pipe
stresses are then detailed. A replica modeling law which provided the basis for the ex-
perimental effort is then presented. This section shows why model tests could be used in
place of full-scale experiments to accumulate the majority of the data.

Section Il summarizes the entire experimental effort performed in a homogeneous soll
media. Descriptions of the three test sites and five pipes tested are included in this section.
Detailed descriptions of the different test layouts are provided and typical model and full-
scale test procedures are illustrated. Finally, the transducers used to sense the various
measurands are described in considerable detail and the entire measurement system is
discussed.

In Section IV, a general discussion is presented on how the ground motion and pipe
strain data are grouped. In addition, an explanation is included on how the circumferential
and longitudinal strain data were combined to obtain the maximum pipe stresses. The soil
particle velocity, peak soil displacement, pipe strain, and pipe stress data are compiled by
explosive geometry, test series and test number together with all of the pertinent test setup
information. Examples of ground motion and pipe strain records for each explosive
geometry are also included.

In Section V, general ground motion equations for point sources are developed em-
pirically using the test data summarized in Section IV plus other data from the literature.
Some discussion of equations developed by other investigators is also included. The general
point source equations are then simplified over the range of the SwRI data for ease in ap-
plication. Similar log-linear equations for parallel line sources are presented in this section.
The displacement equations for point and parallel line sources are then approximated to
simplify the form of the function loading the pipes. Finally, two example problems are in-
cluded to demons&rate the use of the log-linear ground motion prediction equations.

Section VI contains the analytical procedures used to develop the functional relation-
ships of the pipe response. Expressions for the impulse imparted to the pipe by the ex-
plosively generated seismic wave and the elastic reaction of a buried pipe are derived. This
section then proceeds to show how the pipe strain functions were developed and how the test
data are used to complete the stress prediction equations empirically for point and parallel
line explosive sources buried in soil. Also included are two illustrations on the application of
these equations.

Section VIl covers several alternative forms of presenting and applying the point and
parallel line source solutions developed in Section VI for predicting pipe stresses in the field.
This section is presented to suggest possible field procedures which pipeline companies
might consider as better methods for use by their field crews. A simple example problem is
used to show how each method presented would be applied and to point out its advantages
and disadvantages.

In Section VIII, simple empirical methods for estimating pipe stresses from angled-line,
parallel grid, and angled-grid explosive sources are delineated. The approach followed was
that of using equivalent parallel line and point sources for these more complex explosive



geometries. The test data are then used to confirm that the simplifying methods do provide
reasonable predictions of pipe stress.

Section IX discusses some exceptions to the general procedures used in simplifying the
angled-line, parallel grid and angled-grid explosive sources into equivalent parallel line or
point sources. These methods and the equations for the two simpler sources are then sum-
marized via a logic diagram or flow chart. This diagram provides a step-by-step outline to
follow in estimating pipe stresses from point, line, and grid explosive sources. Two example
problems are included at the end of this section to assist the reader in using the logic
diagram, either manually or coded into a program, to estimate stresses from point, line or
grid explosive sources buried in soil.

In Section X, the description and results of three other more limited tasks accomplished
in this research program are covered in detail. The first of these studies concerned the
response of pipelines relatively near a free surface, such as in the case of very deep point
charges. The second limited study addressed the effects of a trench between the charge and a
pipeline: The third task was a feasibility study on the use of concrete/soil tests to model the
effects of placing the charge in a harder medium, e.g., rock, than that surrounding the pipe;

Section XI discusses in greater depth how pipe stresses are affected by each parameter
in the prediction equations for point and parallel line explosive sources. A sensitivity
analysis is used to show the variation in the blasting pipe stresses as another parameter in the
equations is changed. To properly protect a pipe, stresses other than the blasting stresses
must also be considered. These other stresses caused by internal pipe pressurization, ther-
mal expansion, overburden, etc., must be superimposed on the blasting stresses to deter-
mine the correct state of stress. In addition, some yield theory must be chosen to decide
when yielding begins as a result of the combined biaxial stresses acting on the pipe. We do
not specify which theory should be selected, but five theories are mentioned. The two yield
theories in most common use are emphasized. Also found in Section XI is a short discussion
of safety factors and how they should be chosen. Finally, the section ends with a discussion
of present procedures based on other research work and regulatory codes based on limiting
peak particle velocities.

In Section XII, the major findings of this blasting research program are summarized
together with the main limitations of the prediction equations and methods derived in this
effort. In addition, recommendations are presented in this section for future research work.

Finally, a list of references is provided in Section XIIl and a list of definitions of the
parameters and symbols used in this report is given in Section XIV.



I. MODEL ANALYSIS

General

The objective of this study was to develop an accurate analysis procedure for predicting
maximum longitudinal and circumferential stresses in a pipe caused by nearby buried ex-
plosive detonations. Although subsequent results arrived at after several years of study infer
that soil properties such as density and seismic propagation velocity are relatively unimpor-
tant, this observation could not be made initially. At first it was thought that the soil pro-
blem should be approached using either 1) a finite difference or finite element computer
code, or 2) an empirical approach. The analytical computer program was rapidly ruled out
for two reasons, First, no generally accepted equation-of-state exists for various soils ex-
posed to ground shock from nearby detonations. Any equation used would be subject to
criticism and, in general, might compromise the study. Secondly, a computer program
which had to be exercised every time a new problem was encountered would not be used by
field crews and engineers concerned with day-to-day pipeline operations. This line of
reasoning rapidly indicated that an empirical approach was more attractive.

An empirical method was used; however, it was supplemented with approximate
analysis procedures. Experimental testing to obtain data on actual pipelines would have
been very expensive. Hence, the approach became a compromise in which most tests were
model experiments conducted on 3-, 6-, and 16-inch diameter pipes using small charges
buried at shallow depths as a simulation of full scale pipeline conditions. A large amount of
data was accumulated using models. A limited number of full scale or prototype ex-
periments were conducted at two other test sites on a 24-inch diameter pipeline and on a 30-
inch diameter pipeline to demonstrate that replica model experiments will predict the
response of the full-scale conditions.

Because model tests and the associated similitude theory are an important part of the
ground shock and pipe stress solutions, this section of the report provides at least a minimal
modeling background so that the test program is properly understood and put in the proper
perspective.

Pi Theorem and lIts Significance

One of the best statements of the pi theorem is a mathematical one made by Bridgman
(1931). His statement says if an equation

f(ql,q2, secsey qN)=0 (1)



is complete, the solution has the form

f(x,, 73, oonee y Tnox)=0 )

where the # terms are independent products of the parameters q; , ¢, etc., and are dimen-
sionless. The number of pi terms equals the number of parameters N minus the number of
fundamental units of measure K.

The importance of the pi theorem is that only the dimensionless ratios (pi terms) have
to be the same for the two systems to be equivalent. The individual parameters, the q's, do
not have to be the same.

In addition, if a problem can be defined by six parameters as it was for ground shock
propagation, then only three dimensionless pi terms follow which can be plotted using ex-
perimental data to develop an entire solution empirically. This approach was exactly the
procedure used to obtain what would otherwise be a very difficult to derive ground motion
solution.

The other main advantage to using models is an economic one. Many less expensive ex-
periments can be performed on a 3-inch pipe than on a 24-inch pipeline. Smaller charges can
be used, test sites can be local rather than remote, and the cratered hole is a much smaller
one to be backfilled. These considerations mean that less money is spent on each test data
point when models are used.

The most important limitation of the pi theorem is that, by itself, the resulting model
law cannot determine the actual functional form for interdependence between one dimen-
sionless-group and another. Any interrelationship is only obtained from either: 1) ex-
perimental test data, or 2) mathematical analysis (including, but not limited to, numerical
computer solutions). Only by using one or both of these methods can an actual solution be
determined.

In this program, the reader will be presented examples in which we took full advantage
of modeling techniques and approximate approaches to obtain a general solution to a very
complicated problem. For additional reading to supplement this short modeling discussion,
we recommend W. E. Baker, P. S. Westine, and F. T. Dodge (1973).

Modeling of Ground Shock Propagation

For a single concentrated explosive source, assume that a buried energy release W, is
instantaneously detonated. At some standoff distance R from the explosive source we wish
to know the peak radial velocity U and the maximum radial soil displacement X. The solil is
assumed to be a semi-infinite, homogeneous, isotropic medium of mass density p; and
seismic P-wave propagation velocity c. These two parameters account for both inertial and



compressibility effects in the soil. Finally, later observation inferred that perhaps at-
mospheric pressure p, or some other pressure quantity also influences ground motions. This
definition of the problem leads to a six-parameter space of dimensional variables which, in
functional format, can be written as:

U=f,(R, W, p,, ¢ D,) ®3)

x=fx(R, wg’ pg’ci pc) (4)

Our task for attempting to interrelate all six parameters experimentally in the above solution
is simplified by conducting a similitude analysis.

We begin this analysis by writing an equation of dimensional homogeneity with an
engineer's system for fundamental units of measure of force F, length L, and time T. The
exponents a; , a,, az , a4, as , and ag in this equation of dimensional homogeneity are as yet
undetermined integers.

U™ R% W3 o3 % pied FOLOT )

The symbol (-l‘= means “dimensionally equal to” . This equation of dimensional
homogeneity states that, if all parameters are listed so that the problem is completely de-
fined, various products of these parameters exist that will be nondimensional. The next step
is to substitute the fundamental units of measure for each parameter in Equation (5).

L\ . (Fr*\“/L\*[ F \"4q
(}—) (L) ’(FL)’ x (—f) .I.:.z_ =FoLOT?® (6)

Then collect exponents for each of the fundamental units of measure to obtain:

(L)a,+a,+¢,—4a,+‘¢.x,-2¢‘ (F)a,+q‘+u‘ (T)-a,+2a‘-a, g_ FOLOTO )



Equating exponents on the left- and right-hand sides of Equation (7) then yields three equa-
tions interrelating the five coefficients:

L:al,+a2,+a3,-4a4,+a5-2a6,=0 (8-a)
F:a3,+a4,+a6,=0 (8-h)
T: -aq +2a4, -ag =0 (8_0)

Solving for a, and a,, and as in terms of the other two coefficients yields:

a, = - 3a3 (9-a)
a,=-az,-as (9-b)
as=-a;,-2az, -2ag, (9-¢)

Substituting Equations (9) into the original equation of dimensional homogeneity, Equation
(5), then gives:

U= R-Sa, w:, ps—(a,)-l-a‘) c-(a|+2a,+2a‘) p:‘ g__ FOLOTO (10)

Finally, collecting parameters with similar exponents yields:

vU)“‘( w, “’( P, )“‘d
— = FOLOTO
( ¢/ ‘ps°2R3 p.c? (11)

Because the products and quotients inside parentheses in Equation (11) are nondimensional,
the a; , a3, and ag exponents are undetermined and can conceptually take on any value.
These three nondimensional ratios in Equation (11) are called pi terms. Equation (11)
restates the more complex Equation (3) as:




I_.J.afu[v ‘Z‘ T p°2] [point source] (12)
¢ p,c“R”  p,c

The functional format for Equation (12) cannot be explicitly written until either ex-
perimental test data or theoretical analyses furnish additional information. The major ad-
vantage in conducting this model analysis was that the six-parameter space given by Equa-
tion (3) has been reduced to a three-parameter space of nondimensional terms.

The same procedure can next be applied to Equation (4) for maximum radial soil
displacement, Algebraic procedures are not repeated as these are almost the same as those
followed in Equations (5) through (11). The nondimensional equation which results from
this application of similitude theory to Equation (4) is:

X w P ] .
—=f [ s, =2 [point source] (13)
R X .p’CZRB pscz

To complete the shock propagation efforts, relationships for particle velocity and soil
displacement when line sources generate the shock were needed. Precisely the same pro-
cedure was used as described earlier for a point source, except now the source is character-
ized by the energy release per unit length W./L rather than by the total energy release W, .
In this case, L is the total length of the explosive source. The line charge counterparts to the
point source dimensional Equations (3) and (4) are:

U=f,(R, W./L, ,, ¢, P,) (14)

X=f, (R, W./L, p,, ¢, P,) (15)

A similitude analysis applied to Equations (14) and (15) yields the following two non-
dimensional equations for shock wave propagation from a line source.

H. =f, W;/I:; , pzz [ line source ] (16)

C -p,c ps =

_)..l:...= fx vi:z/;z . ppzz [line source] a7
L p, sC°
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The derivations of Equations (12), (13), (16) and (17) do not give final prediction equations.
This was done in Section V by applying experimental test data on explosive sources ranging
from 0.03 Ib to 19.2 kilotons (nuclear blast equivalency). The experimental data for ex-
plosive sources ranging from 0.03 |b to 15 Ib were obtained by SwRI through experiments
conducted under this program. Data for charge weights up to 19.2 kilotons were obtained
from published literature by the Atomic Energy Commission (AEC) and the Bureau of
Mines. The data used to define the final functional format of the above equations covered
nine orders of magnitude in scaled charge weight (W./p.c’R%. A more detailed description
of the SwRI experiments as well as the derivation of the equations for soil particle velocity
and displacement is given in Sections Ill, 1V, and V of this report. These nondimensional
equations empirically derived became the forcing function for the pipe structural response

solution.

Modeling Stresses in Pipes

Similitude theory was also applied to determine the state of stress in buried pipes
resulting from underground detonations. Tests were conducted primarily on smaller models
rather than large pipes because more information could be accumulated for a given outlay
of money. On the other hand, any financial advantage would only be meaningful provided
the experiments on smaller test systems were indeed representative of structural response
conditions in large prototype gas pipelines. To demonstrate that small structural response
models could represent large-scale conditions and provide data, the following model
analysis was conducted.

Assume that, as shown in Figure 1, an infinitely long circular pipe of radius r, wall
thickness h, mass density p,, and modulus of elasticity E is exposed to ground shock mo-
tions of particle velocity U and displacement X from either line or point explosive sources.
The explosive source is located at a standoff distance R in a soil with a mass density p,and a
seismic P-wave propagation velocity c. The response of interest is the maximum elastic
change in circumferential and longitudinal stresses  o_.. caused by the passage of this shock
over the buried pipe. No need exists for simulating the state of stress in the pipe from inter-
nal pipe gas pressures, as these elastic stresses can be superimposed on those caused by the
seismic wave loading. This definition of the problem accounts for the load imparted to the
pipe, inertial plus compressibility effects in both pipe as well as soil, the geometry of all ma-
jor items in this problem, and for any effective mass of earth that might vibrate with a
deforming pipe segment. All of the parameters used later in a theoretical pipe response
calculation are included in this definition of the problem. In functional format, the stress in
the pipe would be given hy.

Ons =1, R, b, 1, E, 0, 0, ¢, U, X) (1

1
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Writing a statement of dimensional homogeneity gives the equation:

a:‘x R% h® r% R P:‘ p:-,‘ca, Ua,,Xaw g__ FOLOTO

Substituting the fundamental units of measure gives:

() wrwrer(B)" ()" (2) (&) () o

g FOLOTO

Collecting exponents for each of the fundamental units of measure gives the result:

(L) —2a,+a2+a,+a‘-—2a,—4a‘—4u,+q,+a,+aw(F)a,+a,+a‘+a, (T)Zas+2a,—a,—u,

g FOLOTO

Equating exponents on the left and right sides of Equation (21) yields:

L: 20, +a, + oy + o, ~2a, —4ag —4a, + oy + oy + 0,y =0
F: a,+os+ag+a,=0

T: 204+ 20, —ag — 0y =0

Solving for a,, a;, and ag in terms of the other seven coefficients in Equations (22) gives:

Q= =0y —a,ta
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(22-a)

(22-b)

(22-c)

(23-a)



o= —0) =0 — Qg (23-b)

ag = —2a; —2a; —ay (23-c)

Substituting Equations (23) into Equation (19) then gives:

o R~ % o Eplepy @i ¢ “Mim Mo Yo ew LFOLOT?

Finally, gathering terms with like coefficients gives the seven pi terms:

o, oy a, ‘ [ \ % &y @
(“....:) (_'l) (_’_) (_E_) (.‘Zz) (P_) (.’.‘.) dpopore (3
p,c? R R p,c? p,/ \c/ AR

In nondimensional format, Equation (25) permits us to rewrite Equation (18) as:

amlx)gf . (ﬁ,i,___E o U X 26
(pscz ("ml.x/’scz) R R pscl o, c R ( )

As was the case in ground motion analysis, the functional format of Equation (26) cannot
be written explicitly until test data are generated to measure the maximum circumferential
stress and the maximum longitudinal stress in the pipe from the ground motions associated
with a buried detonation.

Design of Experiments

For design of point source experiments, Equation (12) for U/c and Equation (13) for
X/R were substituted into Equation (26). This substitution means that:

g hr E p, p W .
( ml; ) =f(°max/"s°2) [—"—"' 2 s"‘L9 _oz » 2eR3 (27)
psC R R p,c® p, pc” p,c°R”

Tests were conducted on several different sizes of pipe including diameters of 3-, 6-, and 16-
inches and eventually 24- and 30-inches. Equation (27) can be the same for a 3-inch diameter
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pipe as for a 30-inch diameter pipe, if the parameters are scaled correctly. A replica model in
particular makes model and prototype systems equivalent by scaling all geometries h, R,
and r by a geometric scale factor A. and all soil and pipe properties remain the same or have a
scale factor of 1.0. The pi term (We/pscst) indicates that the energy release W, (i.e. the
size of the charge) must be scaled as At this pi term is to be invariant, and the term
¢r,,;.',(/p,c2 indicates that the measured stresses will be the same in both model and prototype
systems. Table 1 summarizes the scale factors which can satisfy Equation (27) for stress or,
in a similar manner, Equations (12) and (13) for ground motion.

Table 1. Scale Factors for a Replica Modeling Law
Symbols Parameters Scale Factor
h, R, r, X Geometric lengths or distances A

Pys Pp Mass density 1.0
E Modulus of elasticity 1.0
Po Atmospheric pressure 1.0
c,U Velocity 1.0

Explosive energy release AS

e

Equation (27) is shown to be invariant by substituting the scale factors from Table 1 for
a model system. A bar over each symbol indicates that Equation (27) is being written for a
second system. This substitution gives:

1o AN O IE B Ip, AW
[":"’Efx_z] = f(am/p,cz) ['ﬁ‘ -l e 2 '’ —.'B" y 0 4 “x2 ® 3 J1-v2 £ =-'—3'] (28)
16,(10) AR AR 15,(10)* "1, 15,(18)*  15,(18)*(AR)

or, after factoring out the X's which are constants and canceling:

()
5562 (Ona/P?)

Note that Equation (29) for the second system with bars over the symbols is exactly the same
as Equation (27). This observation means that the systems are equivalent; they have the
same equation, provided properties are scaled as in Table 1.

E 5, b W
ﬂ.&p°——°]f (29)

bl b - _2 b T -‘2 s -2-3
p.C P, PC <R

W!‘ =
W“ la Xl

To illustrate, a 3-inch diameter steel pipe with a wall thickness of 0.060 inch buried 6
inches and loaded with a single explosive charge weighing 0.05 Ib located 3.0 ft away could
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be used to correspond to some prototype 30-inch diameter pipe. The prototype would also
be made of steel, have a 0.60-inch wall thickness, be buried 60 inches (5 ft) deep, and would
be loaded with a SO-Ib charge located 30 ft away. The maximum circumferential and
longitudinal stresses in both of these pipes would be the same. In addition, ground motions
also scale according to the replica model law in Table 1. At the pipe or other scaled location,
the soil particle velocity would be the same and the peak displacements would scale as the
geometric scale factor N. Both ground motions and pipe strains were recorded in ex-
periments so information would be obtained for studying and generating both the ground
motion and the pipe stress solutions.

Actually, any one model test simulates a variety of different prototype conditions. A
test on a 3-inch diameter pipe models a certain set of conditions on a 24-inch, 36-inch, or
any other size pipe at the same time that it is simulating a 30-inch pipe. This type of
generalized thinking emphasizes that a whole spectrum of conditions is being studied in
every model experiment provided the results of a test are interpreted properly. The final
variations for charge weights, standoff distances, etc., were selected to give several orders of
magnitude variation in any given prototype condition. Different sizes of pipe were tested to
emphasize that indeed the solutions _are general ones. In particular, as results are studied in
r ground motion and |Section VI |for pipe stress, the reader will become aware
that the scaled standoff distances are closer to the charge than in other earlier ground mo-

tion and pipe stress studies. The reader will realize that a buried pipe is a strong structure
capable of withstanding more severe buried blasting conditions than have generally been ac-

cepted in the past. Furthermore, the results given in|Section IV|and analyzed in
| VI, gnd| VIII cJearly demonstrate that the approach selected and the solutions obtained are

valid for various ranges of the scaled parameters which define the ground motions and pipe
stresses.
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I1. EXPERIMENTAL PROGRAM

Scope

To achieve the objectives of the blasting research program funded by the Pipeline
Research Committee (PRCI) of the American Gas Association (A.G.A.), Southwest
Research Institute (SwRI) conducted an extensive experimental program. These ex-
periments were performed in several series throughout the period of 1975 through 1980.
Each series of tests provided the necessary data to analyze a number of blasting situations
and develop equations and methods for predicting pipeline stresses from nearby buried ex-
plosive detonations.

Summary of Tests

A total of 113 experiments were accomplished in this blasting research program. The
majority of the tests were executed as model scale experiments. The rest of the tests were
conducted on full scale pipelines. All but four of the experiments were conducted with both
the explosive source and pipe buried in a homogeneous soil media. Ground motion and
pipe strain measurements were made for use in generating and validating the prediction
equations and methods presented in other sections of this report. Several blasting situations
were studied experimentally. In general terms, the situations modeled were as follows:

A point explosive source buried near a pipeline.

An equally spaced line of equal size explosive charges buried parallel to a
pipeline.

A similar explosive line buried at an angle to a pipeline.

A rectangular grid of equal size explosive charges equally spaced and buried
parallel to a pipeline.

A similar grid of explosives buried at an angle to a pipeline.

In addition to these experimental studies, four of the total number of tests were per-
formed to determine the feasibility of blasting in a concrete block to simulate detonations in
a rock media adjacent to a model pipe buried in soil. Details and results of these last tests
are discussed in depth in|Section X. | No additional comments about them will be made in
this part of the report.

The homogeneous soil experiments were conducted at various test sites, in different
tasks of the program, and at different time frames. In order to summarize the tests, they
have been arranged chronologically by explosive geometry and grouped together if they
were executed during the same time frame and at the same test site. This summary is
presented in Table 2. All of the tests conducted at SwRI were in model scale on unpressur-
ized pipes. Those performed in Kansas and Kentucky were the only full-scale experiments.
Serveral of these experiments used pressurized pipes.
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Table 2.

Summary of

Experimental Program

Test Year Test Explosive Number of
Series Performed Site Source Experiments
1 1976 SwRI Point 20
Parallel Line 11
2 1977 Kansas Point 8
3 1977 Kentucky Point 4
4 1979 SwRI Point 12
Angled-Line 10
Parallel Grid 11
Angled-Grid 9
5 1980 SwRI Point 12
Parallel Line 4
Parallel Grid 4
Angled-Grid 4

Test Facilities and Test Pipes

All of the model tests listed in Table 2 were conducted on the campus of SwRI at the
Explosives and Ballistics Range shown in Figure 2. The Range is approximately one mile
from the center of the Institute complex. The site consists of a relatively homogeneous field
of sandy loam. At the beginning of the research program, cores were taken down to 6 ft in
depth to ensure that the soil was, in fact, homogeneous and to obtain a good measure of the
soil density, one of the parameters used in the model analysis to characterize the soil. The
average density measured from the survey cores was 102 Ib,/ft>. Small sample density
measurements were made during the test series and, in general, did not vary much from this
average value. From these soil samples, the water content of the soil at the surface and at
the depth of the charge was also measured during the tests. In most cases, water content
was in the range of 8 to 10 percent. In a few tests, the water content of the soil was as low as
3 percent and as high as 14 percent at the surface during a dry spell and after some heavy
rains, respectively.

Three different size model pipes were tested at the SwRI test site. These pipes were
nominally 3-inch diameter by 24 ft long, 6-inch diameter by 45 ft long, and 16-inch diameter
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Figure 2. Explosives and Ballistics Range at Southwest Research Institute
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by 7 ft long. The two smaller diameter pipes were actually sections of drawn-over-mandrel,
1020 carbon steel tubing with a manufacturer-specified minimum ultimate tensile strength
of 65,000 psi and a specified minimum vyield strength (SMYS) of 55,000 psi. Tensile tests
performed at SwRI on coupons from these pipes showed the ultimate strength to be about
80,000 psi. Assuming the yield strength to be 85 percent of the ultimate strength, the yield
strength of these pipes would be about 68,000 psi. These pipes had been ground prior to
testing making them 2.95 inch outside diameter (O.D.) by 0.059 inch wall thickness (W.T.),
and 5.95 inch O.D. by 0.093 inch W.T. These two pipes were approximate |:8 and 1:4 scale
models of a 24 inch O.D. by 0.375 inch W.T. pipeline buried two pipe diameters to its center
line.

The largest of the model pipes was a section of 16-inch O.D. by 0.515-inch W.T.,
ASTM A53, Grade “B” pipe. The SMYS for this grade pipe is 35,000 psi. This pipe had a
wall thickness-to-diameter ratio that was about twice that of the two smaller pipes in order
to obtain data on a model pipe that was not geometrically a model of the other two pipes.

The 12 full-scale tests listed in Table 2 were performed at two different test sites. Eight
of these experiments were done at a test site in the state of Kansas near Kansas City,
Missouri, during the summer of 1977. A 98-ft section of Panhandle Eastern Pipe Line
Company (PEPLC) pipeline, which had recently been taken out of service due to new
highway construction, was made available by PEPLC for these tests. The 24-inch 0.D. by
0.312 W.T., API-5L, Grade “B” section of pipe with an SMYS of 35,000 psi was buried ap-
proximately 5 ft to the centerline of the pipe.

The location of the test pipe was surveyed and soil samples taken by PEPLC. The sec-
tion tested was adjacent and parallel to a small creek. Figure 3 shows pictures of the test
area. The soil samples taken from two test holes indicated a 2-ft upper layer of black loam,
followed by 6 ft of sandy clay, and clay mixed with, small sandstone for the bottom 3 ft of
the test holes. Subsequent digging around the pipe, and augering of holes for soil in-
strumentation and charges confirmed the uniformity of the layering in the test area soil.
Small soil samples taken near the surface from the holes made for placing the charge and
velocity transducers on each test were checked for water content and density. The water
content was measured to be between 10 and 12 percent on all the Kansas City tests and the
density averaged close to 100 ,/ft>. Because of the larger scale of these tests versus those
conducted at SwRI, an auger andbackhoe were required to instrument these tests and bury
the charges. This support was provided by PEPLC.

The last four full-scale experiments were conducted in late fall of 1977 on an opera-
tional pipeline belonging to the Texas Gas Transmission Company (TGTC). In this joint ef-
fort, between TGTC, the A.G.A., and SwRI, a 30-inch O.D. by 0.344 W.T., API-5LX-60
pipeline with an SMYS of 60,000 psi was instrumented and tested. The test site, near
Madisonville, Kentucky, was located on the TGTC right-of-way on the edge of a cornfield
and adjacent to a soybean field.. Figure 4 shows two photographs of the test site. The last
mile to the site was accessible most of the time only by foot or tracked vehicles because snow
and rain made the soft ground extremely muddy. The pipe at the test site is buried approx-
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(a) View Looking West from Across Bend of Creek

(b) View Looking South from Record Van Location

Figure 3. Kansas City Test Site
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(a) View Looking Northwest from Corn Field

(b) View Looking East Toward Entrance to Site

Figure 4. Kentucky Test Site
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imately 5.5 ft to its centerline. The excavation around the test pipe indicated a very uniform
layer of soft, reddish clay down to at least 7.5 ft in depth. Field support for uncovering the
pipe, burying the transducers, and preparing the ground after each test was provided by
TGTC. During the test series, water content in the soil measured near the surface ranged
from 14 to 16 percent. The high water content made it difficult to make the holes for the
charges and velocity transducers. The average soil density obtained from the small soil
samples taken during each test averaged 101 Ib,/ft ;.

During these tests, the pipeline was operated at a reduced pressure of 400 psig.
Although four tests were fired, five were actually set up. Test No. 5 resulted in a misfire in
the booster used which precluded detonation of the explosive charge. A subsequent rain
made conditions in the field impossible for setting up the test again the following day. An
ensuing snowstorm and extremely cold weather forecast for the week, plus the necessity of
placing the 30-inch line back in normal service prompted TGTC to cancel a try for a fifth
test and declare this test series complete.

Description of Experiments

As mentioned earlier in this section, test data were obtained from three different ex-
plosive geometries configured into five different explosive sources. The three geometries
are labeled throughout this report as point, line, or grid explosive sources. The line and grid
sources were oriented either parallel or at an angle to the pipe being tested.

In the first part of the blasting research program, the majority of the tests were point
source tests with some parallel line tests also, being conducted. After first phase prediction
equations were developed on these simpler explosive geometries using model test data, full-
scale point source experiments were planned and performed to validate the results. In all of
these tests, the charges were buried to the same depth as’ the centerline of the pipe.

Two types of experiments were fired at the Kansas site using single charges buried to
the same depth as the pipe: one set without any internal pressure and the other with an air
pressure of 300 psig. The section of test pipe was capped at both ends and connections
welded for air pressurization; High pressure air cylinders were used to pressurize the pipe.
Two sizes of charges were used in these tests; 5 and 15 Ib of ammonium nitrate-fuel oil
(ANFO) explosive. The original test plan called for conducting only five tests. However,
conditions in the field indicated that some revisions to the test plan would provide addi-
tional data which would increase the confidence level of the field measurements. This in-
cluded a test to determine if a difference in strain levels could be detected on measurements
made near a coupled joint in the pipe. As had originally been planned, the final test was
designed to vyield the pipe from the higher loading of a closer charge. The test plan for the
Kentucky site, as originally outlined, called for five point source experiments with the
charge (5 Ib) buried to the same depth as the pipe on three of them, and with the charge
buried much deeper on the other two. However, the plan was slightly modified in the field.
The charge weights used were decreased on some tests so that-a test at the closer standoff
distance could be conducted without exceeding the stress limit set by TGTC for the combin-
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ed blast and internal pressure stresses. Also, because of the extremely muddy conditions
and very soft soil in the test area, the holes for the explosive charges had to be dug using a
post hole digger. Consequently, a maximum charge depth of only 7.5 ft could be obtained.
Therefore, only one deeper charge test was attempted. Unfortunately, Test No. 5 had a
misfire.

After the full-scale experiments, a model test series was conducted at SwRI which in-
cluded point charges buried at varying depths such that the charge-to-pipe centerline Was at
a 45° angle to the horizontal. The data indicated that using the slant distance in the predic-
tion equations produced a good comparison with the previously derived solutions. In this
test series, experiments using angled-line, parallel grid, and angled-grid explosive sources
were executed for the first time in this program. Data from these complex explosive source
experiments were used to develop the first empirical methods for simplifying these explosive
geometries into equivalent parallel line or point sources. With these equivalent sources, the
prediction equations could then be used to obtain pipe stress estimates within the limitations
of the data base available.

In the final test series, data were obtained from point, parallel line, and grid explosive
sources. With the much expanded data base, new point and parallel line prediction equa-
tions were derived for estimating uniaxial pipe stresses and radial ground motions. In addi-
tion, revised methods for simplifying the more complex explosive geometries into equivalent
parallel line or point sources were developed. Not only were all of these new equations and
methods more accurate and simpler to use than the earlier results, they were also applicable
over a broader parameter variation.

All of, the model experiments performed at SwRI used unpressurized pipes, The small
spherical charges used in single or multiple configurations were made from C-4, a plastic ex-
plosive. Explosive bridgewire (EBW) detonators were used to explode the C-4 charge. A
Reynolds Model FS-10 Portable Firing System was used to power the Reynolds RP-83
EBW's and provide a time-zero reference pulse for use in the data processing.

Five of the Kansas full-scale tests were performed with the pipe section pressurized to
300 psig with air. All four of the Kentucky tests used a pipeline with a pressure of 400 psig,
half of the normal operating pressure. All of the full-scale tests used charges of ammonium
nitrate-fuel oil (ANFO) explosive. These charges were primed with a two component ex-
plosive manufactured by Atlas Powder Company called Kinestik, The two components are
nonexplosive when not mixed. Once the materials are mixed, they become a, cap-sensitive,
high-energy explosive., Electrical blasting caps and a capacitor discharge firing system were
used to, initiate each charge.

The point experiments, regardless of whether they were model or full-scale, were set up
much the same way. With the exception of the one set of tests in which the charge was
buried. deeper, all point sources were buried at about the same depth as the centerline of the
pipe opposite a location on the pipe that had been strain-gaged. On the other side of the
charge, several ground motion transducers at different standoff distances were buried to the
same depth as the pipe, and oriented to sense horizontal radial ground motions. A typical
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layout for a point source experiment is shown in Figure 5. To measure the response of the
tested pipes, strain gages were epoxy-bonded at a minimum of three and a maximum of five
different stations along the upper half-circumference of each pipe. Two-element strain gage
rosettes were used to sense both hoop and axial strains at each station.

For the group of experiments in which data were obtained from point charges deeper
than the pipe, one set of strain gages included rosettes installed on the front (side nearer the
charge), top and back of the pipe. A second set of strain gages was located 45 ° around from
the first and was the primary set used to measure the pipe response from the point charges
buried deeper than the pipe. Figure 6 shows a typical elevation view of the field layout for
these tests. As shown in this figure, the ground motion transducers were at the same depth
as the center of the pipe, but oriented along their slant distance from the charge.

The pipe and explosive charge information for all the 56 point source tests performed
are summarized in Table 3. In this table, each test is identified by test series and test
number. The pipe description includes the outside diameter, length, depth to pipe center,
line pressure if any, and wall thickness (h). Except for nine experiments, the depth of the
pipe is the same as the depth of the charge. For these nine tests, the charge was located at a
45° angle to the pipe. Other charge information in this table includes the equivalent energy
release constant (n), the charge weight (W), and the standoff distance (R) measured from
the center of the charge to the center of the pipe.

To simulate an explosive line source, several charges of the same weight were placed in
a straight line equally spaced and detonated simultaneously. The length of the explosive line
is defined as the number of charges multiplied by the spacing between the charges. The line
of charges are treated as a continuous explosive charge distributed along the line and having
a uniform explosive density. The explosive density equals to the weight of one charge
divided by the spacing between two charges. This is equivalent to the total charge weight
available divided by the total length of the explosive line.

Fifteen of the experiments used parallel explosive lines as the blasting source while ten
used explosive lines oriented at 15°, 30°, and 45° angles to the pipe. All of these explosive
line tests were executed in model scale and were set up in a similar fashion as the point
source tests. All of the individual charges ‘were buried to the same depth as the longitudinal
centerline of the pipe. Pipe strains were again measured by orthogonal sets of strain gages
at a location along. the pipe in line with the geometric center of the explosive line. At this
primary strain gage location, circumferential and longitudinal strains were measured
primarily on the front (side, nearer the charge), top, and back of the pipe. In some cases,
measurements were also made in between these three sensing points at 45° from the horizon-
tal. In addition, some strain measurements were made at other locations along the pipe be-
tween the center and one end of the array to insure as much as possible that the maximum
strains were being recorded.

Ground motion transducers far the explosive line tests were again positioned on the op-
posite side of the charge as the pipeline. Figure 7 shows a typical plan view layout for a
parallel line experiment. For the angled-line tests, ground motion measurements were made
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Table 3. Description of Point Source Experiments
Pipe Pipe Pipe Line

Test Test O.D. Lgth  Depth  Press. n w R -

Series  No. (in.) (ft) (in.) (psiq) (in.) (1b) (fe)
1 1 2.95 24 6 0 0.059 1.12 0.05 1.50
1 2 2.95 24 6 0 0.059 1.12 0.05 1.50
1 3 2.95 24 6 0 0.059 1.12 0.05 1.50
1 4 2.95 24 6 0 0.059 1.12 1.00 11.00
1 5 5.95 45 12 0 0.093 1.12 0.40 3.00
1 6 5.95 45 12 0 0.093 1.12 0.40 3.00
1 7 5.95 45 12 0 0.093 1.12 1.00 11.00
1 8 5.95 45 12 0 0.093 1.12 0.03 2.00
1 9 5.95 45 12 0 0.093 1.12 0.03 1.00
1 10 2.95 24 6 0 0,059 1.12 0.03 0.75
1 20 16.00 7 32 0 0.515 1.12 0.03 3.00
1 21 16.00 7 32 0 0.515 1.12 0.03 1.50
1 22 16.00 7 32 0 0.515 1.12 0.03 1.00
{ 23 16.00 7 32 0 0.515 1.12 0.03 1.00
1 24 16.00 7 32 0 0.515 1.12 0.06 1.50
{ 25 16.00 7 32 0 0.515 1.12 0.06 1.25
1 28 2.95 24 6 0 0.059 1.12 0.05 1.50
1 29 2.95 24 0 0.059 1.12 0.05 1.50
1 30 5.95 45 12 0 0.093 1.12 0.40 3.00
1 31 5.95 45 12 0 0.093 1.12 0.40 3.00
2 1 24.00 98 60 0 0.312 1.00 15.00 9.40
2 2 24.00 98 60 0 0.312 1.00 5.00 6.00
2 3 24.00 98 60 0 0.312 1.00 5.00 6.00
2 4 24.00 98 60 300 0.312 1.00 15.00 13.00
2 5 24.00 98 60 300 0.312 1.00 5.00 9.00
2 6 24.00 98 60 300 0.312 1.00 15.00 13.00
2 7 24.00 98 60 300 0.312 1.00 15.00 13.00
2 8 24.00 98 60 300 0.312 100 15.00 6.00
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Table 3. Description of Point Source Experiments (Cont'd)

Pipe Pipe Pipe Line

Test Test ~O.D. Lgth Depth Press. h n W R
_Series No. (in.) (ft) _(in) _(psig) (in.) b) . __(ft),
T3 1 3000 o« 66 400 0344 1.00 500 1500

3 2 3000 o« 66 400 0344 1.00 400 15.00
3 3 3000 « 66 400 0344 100 300 9.00
3 4 3000 o . . 66 400 0344 100  3.00 15.00
4 1 595 45 12 0 0093 112 040  3.00
4 2 5.95 45 12 0 0093 112 010 150
4 3* 595 45 12 0 0093 112 040 4.4
4 4 595 45 12 0 0093 112 040 424

‘4 5 595 45 12 0 0093 112 020 4.24

4 6* 595 45 12 0 0093 112 020 4.24
4 7 595 . 45 12 0 0093 112 010 212
4 8° 595 45 12 0 0093 112 010 212
4 9* 595 45 12 0 0093 112 020 212
4 10° 595 45 12 0 0093 112 020 212
4 1+ 595 45 12 0 0093 1.12. 040 4.28
4 38 595 45 12 0 0093 112 3.60 2250
5 1 | 595 45 12 0 0093 112 040  8.00
5 2 5.95 45 12 0 0093 112 0.40 11.00
5 3 595 45 12 0 0093 112 040 15.00
5 4 595 45 12 0 0093 112 025 8.0
5 5 595 45 12 0 0093 1.2 008  4.00
5 6 595 45 12 0 0093 112 0.12  11.00
5 7 595 45 12 S0 0093 112 008 11.00
5 8 595 45 12 0 0093 112 008  7.00
5 9 595 45 12 0 0093 112 020  5.00
5 10 595 45 12 0 0093 112 008 250
5 11 595 45 12 0 0093 112 040 500
5 12 595 45 12 0 009 112 040  3.00

*In these tests the charge was buried deeper than the pipe as shown in Figure 6.
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at the same three angles as the pipe and at three other angles (60°, 75°, and 90°) to obtain as
much data as possible from the limited number of experiments. Figure 8 depicts the plan
view of a typical layout for an angled-explosive line experiment.

The pipe and explosive charge information for the 25 explosive line source tests are
summarized in Table 4. Each test is identified by the test series and test number. The same
kind of pipe description given for the point source tests is provided for the line sources. The
charge information in this table includes the equivalent energy release (n), the number of
equally spaced charges in the line (NI), the spacing of these charges (Ll), the weight of each
charge (WI), the angle, between the explosive line and the pipeline (B), and the distance be-
tween the pipe center line and the nearest charge in the explosive line (A).

The third and final explosive geometry used in this program was a rectangular array or
grid of equally spaced charges of the same weight oriented either parallel or at an angle to
the instrumented pipe. Of the 28 grid tests performed in this program, 15 had the grid
oriented parallel to the pipe and 13 at an angle. All of these experiments were conducted us-
ing one of the model pipes. In the majority of these tests, the charges in the grids were
detonated simultaneously. In six tests, time delays between rows were used in an effort to
enhance the strength of the seismic wave propagating in the soil. The delay time, either 3 or
6 milliseconds, was selected to be about the same as the approximate time required for the
wave to travel the distance separating the explosive rows. Initiation was always on the ex-
plosive row farthest from the pipe. The strains measured on these delayed grid tests were of
similar magnitude (within the scatter of the data) as obtained from the simultaneous detona-
tions. Therefore, no enhancement was detected on the pipe response. Likewise, no reduc-
tion on the pipe maximum strains was apparent indicating that the delay times were suffi-
ciently short relative to the response time of the buried pipe that they could be considered
simultaneous. Consequently, no differentiation was made in analyzing the data from these
grid tests with delays nor in presenting the results in this report.

To record the response of the pipe to the grid charges, strain measurements were made
at a location along the pipe in line with the geometric center of the grid. In addition, some’
measurements were made at other locations along the pipe. Ground motion transducers for
these tests were again positioned on the other side of the grid opposite the pipe. Figure 9
shows the typical plan view layout for the parallel grid experiments. For the angled-grid
tests, the ground motion transducers were oriented to sense at a similar angle as the model
pipe, as well as perpendicular to the grid as shown in Figure 10. For all the, grid ex-
periments, the individual charges making up the explosive array and the velocity transducers
were buried to the same depth as the longitudinal centerline of the model.

The test parameters for the 28 grid experiments are listed in Table 5. The tests are iden-
tified by test series and number. Like all the other tests in this research program, descrip-
tion of the pipe tested is provided in this table. The explosive grid sources are defined by the
equivalent energy release (n), the number of equally spaced charges on the front row of the
grid (NI), the spacing of charges in the front row (LI), the weight of an individual charge in
the grid (WI), the angle between the grid and the pipeline (B), the distance between the
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Table 4.

Pipe Pipe Pipe
Test Test 0.D. Lgth.  Depth
Series _ No. (in.) (f) (in.)
1 11 '5.95 45 12
1 12 5.95 45 12
1 13 5.95 45 12
1 14 5.95 45 12
1 15 295 24 6
1 16 2.95 24 6
I 17 295 24 6
1 18 2.95 24 6
1 19 595 45 12
1 -26 2.95 24 6
1 27 2.95 24 6
5 21 5.95 45 12
s 22 595. 45 12
-5 23 595 45 12
5 2% 5.95 45 12
4 31 5.95 45 12
4 32 5.95 45 12
4 33 595 45 12
4 34 5.95 45 12
4 35 595 45 12
4 36 5.95 45 12
4 39 5.95 45 12
4 40 5.95 45 12
4 41 5.95 45 12
4 42 45 12

5.95

Description of Line Source Experiments

Line
Press.

Apsig)

C 0 0000000000000 OO

NI

h n L W1 B A
(in.) (fY) (b) _(deg) _ (ft
0.093 112 7 - 150 0.5 0 5.00
0.093 1.12 7 240  0.40 0 8.00
0.093  1.12 7 150 0.40 0 5.00
0093 112 . 7 150  0.40 0 5.00
0059 L12. 7 075  0.05 0 2.50
0059 112 7 075  0.05 0 2.50
0.059 1.12 7 1.50  0.03 0 5.00
0.059 L.12 7 090  0.40 (] 3.00
0093 112 7 046  0.03 0 1.50
0.059 L.I2 7 330 005 O 8.00
0.059  1.12 7 330 005 0 8.00
0.093 1.12 4 1.50  0.40 0
0.093 1.12 7 150 0.40 0 15.00
0.093  1.12 7 1.50  0.40 0 10.00
0.093 1.12 7 1.50.  0.05 0 10.00
0.093 L12 4 250 0.10 15 -5.00
0.093 1.12 4 250  0.10 15 5.00
0.093 1.12 4 2.50 0.10 30 5.00
0.093 112 4 250  0.10 30 5.00
0093 1.12 4 25  0.10 45 5.00
0093 112 4 250  0.10 45 5.00

0093 112 6 250 020 30 10.00
0093 112 6 250 020 30 10.00
0093 112 6 250 040 30 10.00
0.093  1.12 6 2.50  0.40 30

32

15.00 ...

10.00



+ Model Pipe
|‘L/.

& /‘ Explosive Charge (W1 )i
3 ~ o o
- ° 'Y
Other ___7 '
Strain || A
Gages . ° ° o

Ground Motion
Transducer

-—2 _— e — — —5
Primary —/" ' . i g
Strain ' L1 U : SIS o
Gages ] o o o

. [il Nearest
+ Charge (A)

Figure 9. Typical Plan View of Parallel Grid Test

/— ‘Model Pipe -

1 = L1
Other 4 | |
Strain _
Gages ‘ 3
| 2
R

L

Ground Mot1 on

[ Transducer

Primary/ SR ST \ .

Strain , ; °

Distance Array '

1 Nearest Angle
Charge (A) (B)

Figure 10. Typical Plan View of Angled-Grid Test

33



Table 5. Description of Grid Source Experiments

, Pipe Pipe Pipe Line : T -
Test Test O.D. Lgth  Depth Press. h n N1 L1 Wi B A N2 L2

Series No. (in) - (ft) (in.) (psig) _(in.) ; (ft) _@b) (deg) _(f) .~ _(f)
4 12 595 45 12 0 009 LI2 4 25 020 O 1000 3 250
- 4 13 595 45 12 0 0093 112 4 2.50 020 0 10.00 3 2.50
4 14** 595 45 - 12 0 0.093 1.12 4 250 020 0 10;00 3 2.50
4 -15* 5.95 45 12 0 0.093 1.12 4 250 020 O 10.00 3 2.50
4 2 595 - 45 12 i} 0.093 - 1.12 4 250 0.10 0 5.00 3 2.50 -
4 21 595 45 12 0 0093 112 4 2.50 0.10 0 500 3 2.50°
4 22* 595 45 12 0 0.093 1.12 4 250 0.10 0 5.00 3 - 2.50
4 23 5.95 45 12 0 0.093 1.12 4 2.50 0.10 0 3.00 3 2.50
4 29 595 45 12 0 0093 112 4 25 030 0 200 3 250
4 30 595 45 12 0 0093 1.12 4 250 030 - O 2000 3 2.50
4 37 -5.95 45 12 0 0.093 1.12 4 2.50. 0.30 0 20.00 3. 250
5 13 5.95 45 12 0 0.093 1.12 4 250 0.15 0 500 . 3 2.50
5 14 595 4 12 0 0093 L12° 4 250 0.30 ] 500 3 2.50
5 17 595 45 12 0 0093 112 4 400 020 O . 800 3 4.00
-5 18 5.95 45 12 0 0.093 1.12 4 150 0.05 0 4.00 3 1.50
4 16 595 45 12 0 0093 112 4 250 020 30 1000 3 2.50
4 17 5.95 45 12 0 0.093 112 4 250 - 0.20 30 1000 3 2.50
4 18~ 595 45 12 0 0.093 1.12 4 250 020 30 10.00 3 2.50
4 19* 5.95 45 12 0 0.093 1.12 4 250 020 30 1000 3 2.50
4 24 5.95 45 12 0 0093 112 4 250 010 . 30 5.00 3 2.50
4 25 595 45 12 0 0093 112 4 250 0.10 30 500 3 2.50
4 26* 595 45 12 0 0093 112 4 250 0.10 - 30 5.00 3 250
4 21 595 45 12 0 0093 112 4 250 010 30 500 3 2.50
4 28* 5.95 45 12 0 0.093 1.12 4 2.50. .0.10 30 5.00 3 2.50
5 15 595 45 12 -0 -0.093 1.12 4 250 0.15 30 3.50 3 2.50-
5 16 595 45 12 0 0093 112 4 25 030 30 35 3 250
s 19 595 45 12 0 0093 112 4 25 010 15 500 3 250
5 20 5.95 45 12 0 0.093 1Li2 4 250 0.10 45 500 3 2.50

. 6 millisecond delays used between rows
* 3 millisecond delays used between rows
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centerline of the pipe and the nearest charge in the explosive grid (A), the number of equally
spaced rows making up the grid (N2), and the spacing of these rows (L2).

Typical Test Procedures

All of the experiments in this program followed a similar test procedure regardless of
when they were performed or what charge geometry was used. However, the charge
geometry and scale factor (pipe size) had a direct bearing on the time and personnel required
to set up a test, and the type of equipment necessary. In this section of the report, two
typical procedures will be described, one for the model tests and one for the full-scale tests.
Although similar, each had its own unique requirements and problems.

For the model tests, the pipe sections were first instrumented at the primary and secon-
dary strain gage locations. Redundant strain rosettes were installed on these pipes in case
any gages malfunctioned or were damaged during testing.. In this way, a working set of
gages could be substituted without having to unearth the pipe and mount the new gages.

After the model pipes were instrumented, a trench of the proper size and depth was

then excavated at the SwRI test site. Each pipe was then placed in the trench and carefully

backfilled by hand with soil. The soil was tamped to approximately the original compact-

ness. In all ‘test series, about a month elapsed between the time a pipe section was buried

and testing was begun. This allowed the soil around the pipe to return further to its “in
situ” condition.

Once the model pipe was in the ground, the instrumentation hardware was set up,
cables installed, and the strain gages connected to the measurement system. After all chan-
nels were determined to be operational and within the required specifications, the first ex-
plosive charge was prepared and the explosive firing system set up and checked.

Ground motion transducer locations were selected for each given charge weight, charge
geometry, and standoff distance from the pipe. One of these transducers was normally
placed at the same standoff distance as the pipe or two of them bracketed this distance. The
rest of the transducers were normally buried at farther distances. With the location of the
pipe and ground motion transducers known for a particular test, estimates of the peak
ground motions and pipe strains were then made. In the early part of the program, the
ground motion estimates were made from other data in the literature while the strain
estimates were strictly conservative engineering guesses since no other data existed, Later,
all the estimates were based on the data obtained previously on this program and the latest
prediction equations derived from them. From these amplitude estimates, amplifier gains
and record levels were computed and set to provide a reasonably conservative full-scale
record range which would still allow good resolution.

The holes necessary for the charge and ground motion transducers were then dug and
the transducers connected to the rest of the system. Figure 11 shows the charge holes mak-
ing up a grid. Once each ground motion measurement channel was completely wired end-
to-end and checked for proper operation, the transducer was buried by hand to its proper
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Array of Holes for Explosive Grid Test

Figure 11.

Charge Ready for Placement

Model

Figure 12.
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depth. The holes were backfilled and the soil tamped to approximately the original com-
pactness. Density and water content in the soil were checked prior to testing. An electrical
calibration was then recorded to facilitate playback and data reduction, and then a count-
down sequence was recorded on the voice channel of the tape recorder.

The explosive charge or charges were then placed downhole as shown in Figure 12. The
charges were buried, the hole or holes backfilled, and the soil tamped by hand. To provide
maximum confinement, steel plates were placed on the ground centered on the charge and
weighed down with sandbags. Figure 13 shows a grid test ready for firing. After the test site
was secured, the firing system was armed. Then, the tape recorder was started and the
charge fired at the end of the prerecorded countdown sequence. Figure 14 shows the condi-
tion of the ground after a grid test has been fired,

The data were played back into an oscillograph recorder for quick-look analysis of the
traces before resetting the whole system for the following test. The area around the hole
made by the charge in the soil was dug, backfilled and tamped before making a new hole for
the test that followed. For a single small point charge, it was possible to do this operation
manually; a backhoe was used for the larger charges and other geometries.

For the full-scale tests conducted at the Kansas and Kentucky test sites, the pipe was
first uncovered around the section to be strain gaged as shown in Figure 15. The holes were
excavated large enough to allow working room for sanding and cleaning the pipe surface
and installing the strain gages. Each hole turned out to be deep and large enough to keep
the seeping water level from rising too rapidly. As a result, during the strain gaging of the
pipe, any water in the hole only had to be pumped out every three or four hours. Figure 15b
shows the exposed test pipe with a standing water level as was typically found prior to
pumping.

Once the pipe was exposed, the outer coating was removed and the pipe surface was
then finished with emery cloth of decreasing coarseness until the surface needed for the
strain gages was free of rust, scale, oxides and surface irregularities. The area was then
thoroughly degreased and washed with solvent just prior to spot welding the strain gages.
The gages were then mounted, lead wires connected and the entire installation heavily
coated for environmental and physical protection. The lead wires for each set of gages were
routed up through rubber hosing to an adjacent junction-box (J-box) for connecting to the
long cable lines going back to the electronic instrumentation housed in a mobile office
trailer. Figure 16a shows the connecting of the strain gage lead wires to the long lines. Each
strain channel was then tested forproper connections and operation; After every channel
checked out, the exposed pipe was very carefully backfilled. Figure 16b shows the begin-
ning of this operation. All the backfill near the pipe was placed and tamped by hand to
preclude any damage to the strain gages and their cable. Once the pipe was well covered, the
rest of the hole was filled and tamped in layers by machine until the ground was level. Part
of this procedure is shown in Figure 17.

Once the pipe strain gage operation was completed, the holes for the velocity
transducers and the explosive charge to be used on the first test were made using an auger as
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Figure 13. Model Grid Test Ready for Firing

Figure 14. View of Ground After Grid Test
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(a) Excavation Around Test Pipe

(b) Exposed 24-inch Pipeline

Figure 15. Uncovering of Pipeline for Strain Gaging

39



sjouuRYD) UIBIS JO INQ-}03Y)D PUB HONIIUUOD

(@) (»)

‘9] 21031

40



Figure 17. Backfilling of Hole Around Pipe
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shown in Figure 18. The completed array of holes is also pictured in this figure. The veloci-
ty transducers were then connected to the J-box, tested, and placed down-hole in their
respective locations. The holes were backfilled and tamped by hand in layers in an effort to
restore the disturbed soil to its original condition, knowing the charge weight and its loca-
tion with respect to the pipe and transducers, the pipe strains and ground motions expected

were estimated using the result of the earlier model experiments. The gains and recording
levels were then set for each measurement channel. A countdown sequence and ‘electrical
calibration voltages were recorded for each measurement channel on the magnetic tape
recorder. Once the complete measurement system Was ready for testing, the ANFO ex-
plosive charge was prepared by placing the cap, booster and the required amount of ex-
plosive in a thin blastic container to protect from any water or moisture. The plastic bag
was then sealed and placed down-hole as shown in Figure 19. At the same time, the site was
cleared of ail personnel except, for the ordnance technician, and danger signs and audible
flashers were placed at the entrance road to the site to warn any unexpected visitors. Once
the charge hole was backfilled with tamped soil, the firing circuit was checked one last time
for continuity, and the power supply turned on for charging the firing capacitor. The tape
recorder was then started and the countdownsequence played back, At time-zero, the
charge was detonated. Figure 20 is a photograph of one of the tests being fired using a 15-Ib
explosive charge. The following two photographs, Figure 21, show the craters made by a
15-Ib charge and a 5-lb charge. After each test, the area around the crater was excavated
about 2 ft past visible cracks in the soil and down 2 ft below the location of the charge. The
hole was then refilled in layers and tamped in an effort to restore the ground back to its un-
disturbed condition. Velocity transducers which required moving to a new location were
dug up and the holes refilled and tamped. The velocity transducer and explosive hole pat-
tern for the next experiment was then layed out and the holes redrilled. The same pro-
cedures were followed for each subsequent test until all full-scale experiments were
completed.

Measurement Systems

Two types of transient measurement were made in the blasting research experiments
performed, namely pipe strain and ground motions, To measure the response of the model
and full-scale pipes, strain gages were used at various locations on the outer surface of the
pipe. The preliminary analysis for predicting pipe response to buried explosive detonations
indicated that the maximum horizontal radial soil particle velocity and displacement were

required to determine the forcing function, To measure these two parameters, motion
transducers were required to be placed at the location of interests in both the model and
full-scale experiments. Because this program was primarily designed for conducting tests
using available technology for making required measurements, no efforts were under-
taken to develop new measurement methods or hardware. Existing transducers and tech-
niques were modified for application in this program,

Two primary techniques for mounting strain gages on steel structures are available:

adhesive bonding and spot welding. For most applications, adhesive bonding of strain

42



$9JOH 98IeyD puk IdNPSULL], UONOA pUnoIn jo Junicq

"8 N3y

43



a81ey)) aarso[dxy jo Juswade|d pue uorneredald ‘61 2andig




-

e ."

5 e AT
— »‘;—..1"‘_’?—"%‘.}:‘ r w I
e G L T

o

Figure 20. Detonation of Buried 15-lb Explosive Charge
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gages is the common technique used, particularly if the size of the structure or component is
such that it can be indoors during the installation. On the three pipes used in the model
scale experiments, Micro-Measurements Type CEA-06-125UT-350, two element, 90° strain
gage rosettes were bonded with M-BOND AE-10 epoxy adhesive after proper surface
preparation. Because all the strain measurements required were in the longitudinal or cir-
cumferential direction, an orthogonal rosette was chosen instead of two single gages to
decrease installation time. The rosettes consisted of two self-temperature-compensated
strain elements with a resistance of 350 ohms. These types of rosettes are polyimide en-
capsulated with constantan alloy gage elements featuring large integral copper-coated ter-
minals for ease in soldering leadwires directly to the strain elements. Each strain element
was connected to a shielded cable using a three-wire lead system. Figure 22 shows a set of
rosettes installed and wired on the 6-inch model pipe. After the rosette installation was
completed, it was electronically tested for proper operation by measuring insulation
resistance and shift in gage resistance due to installation procedures. Insulation resistances
measured on all strain elements exceeded 5,000 megohms and shifts in gage resistance after
installation were less than 0.5 percent.

For the two full-scale pipes tested in Kansas and Kentucky, weldable strain gages were
chosen because conditions in the field would have made adhesive bonding of gages a very
difficult and time consuming operation. The weldable gages selected are also made by
Micro-Measurements. They are precision foil strain gages carefully bonded by the
manufacturer to a metal carrier, Series 17 stainless steel, for spot welding to structures by
the user. Spot welding in the field is easily accomplished with a portable, hand-probe spot
welder which is equipped to operate from either AC of internal DC power. Surface
preparation is not as critical for the weldable gage, further simplifying their installation.
The 24-inch pipe tested in Kansas City used Type CEA-06-W250C-120 weldable strain gage
rosettes. These two-elgment, 90° rosettes simplified installation of orthogonal gages at each
location. For the 30-inch pipe tested in Kentucky, however, weldable rosettes were not
available from the manufacturer for delivery within the time required. Therefore, TYPE
CEA-06-W250A-120 single gages were purchased and installed in orthogonal pairs at each
sensing location to measure the longitudinal and circumferential strains. These two types of
strain gages have a resistance of 120 ohms (350 ohm gages were not yet available at the
time).

Installation of the weldable strain gages used on the two full-scale pipes was begun by
removing the coating on the pipe and grinding the metal to remove any rust, scale and sur-
face irregularities. This procedure was completed by handgrinding with silicon-carbide
paper until the surface was smooth. The smooth surface area was then thoroughly
degreased and washed with solvent to remove all residue. After the surface was properly
prepared, a sample metal carrier supplied with each package of gages was used to determine
the proper weld-energy setting for the welding unit and electrode force required to obtain a
good Spot weld. A setting of approximately 10 watt-seconds with an electrode force of 4 Ib
will usually produce satisfactory welds. Once these settings were determined, the single gage
or rosette was aligned on the pipe and held in place with a piece of drafting tape. The metal
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carrier was then tacked in place by single spot welds on each side and the tape removed. The
gage was then spot welded all around by two rows of alternating spot welds. Figure 23
shows a rosette being spot welded in place on the 24-inch pipe. After each rosette was in-
stalled, cable leads were soldered to the strain gage elements and each element was electrical-
ly checked before the complete installation was covered with protective coating..

Both the bondable and weldable strain gage installations were protected against the en-
vironment using the same protective coatings. In addition to protecting the rosettes and
lead wires from moisture, which causes most of the field installation failures in strain gages,
mechanical protection was required to ensure the integrity of the installation during the
backfilling operations. All leads were first primed with a solvent-thinned, nitrile rubber
compound (Micro-Measurements M-COAT BT) for good adhesion between the vinyl in-
sulation and subsequent coatings. After the required curing time, each rosette installation
was degreased and warmed with a heat gun to remove any moisture present and immediately
coated with a solvent-thinned RTV silicone rubber (M-COAT C). This noncorrosive
coating provided a cover to the exposed solder connections as well as a good moisture and
chemical barrier to the entire installation. After this thin coating layer was cured, each in-
stallation was further protected with M-COAT F, a protective coating well-suited for field
applications. Application of this “coating” started with a layer of butyl-rubber to seal fur-
ther against moisture. This operation is shown in Figure 24. For mechanical protection, a
patch of neoprene rubber was placed over the butyl-rubber as shown in Figure 25. Next,
aluminum tape was installed, as shown in Figure 26, over the entire installation and M-
COAT BT was used around all the edges of the aluminum tape. Figure 27 shows the spot
welding and installation of protection of the 30-inch pipe gages. Near the gage installation
the outer jackets of all cables were completely sealed with butyl-rubber and eventually
placed in a rubber hose for additional protection. This hose routed- the cables up to the
ground and to a nearby junction box.

The strain gage elements-were again checked for pro& operation. In the case of the
model pipes, each instrumented section was placed in the ground as shown in Figure 28 for
the 3- and 6-inch pipes. Similarly, Figure 29 shows the strain gage installation completed on
the 16-inch pipe section and the pipe being carefully buried so as not to damage the strain
gages and their cables.

Regardless of whether bondable or weldable gages were being used, each strain element
was connected as a single active arm three-wire hookup and remote electrical calibration
connections as shown in Figure 30. B&F Model [-700 SG signal conditioner units provided
bridge completion and balance, excitation voltage to the bridge, and a two-point electrical
calibration. For each bridge, 14-15 VDC was’ used as the excitation voltage, making the
bridge sensitivity about 7.5-8.0 microvolts/microinch/inch  (4V/ue) peak strains as low as
6 pinch/inch (ue). were recorded for which the peak voltage prior to amplification was 0.045
millivolts.

The output of each bridge circuit was amplified with a B&F Model 702A-10D differen-
tial amplifier. This unit has a full power bandwidth of DC to 100 Hz ( + 3 db) and in the dif-
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Figure 23. Spot Welding of Strain Gage Rosette on 24-inch Pipe
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Figure 24. Application of Butyl-Rubber Coat
Over Strain Gage Rosette and Lead Wires

Figure 25. Neoprene in Place for Mechanical Protection of Rosette Installation
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(a) 6-inch Diameter Pipe

(b) 24-inch Diameter Pipe

Figure 26. Strain Gage Coatings Completed on Model and Full-Scale Pipes
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Figure 27. Installation of Strain Gages on 30-inch Pipe
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ferential mode has a high common mode rejection ratio (120 db with a 1 kiloohm unbalance
from DC to 60 Hz at a gain of 1000). Because the pipe response was expected to be damped
considerably by the surrounding soil, the amplifier output was internally low pass filtered
up to a frequency of 10 kHz. At this upper frequency, rise times in the order of 40
microseconds can be faithfully reproduced. Even for the model pipes, the data r&corded
showed no rise times shorter than about 2 milliseconds; almost two orders of magnitude
slower than the filter setting of the amplifier. Thus, the amplifier as used was not limiting
the fidelity of the voltage signals being recorded. The accuracy of the strain data was
estimated to be + 3 percent of the full scale value or tu€, whichever was larger.

Bell & Howell Type 4-155 piezoelectric velocity transducers were used for the measure-
ment of radial ground motions. Most commercially available transducers, including the one
chosen, are not designed for the high external stress which is present in the vicinity of high-
explosive underground detonations. Therefore, transducers were installed in protective
canisters which simplified placement procedures, provided weatherproofing, and matched
the assembly impedance to the soil. The Type 4-155 transducer is a small, rugged vibration
transducer with a high natural frequency which allows a linear response over a wide fre-
guency range. The transducer can withstand shock accelerations up to 100 g's peak without
damage and is sealed ‘water tight. The “high sensitivity makes it desirable for low-level
velocity measurements which can be externally integrated to provide displacement signals.
Each unit combines within its housing a piezoelectric accelerometer, an impedance mat-
ching source follower, and an integrating amplifier. The low electrical output impedance of
the amplifier allows the use of long interconnecting cables between the sensor and the
recording instrumentation. The usable velocity range of this type of sensor is 0.2 to 100
in./sec, with a dynamic frequency response of 1 to 2000 Hz. The transient velocity data
were of short enough duration that the low frequency response of the transducer and its
recording system would produce negligible undershoot in the recorded data. The upper fre-
guency response of the velocity transducer was high enough to record rise times at least one
order of magnitude shorter than that observed in the velocity data recorded. The circuit
diagram of the velocity measurement system described is shown in Figure 31.

A second type of ground motion sensor was also used in these experiments because in.
the early part of the program some of the scale model experiments required detonations very
close to the pipes and measurement of ground motions were wanted at comparable
distances. These transducers were piezoelectric accelerometers, PCB Model 302M46, with a
full-scale range of 2500 g's and a frequency response of 0.05 to 10,000 Hz. Since the veloci-
ty transducers previously described can withstand only 100 g's of shock acceleration, the ac-
celerometers were used to determine how close to the explosives ground motion
measurements could be made without ‘damaging the velocity gage. The canisters used to
house the velocity gages were designed so that an accelerometer could also be mounted in
them. The canisters were similar to some previously designed, tested, and used by the
United States Army Waterways Experiment Station to make ‘soil ground motion
measurements. A sketch showing how a velocity gage and an accelerometer were mounted
in a canister is shown in Figure 32. A hose was used to route the interconnecting cable from
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the canister to a junction-box above ground. The hose provided physical and environmen-
tal protection to the cable.

The placement of the motion transducers in the field experiments required the digging
of holes of the proper depth and slightly larger than the canister used. Each velocity
transducer and accelerometer was first inspected when received from the manufacturer by
checking the factory calibration over a frequency range of 20 to 400 Hz using a shake table
at SwRI. Then it was placed in a canister and the whole assembly mounted on the shake
table again to insure that. the sensitivity remained constant. Then it was taken to the field
for use in the experiments. On the full-scale experiments, the holes made were up to 6 ft in
depth.

All of the data signals were recorded on magnetic tape along with fiducial and time-
base reference signals. The data for the. scale-model experiments were recorded on an
Ampex FR-1900 tape recorder. The field data taken in the Kansas City and Kentucky tests
were recorded on a Honeywell Model 5600C system. All data were recorded using FM elec-
tronics at a recording speed to obtain a minimum bandwidth of 10 kHz. The recorded data
were played back into a Bell & Howell Model 5-164 oscillograph system for quick-look data
analysis and subsequent data reduction. The data signals were time extended on playback
by a factor of 16 and inputted into galvonometers having a 1 kHz upper frequency response,
Thus, the data were pot attenuated below an effective frequency of 16 kHz on playback.

The oscillograph records were subsequently digitized at SwRI, manipulated, scaled and
plotted using a Hewlett-Packard Model 9830 microcomputer system, From the digitized
data, the Peak soil particle velocity, the computer soil displacement, and the pipe strains
were obtained for use in the analyses. The accelerometer data were also played back onto
oscillograph paper, then digitized and integrated to obtain velocity data to compare to that
of the velocity transducer housed in the same canister., In some tests, an accelerometer was
used by itself close-in to the explosive charge. In these cases, a similar, though smaller,
canister was used since no velocity transducer was included. Because most of the accelera-
tion measurements and their integrated velocities were made to determine whether the
velocity gage could be used at a given close-in standoff distance, the data were not used in
the analysis. Instead, the direct velocity measurements, which are more accurate, and their
integrated displacements were used. In the case of the displacements, which turned out to
be the controlling parameter in the analysis for most detonations near gas pipelines, a dou-
ble integration would have been required on the acceleration data, thus increasing errors
and inaccuracies. Consequently, no double integrations were attempted.

In the next section, all of the pipe strain and ground motion data are presented.
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V. EXPERIMENTAL RESULTS

General

The experimental data obtained by Southwest Research Institute (SwRI) for the
American Gas Association (A.G.A.) from the 109 pipe and explosive in soil tests will be
presented in this section. The. data were obtained from point, line, and grid explosive
sources and will be grouped together by these explosive geometries. In the analyses that
follow this section, the ground motion data are first used to determine the nature of the
forcing function which causes the buried pipelines to be stressed. Subsequently, the pipe
strain and stress data are used to complete the derivation of the prediction equations and
methods. Therefore, for each charge geometry, the ground motion data will be presented
separately from the pipe response data to parallel this order of solution development.

Radial soil motion measurements were made throughout the blasting research
program. The recorded peak soil particle velocities and the corresponding computed peak
soil displacements from each velocity-time trace are presented in this section of the report.
a Examples of time histories are also included.* From the soil particle velocity traces
recorded on each test, the time-of-arrival of the stress wave at each transducer location was
determined and used to compute an average seismic velocity for each test. These data are
also included in the ground motion data tables in this section.

Typically two to four velocity transducers were used in all the tests,. The transducers
were usually located opposite the test pipe at different standoff distances from the charge.
The first ground motion canister was in most cases buried at the same distance from the
charge (or charge line) as the pipe being tested. If not, the first two canisters would be
located such that the distance of the pipe was between them. (See Figures 5 through 10.)

A number of strain measurements were made to determine the pipe response far each
test. As many as ten strain-time histories were recorded with the mininnun number usually
being six. Measurements were made at various points around the pipe at a location along
the pipe opposite the explosive source. The principal measurements were usually on the
front, top, and back of the pipe as shown in Figure 5. However, in same tests other
measurements were made at points rotated 45° from the principal locations (set Figure 6).
Also, on some of the later test series, additional strain measurements were made at other
sensing locations along the length of the pipe to insure the maximum strains were recorded
and to obtain a better feel of how the pipe responds to the different blast loads.

*A separate data report consisting of all the data traces recorded in this program has been
compiled by SwRI. For those interested in purchasing a copy of this data report, contact
the A.G.A.



In the early part of the blasting research program, the pipe response was characterized
by the maximum strains measured in the circumferential and longitudinal direction.
Because it was desired that the prediction equations be as easy as possible to understand and
apply, the strain prediction equations were approximately converted to stress equations.
The uniaxial strain to stress relation was used because of its simplicity in combining time-
varying strain data. For orthogonal gage pairs in which the strain magnitude from one gage
was low while the other was peaking and vice-versa, and considering the scatter of the data,
the uniaxial stress conversion provided. a reasonable approximation. However, for those
instances in which the peak values for an orthogonal pair of gages occurred at about the
same time and, in addition, the strains were of the same polarity (both tensile or
compressive), the uniaxial stress approximation would significantly underpredict the biaxial
stress. For this reason, towards the end of the program SwRIl and the supervisory
committee decided that the steel pipe strains be converted to stresses using the plane stress
(biaxial) formulae which are as follows:

E
Oeir = l— ) (eq + veloq;) (30)
alon;‘ = T_:"i’(elon' + Vecir) . (31)

where E = modulus of elasticity (29.5 x 10%1b/in.?)
v = Poisson’s ratio (0.3) :
€; = -measured circumferential strain (in./in.)
€ong = mMmeasured longitudinal strain (in./in.)

Strictly speaking, the stresses computed with these equations are the surface biaxial stresses
at the location on which the strain gages are mounted. The algebraic signs of the strains are
taken into account, as is the time phase for dynamic or transient strains.

To convert over 900 strain-time records into stress-time records, with corresponding
strain records (hoop and axial) correctly phased in time would have been a monumental and
expensive task. Because it is not possible to measure strain at every point on a pipe being
tested, one would not be absolutely sure that the maximum biaxial stresses were, in fact, ob-
tamed in each test. For this reason, this alternative for biaxial conversion was not pursued.

Instead, if one assumes that (regardless of gage location) the peak hoop and axial
strains measured can occur at the same point on the pipe, in addition to being of the same
polarity and peaking at the same time, then Equations (30) and (31) can be used to compute
the biaxial stresses. This was the approach followed to obtain the stresses which are
presented in this section. Because of the conservative assumptionsmade to determine these
biaxial stresses, they will always be larger than the approximate uniaxial stresses. Conse-
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guently, more conservative prediction equations and methods should result using these
biaxial stresses. Furthermore, since the total state of stress on an operational pipeline is
what is of interest, after obtaining direct estimates of the blast-induced biaxial stresses, the
total state of stress can be determined by superimposing the other stresses loading the pipe.

Since only the maximum, absolute values of circumferential and longitudinal strain
from each test are required to compute the corresponding maximum stresses, only these
maximum strains and stresses are tabulated in this section of the report. However; ex-
amples of strain-time histories at the various sensing locations are included for represen-
tative tests. *

Point Source Test Data

The majority of the tests performed in the blasting research program used point ex-
plosive sources. In most of the model tests of the first test series, four velocity transducers
were used to obtain the ground motion data. In some tests, accelerometers were used with
the velocity transducers to insure that the shock at the close-in ground motion sensing loca-
tions would not damage the velocity transducers. As mentioned before, the location of the
‘velocity transducers varied for different test conditions. However, the first canister was
usually buried at the same standoff distance from the charge as the pipe being tested. A
typical set of data traces from the first point source test series is shown in Figure 33. The
horizontal radial velocity and displacement records shown in this figure are for a 0.4-Ib
charge located a distance of 4 ft from the transducer. In this figure, as well as in all other
ground motion figures, positive values denote motion away from the charge. The velocity-
time plot was obtained by digitizing the oscillograph record, scaling the graph with the
microcomputer, and drawing the results with its plotter.

In the eight full-scale tests conducted at the Kansas test site, three velocity transducers
were placed in the ground at the same depth as the charge and the center of the pipe. An ex-
-ample of ground motion data from this test series, in which a 15-Ib charge was used, is
shown in Figure 34. Note that as expected,” the time durations in these traces are longer than
for the model test because of the larger scale of these experiments. The soil particle velocity
and displacement data recorded in the four full-scale tests performed at the Kentucky site
were of similar nature as those obtained in Kansas. In this case, at least two measurements
were attempted on each test.

*A separate data report consisting of all the data traces recorded in this program has been.

compiled by SwRI. For those interested in purchasing a copy of this data report, contact
the A.G.A.
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Two particle velocity transducers were used in the deeper point source tests that fol-
lowed the full-scale tests. The ground motion data from these model experiments repeated
well and appeared similar to that of the earlier model tests. Figure 35 shows an example
from a velocity transducer located at a slant distance of 4.2 ft from a 0.2-lb charge. In the
final series of point source experiments, three velocity transducers were normally used to
obtain ground motion data. These ground motion records were also similar to those from
the earlier model tests.

All of the velocity transducer data from point sources are listed in Table 6. This table
identifies each experiment by test series and number. Also listed in the table for each test is
the average seismic velocity ¢ obtained from the arrival time recorded for each transducer
and its distance from the charge. In addition; the equivalent energy release n, the charge
weight W, and the standoff distance R for each transducer is provided. The last. two col-
umns list the peak radial velocity and displacement from each of the buried velocity
transducers. These ground motion data are used in the next section of the report to develop
the point source ground motion prediction equations.

Strain measurements were made on both the model and full scale experiments to deter-
mine quantitatively the response of pipelines to nearby underground detonations. As
previously mentioned, two-element strain gage rosettes were used to obtain circumferential
and longitudinal pipe strain measurements. Because the pipe response was not known, the
first series of model tests used the five gage locations shown in Figure 5. The testing pro-
gram was begun by recording the five circumferential strains since it was felt that these
would be the larger strains. Also, the mode of the pipe response in this direction needed to
be determined so that those gages recording significantly lower peak strains could be
dropped and longitudinal gages substituted.

From the first fivemodel tests, it was determined that the pipe was ovalling and that the
significant circumferential strains were at the front, top, and back locations on the pipe.
Figure 36 shows the five circumferential strains measured in Test Series No. 1, Test No. 2
using the 3-inch pipe. Therefore, after these early tests, longitudinal strain gages were
recorded instead of the two circumferential gages located at 45° between the top and side
locations. The first few longitudinal strain measurements indicated that the pipe was also
bending significantly away and upward from the charge. Therefore, for the majority of the
remaining model experiments, as well as all of the full-scale tests, longitudinal strains were
measured and recorded at the same locations as the circumferential ones: on the front, top
and back side of each pipe. Figures 37 and 38 are examples of the strains measured in the
hoop and axial directions, respectively, on the 6-inch pipe used in the early test series. For
comparison, a similar set of strain data from one of the full-scale tests is shown in Figures
39 and 40. For all the strain traces presented in this report, positive values of strain denote
compression.

For the test series in which the point source was buried deeper than the pipe, the
primary strain measurements were made at three locations rotated 45° from the front, top,
and back of the pipe (see Figure 6). Although it was believed that, the maximum strains
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Table 6. Ground Motion Data From Point Source Tests

Test Test c n w R - u X

Series No. (fps) (Ib) (ft) (ips) (in.)
1 2 958 1.12 0.05 ~ 3.00 12.4 0.042
1 2 958 1.12 0.05 4.50 3.0 0.012
1 2 958 1.12 0.05 6.00 2.3 0.013
1 4 922 1.12 1.00 7.00 23.0 0.234
1 4 922 1.12 1.00 11.00 5.8 0.056
1 4 922 1.12 1.00 . 15.00 2.5 0.030
1 5 929 1.12 0.40 4.00 13.0  0.105
1 5 929 1.12 0.40 8.00 5.8 0.050
1 5. 929 1.12 0.40  12.00 2.1 0.016
1 6 895 1.12 0.40 4.00 24.2 0.150
1 6 - 895 1.12 0.40 8.00 8.9 0.066
1 6 895 - 1.12 0.40 12.00° 3.0 0.022
1 7 1038 1.12 1.00 7.00 15.4 0.160
1 7 1038 1.12 1.00 11.00 10.3 0.118
1 7 1038 1.12 1.00 15.00 = 2.7 0.038
1 8 958  1.12 0.03 2.00 10.9 0.053
1 8 ' 958 1.12 0.03 4.00 2.3 0.018
1 8 958 1.12 0.03 6.00 0.8 0.005
1 9 - 751 1.12 0.03 200 7.4 0.031
1 9 751 1.12 0.03 4.00 1.7 0.011
1 9" 751 1.12 0.03 6.00 0.9 0.006
1 10 1014 1.12 0.03 1.00 33.4 0.050
1 10 1014 1.12 0.03 3.00 4.3 0.019
1 10 1014 1.12 0.03 5.00 1.6 0.007
1 20 1138 1.12 0.03 1.50 140  0.029
1 20 1138 1.12 - 0.03 3.00 4.7 0.011
1 20 1138 1.12 0.03 4.00 2.1 0.005
1 20 1138 112 0.03 5.00 1.3 0.003
1 21 964 1.12 0.03 1.50 10.4 0.039
1 21 964 1.12 0.03 3.00 3.0 0.011
1 21 964 1.12 0.03 4.50 1.5 0.005
1 21 964 1.12 0.03 6.00 0.8 0.003
1 22 1100 1.12 0.03 1.00 57.4 0.185
1 2 1100 1.12 0.03 2.50 2.2 0.010
1 22 1100 1.12 0.03 4.00 1.5 0.004
1 22 1100 1.12 0.03 5.50 0.6 0.001
1 23 975 1.12 0.03 1.00 44.2 0.113
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Table 6. Ground Motion Data From Point Source Tests (Cont'd)

Test Test c n w R U X .

Series No. (fps) (b) (ft)  __(ps) _(in))
1 23 975 1.12 0.03° 2.50 33 . 0.015
1 23 - 975 1.12 0.03 4.00 1.4 0.006
1 23 975 1.12 0.03 5.50 0.7  0.003
1 24 866  1.12 0.06 1.50 51.7 0.390
1 24 866 1.12 0.06 3.00 5.5 0.030
1 24 866 - 112 . 0.06 4.50 3.1 0.002
1 24 866 1.12 0.06 6.00 1.3 0.006
1 25 675 112" 0.06 1.75 40.5 0.187
1 25 675 1.12 1 0.06 - 320 5.1 0.029
1 25 675 1.12 0.06 4.75 3.0 0.019
1 25 675 1.12 0.06  6.20 1.1° 0.007
1 28 568 1.12 005 150 442 0.270
1 28 568 1.12 0.05 3.00 9.0 0.085
1 28 568 1.12 0.05 4.50 3.9 0.040
1 28 568 . 112 0.05 6.00 2.0 0.021
1 29 612 1.12 0.8 1.50 46.0 0.230
1 29 612 112 0.05 3.00 = 122 0.110
1 29 612 1.12 0.05 4.50 53 0.056
1 29 612 1.12 0.05 6.00 29 0.028
1 .30 592 1.12 0.40 3.00 600 0.670
1 30 592 112 0.40 6.00 8.6 0.179
1 30 592 1.12 0.40 12.00 1.0 0.017
1 30 592 112 0.40  18.00 0.7  0.009
1 31 - 447 1.12 0.40 3.00 520"  0.480
1 - 31 447 1.12 0.40 6.00 8.2 0.180
2 1 900 - 1.00 15.00 7.00 554 0920
2 1 900 1.00 15.00 10.00 143  0.280
2 1 900 1.00 1500  15.00 3.6  0.057
2 2 573  1.00 5.00 5.00 1597 2.620
2 2 573 1.00 500 800 800 . 2.180
2 3 519 1.00 . 500  6.00 880 2.170
2 3 519 1.00 500 . 12.00 8.7 0.330
2 3 519 1.00 5.00 15.00 3.0 0.700
2 4 1232 1.00  15.00 6.00 118.8 1.960
2 4 1232 100  15.00 12,00 477 1.860
2 4 1232 1.00 15.00 14.00 36.0 1.210
2 5 582 . 1.00 500  6.00 824  2.040
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Table 6. Ground Motion Rata From Point Source Tests (Cont'd)

Test Test c n . W R U X

_Series ~ _No. - _.(fps) ) (@) _Gps) _(in)
2 5 582 1.00 5.00 1200 104 0.350
2 5 582 100 500 1400 3.4 0.110
2 6 735 1.00 1500 1000  76.3 2.350
2 6 735 1.00 15.00 - 14.00  13.0 0.510
2 6 735 1.00. 15.00 ©  23.50 2.5 0.032
2 7 792 1.00 1500 - 8.00 98.6  5.500
2 7 792 1.00 1500 1600 8.2 0.250
2 7 792 1.00 1500 2400 3.6 = 0.110
2 8 622 1.00 ' 1500 - 8.00 138.0  4.780
2 8 622 1.00 15.00 16.00 6.2  0.340
2 8 622 100~ 1500 2400 1.2 0.049
3 1 1230 1.00 -~ 5.00 12.00 220 0.290
3 3 974 - 1.00 3.00 6.00 725 - 0.790
3 3 974 ' 1.00 3.00 12.00 14.1 0.330
3 3 974  1.00 3.00 18.00 2.1 0.036
3 4 980 1.00  3.00 - 600 930  1.570
3 4 980 1.00 - 3.00  12.00 18.8 0.250
4 1 650 112 0.0 3.00 46.0 0.530
4 1 650 112 - 0.40 - 9.00 6.1 0.084
4 2 711 1.12 0.10 150 880 -
4 2, M1 L1200 450 8.4 0.094
4 3 55 1.2 - 0.40 4.20 15.0 0.330
4 3 556 1.12 0.40 9.50 - 3.2 0.055
4 4 519 112 040 - 420 17.0 0.300
4 4 519 © 112 040 9.50 - 4.3 0.073
4 5 465 112 020 4.20 10.0 0.150
4 5 465 112 020 - 9.50 2.1 0.031
4 6 513 112020 420 - 120  0.170
4 -6 513 1.12 - 020 © 9.50 2.0 0.032
4 8 568 1.12 0.10 2.10 38.0 - 0.520
4 8 568 ' 1.12° 0.10 3.40 7.6 0.088
4 9 755 112 020 210 - 870
4 10 652 112 0.20 210  98.0 -
4 10 652 1.12 0.20 - 3.40 23.0  0.450
4 11 616 112 040 440  12.0  0.340
4 11 616 1.12 040 990 39 0.071
4 38

577 1.12 3.60 12.50 12.2 0.128
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Table 6, Ground Motion Data From Point Source Tests (Cont’d)

Test - Test ¢ . n w R U X
Series  _No. ~_(fps) _ (1b) (ft) (ips) _(in)
4 38 $77 . 112 360 = 225 3. 0.039
5 1 859 1.12 - 040 4.00 202  0.230
5 1 - 859 - 112 . 040 8.00 5.8 0.068
5 2 642 . 1.2 ., 040 500 = 142 - 0.149
5 2 642~ 1.12 . 0.40 8.00 80  0.095
5 2 642 - 112 040 . 11.00 3.2 0.040
5 3 716 112 040 400 . 254  0.289
5 3 716 112 . 040 7.00 9.1 0.091
5 3 716 112 . 040 . 1500 22 0.024
5 4 718 112 025 - 400 . 10.1 0.133
s .4 7nms 112 025 = 400 99  0.138
5 4 715 . 112 025 8.00 - 5.0 0.050
5 s 676 = 112 - 0.08 2.00 244  0.246
5 5 676 - 1.12 . 0.8 4.00 7.4 0.060
5 ] 676 1.12 0.08 8.00 2.1 0.019
5 6 729 . LI2 0.12 300 145 0.173
5 6 729 LI12 0.12 7.00 2.8 0.020
5 6 729 112 . 012 11.00 1.2 0.012
5 7 718 112 . . 008 . 300 88 0.086
5 7 718 112 008  7.00 19 0.014
5 © 7 718 112 008 1100 08  0.005
5 8 668 - 1.12 0.08 3.00 9.8 0.078
5 8 668 & 1.12 0.08 7.00 3.0 0.023
5 8 668  1.12 - 0.08 11.00 1.2 0.011
5 9 684 112 020 500 9.1 0.097
5 9 684  1.12 020 9.00 2.7 0.028
5 9 684 1.12. 020 1300 1.4 0.016
5 10 672 1.12 0.08 2.50 - 103 0.101
5 10 672 1.12 - 008 . 3.00 10.0 0.098
5 10 672 L12 008  7.00 1.7 0.017
5 11 - 84 112 . 040 5.00 126  0.131
5 11 804 ..  1.12 040 800 83 . 0.083
-5 1 804 . 1.12 040 11.00 - 3.8 . 0.043
5 12 713 112 0.40 3.00 455 0.364
5 12 713 1.12 0.40 7.00 54  0.063
5 12 713 112 - 040  13.00 1.9  0.022
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would normally occur at one of these locations, strain data were also recorded as much as
possible from the front, top and back strain gages. Figures 41 and 42 are examples of the
strain data from the 45° locations recorded on one of the deeper charge experiments. As
can be observed, these traces are quite similar to the rest of the point source traces. For this
same experiment, circumferential strain data were also obtained on the front and back loca-
tions on the pipe and are included in Figure 43. Furthermore, for the top and back strain
locations, longitudinal data were obtained as shown in Figure 44.

Most of the model test data examples presented so far show peak strains in the order of
300 to 1,000 microinches/inch (uin./in.). In the last series of tests, charge weights and stan-
doff distances were selected such that most of the pipe response data would be at the lower
end of the stress prediction curves. The majority of the peak strains were less than 100
&,/in. The primary measurements were made as before: on the front, top, and back of the
pipe. Examples of these low amplitude measurements are provided in Figures 45 and 46.

The maximum stresses for each point source test are listed in Table 7. In this table,
some of the test pipe description is also provided with the charge information. The absolute
value in pin./in. of the maximum circumferential and longitudinal strains measured, from
which the stresses were computed, are also included in this table, Together with Table 3 in
Section IlI, this table provides a complete description of each test, the measured maximum
strains, and the corresponding stresses. These data are plotted in Section VII and compared
with the point and parallelline strain and stress prediction curves.

Line Source Test Data

Twenty-five explosive line experiments were conducted in this program. Of these, 15
used an explosive line parallel to the pipeline. The remaining 10 tests used an explosive line
at an angle to the pipeline. The explosive lines were made up of several charges of identical
weight spaced equally apart. In these tests, three or four velocity transducers were used to
obtain soil particle velocity and’ displacement data. For the parallel line tests, all of the
velocity transducers were positioned to sense radial horizontal ground motions perpen-
dicular to the line explosive sources. For the angled-line experiments, ground motion data
were obtained not only at the same angle as the corresponding pipe strain data, but also at
another angle (see Figures 7 and 8).

Examples of radial velocity and displacement records from a parallel line explosive
source are presented in Figure 47. An example of the data recorded on an angled-line test is
shown in Figure 48. In this case the transducer location corresponded to a field situation in
which the explosive line, was at a 30° to the pipe. These velocity and displacement traces are
quite similar to those from point sources.

The peak soil radial particle velocity and displacement for each explosive line experi-
ment are shown in Table 8. In this table, the parallel line data are grouped together. and
then the angled-line data are listed. The average seismic velocity ¢ is provided for each test
along with the equivalent energy release n. Also listed in this table are the weight (mass) W1
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Table 7. Pipe Response Data From Point Source Tests

Pipe Maximum Stresses
Test Test O.D. h n w R Strains Cir  Long

Series No. _(in.) _(in.) ()  _(ft) _Cir Long (psi) =~ _(psi)

- 295 0059 1.12 0.05 1.50 474 - I
2.95 0.059 1.12 0.05 1.50 1039 - - -
2.95 0.059 1.12 0.05 1.50 875 - - -
2.95 0.059 1:12° 1.00°.11.00 112 - - -
595 0.093 1.12 040 3.00 608 - -
595 0.093 1.12 040 3.00 930 592 35906 28236
595 0.093 1.12 1.00-11.00 120 137 5222 5608
595 0.093 1.12 0.03 200 156 169 6701 6996
595 0.093 1.12 0.03 1.00 996 548 37617 27451
2.95 0059 1.12 0.03 0.75 1217 868 47894 39974
16.00. 0.515 1.12 0.03 3.00 27 17 . 1041 814
16.00 0.515 1.12 0.03 1.50 477 205 17457 11285
16.00 0.51S 1.12 0.03 1.00 312 158 11651 8156
16.00 0.515 1.12 0.03.. 1.00 865 270 30667 17165 .
16.00 0.515 '1.12 0.06 1.50 214 119 ~ 8095 5939
16.00 0.515 1.12 006 1.25 564 298 21182 15145

. 295 0.059 1.12 005 150 337 490 15690 19162
2.95 0.059 1.12 0.05 1.50 463 620 21039 24602
595 0.093 1.12 040 3.00 620 666 26576 27620
5.95 0.093 1.12 0.40 3.00 560 627 24252 25712
24.00 0.312 1.00 15.00 9.40 352 360 14912 15094
24.00 0.3i2 1.00 5.00 6.00 974 933 40648 39718
24.00 0.312 1.00 5.00 6.00 917 854 38032 36603
24.00 0.312 1.00 15.00 13.00 537 786 ~ 25052 30703
24.00 0.312 1.00 5.00 9.00 404 492 17882 19878

24.00 0,312 1.00 15.00 13.00 330 390 14491 - 15852

24.00 0.312 1.00 '15.00 13.00 274 336 12150 13557

24.00 0.312 1.00 15.00 6.00 3815 6783 - e
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Table 7. Pipe Response Data From Point Source Tests (Cont'd)

Pipe ) Maximum Stresses
Test Test O.D. h n w R Strains Cir . Long

Series No. _(in.) (in.) o (b) (fty - Cir Long (gsi)‘ _(psi)
' 30.00 0.344 1.00 5.00 15.00 101 166 4889 . 6364

3 1
3 2 30.00 0.344 1.00 4.00 15.00 40 80 2075 2982
3 3 3000 0344 1.00 3.00 9.00 251 389 11920 15051 -
3 4 3000 0.344 1.00 .3.00 1500 39 123 2460 4367
4 1 595 0093 1.12° 7040 3.00. 578 - 601. 24582 25104
4 2 595 0.093 1.12 0.0 -1.50 783 689 32084 29951
4 3 595 0.093 1.12 040 424 211 - 389 10623. 14662
4 4 595 0.093 1.12° 040 4.24 240 504 12682 18673
4 S5 595 0.093 1.12 020 424 79 172 4234 6344
4. 6 595 0093 1.12 020 4.24 115 189 5566 7245
4 7 595 0093 1.12 010 2.12 557 345 21412 16601
4 8 595 0093 1.12 0.10 212 378 339 15551 14666 -
4 9 595 0.093 1.12 020 2.12 1147 987 46782 43151
4 10 595 0.093 1.12 020 2.12 1537 1191 61409 53557
4 11 595 0.093 1.12 040 428 265 594 14367 21833
4 38 595 0093 1.12 360 2250 73 58 2931 2590
[} 1 595 0.093 1.12 040 8,00 150 122 6049 5414
5 2 595 +0.093 1.12 040 11.00 78 70 3209 3028
5 3 595 0.093 1.12 040 15.00 - 36 40 1556 . 1647
5 4 595 0.093 1.12 025 8.00 90 79 3686 3436
5 5 595 0.093 1.12 0.08 4.00 125 114 - 5161 4911
5. 6 595 0.093 1.12 0.2 11.00 24 . 23 1002 979
5 7 595 0.093 1.12 0.08 11.00 18 13 710 596
5 8 595 0093 1.12 008 7.00 55 47 - 2240 2059
5 9 5950093 1.12 020 500 169 - 201 - 7433 8160
5 10 595 0.093 1.12 008 250 235 226 9816 9612
5 11 595 0093 1.2 040 500 188 226 8292 9155
5. 12 595 0.093 1.12° 040 3.00 616 501 24842 22232
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Table 8. Ground Motion Data From Line Source Tests

Test Test ¢ n NI LI WI B A U X

Series No. {fps) ) (ft) (Ib) (deg) (ft) . (ips) (in.)‘
11 1110 112 7 150 0.05 0 200 192 0.195
1 1 1110 112 7 150 0.05 0 2.00 189 0.130
1 11 1o 112 7 150 0.08 0 400 13.0  0.170
1. 11 110 112 7. 150 005 0 600 64 0.073
1 12 738 112 7 240 040 0 500 259 0.410
1 12 738 1.12 7 240 040 0 8.00 - 123 0.195
1 12 738 112 7 240 0. 0 11.00  11.5  0.160
1 12 738 112 7 240 0.40 0 14000 5.8 0.094
1 13 679 112 7 150 0.40 0 5.00 36.3  1.350
1 13 679 112 7 150 040 0. 10.00 9.1 0.166
1§ 13 - 679 1.12 7 150 040 0 - 15.00 3.2 0.065
1 13 679 112 7 150 0.40 0 - 20.00 1.6 0.025
1 14 780 112 7 1.50 0.40 0 5.00 39.6 1.460
1 14 780 1.12 7 150 0.40 0 - 10.00 9.1 0.136
1 14 78 112 7 150 0.40 0 15000 22 0.044
1 14 780 112 7 1.50 0.40 0 20.00 1.6 0.023
1 15 945 1.12 7 075 005 0 2.50 - S0.1 0.480
1 15 945 112 7 075 0.05 0 500 14.1 0.200
1 15 945 112 7 075 005 0. 7.50 5.8 0.082
1 15 945 112 7 075 005 0 1000 LS5 0.023
1 16 771 - L1217 075 0.05 0 250 72.8 0.550
1 16 711 112 7 075 005 0 500 172 0.240
1 16 771 112 7 075 005 O 7.50 7.9  0.108
1 16 1M L1217 075 0.05 0 10.00 2.0 0.031
1 17 -89 112 7 150 003 0 3.00 217 0.190
1 17 829 112 7 150 0.03 0 5.00 8.1 0.114
1 17 829 112 7 150 003 0 7.00 50  0.051
1 17 829 112 7 150 0.03 0 10.00 2.3 0.017
1 18 734 112 7 090 040 0 - 5.00 51.5 1.490
1 18 734 112 7 09 040 O 1000 6.8 0.130
1 18 734 112 7 090 040 0 15.00 4.6 0.075
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Table 8.

“Test

Ground Motion Data From Line Source Tests (Cont'd)

Test - c n° NIl
Series No. (fps)
| 18 734 1.12 7
1 19 564" 1.12 7 ¢
1 19 564  1.12 7 ¢
i I 19 564 1.12 7
1 19 564 112 7
1 26 701112707 .
1 26 701 - 1.12 7
1 26 701 112 7
1 26 701 1.12 7 -
1 27 645 112 1
1 27 645 1.12° 17
1 27 . 645 . 1.12 7
1 27 645 .12 7
5 21 - 908 1.12 4
5 21 908 - 1.12 4
5 21 98 1.12 4
5 22 747 1.12 7
5 22 747 1.12 7 -
5 22 747 112 7
5 23 888 . 1.12 7
5 23 888 1.12 7 -
5 23 888 -1.12 7
5 24 784 - 1.12 7
5 24 . 784 . 1.12 7
5 24 784 - 1.12 7
4 31 815 1.12 4
4 31 815 1.12 4
4 31 815 1.12 4
4 32 704  1.12 4
4 32 704 1.12 4
4 32 704_ 1.12 4

L1

0.90

0.46 -

0.46

0.46 -

0.46
3.30
3.30

3.30 -

3.30

3.30 .

3.30

1.50

1.50

1.50

1.50
1.50
1.50 -
. 1.50 -

1.50
1.50

1.50

1.50
1.50

2.50

2.50

2.50

2.50
2.50

.2.50
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- b)

1 0.40

0.03

0.03 -

0.03

0.03 .
0.05 .
:0.08

0.05

0.05 -

0.05

. 0.05
3.30
3.30

0.05
0.05

 0.40
0.40
0.40

0.40

- 0.40
0.40

0.40

0.40°
- 0.40

0.05

- 0.05

0.05
0.10
0.10
0.10

0.10

0.10
0.10

B

_(__gL

gGGSSGcco;eocccoccccocooocccocc°

X

A U
(ft) (ips) (in.)

. 20.00 3.0 0.043
1.50 66.5 - -0.520
3.00 19.8 0.270
600 - 6.1  0.120
9,00 1.8 © 0.035
500 -~ 4.5 0.042
8.00 2.5 0.021

11.00 2.0 0.014.
14.00 1.8 - o0.011 -
500 4.7 0.041

. 8.00 - 3.0 0.023
11.00 - 2.5 0.018
14.00 2.0 0.013
500 - 553 . 0.520 -
10.00 174~ 0.229:
15.00 7.5+ 0.071
10.00 22.F . 0.330
15.00 99 . 0.114

- 20.00 6.0 - 0,071

"~ 5.00 39.7 0.820
10.00 - 11.1 0.281
15.00 6.4 0.137

5.00 7.0 . 0.111
10.00 2.1 0.031
15.00 - 0.9 0.013
10.00 2.6 0.039
5.00 4.7 0.050
10.00 15 0.020
5.00 8.0 0.086
10.00 2.0 - 0.029
5.00 4.0 0.041



Table 8. Ground Motion Data From Line Source Tests (Cont'd)

Test Test '»-’c S \N‘l L1 W1 B A U ‘ =X

Series No. (fps) - . CAfty (b)) (deg) _(ft) _(ips) - _(in.)
4 32 704 112 4 250 0.10 60 1000 0.7 0.008
4 33 740 112 4 250 010 30 . 5.00 6.6  0.077

4 33 740 1.12 4 250 0.10 30 1000 1.7  0.026
4 33 740 112 4 250 0.10 75 . 5.00 43  0.038

4 33 740 L12 4 250 ©.10 75 10.00 1.6 0015
4 34 706 112 4 25 010 30 500 6.0  0.069
4 34 706 112 4 250 010 75 - 500 4.7 0.037
4 34 706 - 1.12 4 250 010 75 1000 14 . 0013

4 .35 707 112 4 250 0.10 45 1000 23  0.028
4 35 -..707 112 4 250 010 9% 1000 15 - 0.014
4 36 749 112 4 250  0.10 45 = 5.00 6.8 0.056
4 36 749 1.12 4 250 0.10 45 1000 19 0020

.4 36 749  1.12 4 250 . 010 9 - 5.00 5.2 0.049
4 36 749 112 4 250 010 9% 1000 15 0.013"

4 39 644 1.12 6 250 020 30 1000 . 39 0.075
4 39 644 112 6 25 020 30 1500 21 0038
4 39 644 112 6 .25 0200 9 - 1000 - 2.7 0.021
4 39 644 112 6 250 020 9 1500 12  0.012
4 40 782 112 6 250 020 30 10.00 33 - 0053

4 40 782 112 6 250 020 30 1500 2.0 @ 0.026
4 40 782 112 6 250 020 45 1000 3.6 :0.041
4 40 782 112 - 6 250 020 45 15.00 1.1 0.011

4 4 M K12 6 2.50 0.0 30 10.00 58  0.108
4 41 11 112 . 6 . 250 640 - 30 15.00 3.7 0.057

4 4 MM 112 6 - 250 040 45 10.00 5.1 - - 0.070

.4 4 771 112 6 250 . 040 45 . 1500 . 1.9 0.022
4 42 672 112 6 250 040 30  10.00 5.7  0.112
4 42 672 112 6 250 040 30 '15.00 3.8 10.058
4 42 672 112 6 . 250 040 90 10.00 5.2 0.034
4 42 672 1.12 6 250 040 % 1500 2.2 0.019
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of each individual charge making up the explosive line, the charge spacing L1, the angle B
between the pipeline and the explosive line, and the distance A between each transducer and
the nearest point charge.

The strain data from the explosive line experiments were obtained primarily at a loca-
tion on the pipe opposite the geometric center of the explosive source. As was the case with
the point sources, measurements were made mostly on the front, top, and back of the pipe
since the explosive lines were also buried to the same depth as the model pipe. Examples of
strain-time data at the primary sensing locations are shown in Figures 49 and 50 for a
parallel line source. Examples of strain traces from similar sensing locations for an angled-
line source are shown in Figures 51 and 52. Measurements made approximately at a pipe
location opposite the nearest point of the explosive line arc presented in Figures 53 and 54
for the same test as the preceding two figures. Note that the explosive line data appear to be
more complex than the point source data, especially in the longitudinal direction. This im-
plies that the forcing function produced by explosive line sources excited the model pipe
system into other modes which complicated the character of the strain records.

The stresses calculated from the absolute value of the maximum measured strains are
listed in Table 9. In addition, this table contains some of the test pipe information and
charge description. The absolute value of the maximum measured strains are also included.
Together with Table 3 in Section li, this table provides a complete description of each ex-
plosive line test and the corresponding stress data.

Grid Explosive Source Data

Twenty-eight experiments were performed using explosive grid sources. In 15 tests, the
grid was parallel to the test pipe and in the other 13 tests, the grid was oriented at an angle to
the pipe. All of the grids were made up of 12 equal weight point charges arranged in a 4 x 3
pattern. The spacing of all the charges in both directions was the same for each grid.

As was the case in all experimentation on this project, ground motion measurements
were made on each grid test. Normally, three or four velocity transducers were used to ob-
tain the soil particle velocity and displacement data. In some instances, the transducers
were oriented at a similar angle as the test pipe. In others, some of the transducers were
oriented at a different angle. An example of ground motion data from one of the grid tests
is presented in Figure 55. Note that these grid traces are slightly different than the point and
parallel line data. They show a distinct and significant negative velocity and displacement,
and more distinct oscillations.

The measured peak radial soil velocity and computed peak displacement data are
presented in Table 10 for each test by series and number. Also listed on this table are the
weight W1 of each individual charge making up the grid, the equal spacings L1 and L2 be-
tween charges, the average seismic velocity c, the array angle B, and the distance A between
each transducer and the grid, These ground motion data are used in Section VIII of the
report to complement the stress data in developing prediction methods for parallel grid and
angled-grid explosive sources.
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Table 9. Pipe Response Data From Line Source Tests

Pipe ' Maximum Stresses -
Test Test O.D. h n NI LI Wi B A Strains Cir Long
Series No. (in.) _(in.) (ft) (Ib) (deg) (ft) _ Cir Long _(psi) _(psi)
1 11 595 0.093 112 7 1.50 005 0 500 230 239 9780 9985
1 12 595 0093 1.12 7 240 040 O 800 360 285 14442 12740
1 13 595 0093 112 7 150 040 O 500 942 825 38561 35906
1 4 595 0093 112 7 150 040 O 500 713 850 31380 34489
1 15 295 0059 112 7 075 005 O 250 1355 600 49761 32628
1 16 295 0059 1:12 7 0.75 005 0 250 1395 - 620 51252 33666
I 17 295 0059 1.12 7 150 003 O 500 115 140 5090 5657
1 18 295 0059 112 7 09 040 0 300 - 1780 - -
1 19 595 0093 1.12 7 046 003 0 1.50 1750 1304 69413 59292
1 - 2 295 0059 1.12 7 330 005 0 8.00 42 48 1828 1965
1 27 295 0059 112 7 330 005 O 8.00 43 61 1987 2396
5 21 595 0093 112 4 150 040 0 1500 66 83 2947 3333
5 22 595 0093 1.2 7 150 040 O 1500 9 121 4289 4856
5 23 595 0093 1.12 7 150 040 0 1000 217 209 9067 8886
5 24 595 0093 1.12 7 1.50 005 O 10.00 47 60 2107 2402
4 31 595 0093 112 4 250 0.10 15 500 131 170 590 6785
4 32 595 0093 1.12 4 250 010 15 500 131 165 5851 . 6623
4 33 595 0093.1.12 4 250 010 30 500 113 131 4937 5346
4 34 5950093 112 4 250 010 30 500 97 104 4156 4315
4 35 595 0093 112 4 250 0.10 45 5.00 77 16 3235 3213
4 36 595 0093 1.12 4 250 010 45 500 97 85 3971 3699
4 39 595 0093 1.2 6 250 020 30 1000 100 107 4282 4441
4 40 595 0093 1.12 6 250 020 30 10.00 54 61 2344 2503
4 41 595 0093 1.12 6 250 040 30 10.00 121 122 5109 5132
4 42 595 0093 1.12 6 250 040 30 1000 114 114 4804 4804
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Table 10. Ground Motion Data From Grid Tests

Test Test c n

NI LI Wi B A N2 L2 U X
Series No. (fps) (ft) (b) _(deg) _(ft) (ft) _(ips) _(in.)
4 12 851 1.12 4 25 020 0 - 50 3 250 153 0.299
4 12 - 851 1.12 4 250 0.20 0 100 3 25 50 0.068
4 12 851 1.12 4 250 0.20 0 200 3 250 1.5 0.019
4 13 676 ~ 1.12 4 250 020 O 50 3 250 202 0.332
4 13- 676 1.12 4 250 0.20 0 100 3 250 5.8 0.088
.4 13 676 112 4 250 020 0 200 3 250 1.5 0.023
4 14 651 112 4 250 020 0 50 3 250 245 0.448
4 14 651 112 4 250 0.20 0 50 3 250 185 0.434
4 14 651 1.12 4 250 020 0 100 3 25 6.1 0.091
4 14 651 112 4 25 020 O 200 3 25 10 0.013
4 15 637 1.12 4 250 020 0 50 3 250 16.1  0.353
4 15 637 1.12 4 250 020 0 50 3 250 322 0.432
4 15 637 1.12. 4 250 0.20 0 100 3 250 45 0.068
4 20 799 1.12 4 250 0.10 0 50 3 250 126 0.132.
4 2 799 1.12 4 25 010 O 100 3 250 57  0.073
4 20 799 1.12 4 250 0.10 0 150 3 250 2.0 0.023
4 21 655 1.12 4 25 010 O 50 3 250 9.3 0.110
4 21 655 1.12 4 250 0.10 0 100 3 250 4.0 0.056
4 21 655 1.12 4 250 0.10 0 150 3 250 1.5 0.020
4 22 712 1.12 4 250 0.10 0 50 3 250 8.7 0.107
4 22 712 1.12 4 250 0.10 0 100 3 250 4.4 0.057
4 2 712 1.12 4 250 0.10 0 150 3 250 1.5 0.016
4 23 ‘808 1.12 4 250 0.10 0 30 3 250 171 0.217
4 23 808 1.12 4 250 0.10 0 50 3 250 11.1  0.146
4 23 88 112 4 25 010 O 100 3 250 38 - 0.052
4 24 773 112 4 250 0.10 0 50 3 250 1.7 0.095 .
4 24 73 1.12 4 25 0.10 0 100 3 250 4.7 0.058
4 25 738 1.12 4 250 0.10 0 'S0 3 250 42  0.041
4 25 738 1.12 4 250 0.10 0 100 3 250 3.2 0.032
4 26 598  1.12 4 250 0.10 0 7.5 3

2.50 5.4 0.060
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Table 10. Ground Motion Data From Grid Test (Cont'd)

Test Test ¢ n NI LI Wl B A N2 L2 u X

Series No. _(fps) , 1) (b) (deg) (f) (f)  _(ips) _(in)
4 26 598 1.12 4 250 010 O 125. 3 250 3.5  0.039
4 27 839 112 4 250 0.10 0 50 3 25 122  0.138
4 27 839 112 4 250 0.10 0 100 3 250 5.6  0.062
4 28 730 - 112 4 250 0.10 0 50 3 250 4.3 0.060
4 28 730 112 4 250 . 0.10 0 100 3 250 2.3 0.027
4 29 731 LI12 4 25 030 0 100 3 250 47  0.110
4 29 731 112 4 250 030 0 200 3 250 25  0.030

-4 29 731 112 4 250 030 0 250 3 250 1.8 0.0

4 30 83 112 4 250 030 O 100 3 250 152  0.165
4 30 83 L12 4 25 03 0 20 3 25 33 0.038
4 30 863 1,12 4 25 030 0 250 3 250 32 0042
4 37 759 1.12 4 250 0.30 0 100 3 250 9.6  0.089

4 37 759 112 4 250 030 0 100 3 250 7.6 . 0.159

4 37 759  LI12- 4 250 0.30 0 200 3 250 29 0031
4 37 759 112 4 25 030 0 250 3 25 1.3 0.016

5 13 - 755 112 .4 25 015 0 50 3 250 8.2  0.121
5 13 7155 112 4 250 015 0O 100 3 250 39 0.053
5 13 755 1.12 4 250 015 0 150 3 250 20 0.025

.5 16 717  LI12 .4 250 0.30 0 50 3 25 140 0.199
5 17 84 112 4 400 020 0 40 3 400 256  0.284
5 17 864 1.12 4 400 020 O 80 3 400 126 .0.136
5 17 84 112 4  4.00 0.2 0 120 '3 400 1.7 0.080
5 18 738 .12 4 150 005 0 20 3 150 226  0.244

.5 18 . 7138 1.12 4 150 0.05 0 40 3 1.50 100  0.128
5 18 738 112 4 150 005 0O 80 3 1.50 20  0.030
5 19 835 1.12 - 4 250 0.10 0 50 3. 250 1.9 0.089
5 20 826 1.12 4 250 0.10 0 50 3 250 7.6 008
4 16 617 1.12 4 250 020 30 70 3 250 6.4 0.074
4 16 617 1.12 4 250 020 30 100 3 250 3.8 0.055
4 16 617 1.12 4 250 020 30 170 3 250 20  0.023
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Table 10. Ground Motion Data From Grid Tests (Cont'd)

Test  Test c n - NI LI Wi B A N2 L2 U X
Series No.. _(fps) | .y () _(dep) (fY) () _(ps) . _(in)
4 17 612 112 4 250 020 30 70 3 250 57 0.064
4 17 612 112 4 25.02 30 100 3 250 35 0049
4 17 612 112 4 250 020 30 170 3 250 1.8  0.023
4 18 718 112 4 25 020 30 70 3 250 79  0.08
4 18 718 - 1.12 4 250 020 30 100 3 250 48 0062
4 18 718 112 4 _ 250 020 30 170 3 250 1.8 0.027
4 19 716 1122 4 . 250 02 30 100 3 250 32 003
4 19 M6 112 4 250 020 30 170 3 250 1.1 0617
4 24 773 L1124 250 0.0 30 50 3 250 7.1 0.084
4 24 773 112 4 250 010 30 100 3 250 27 0.031
4 25 738 112 4 250 0.0 30 50 3 250 - 25  0.032
4 25 . 738 112 .4 250 016 30 100 3 250 1.2 0015
4 26 598 112 4 250 0.0 30 72 3 250 44 0049
4 26 598 1.12 4 250 010 30 122 3 250 1.6 0018
4 27 839 112 4 250 010 30 50 3 25 63  0.069
4 27 . 839 112° 4 250 010 30 100 3 250 22 0027
4. 28 730 112 4 250 0.10 30 50 3 250 25 0.031
4 28 730 112 4 25 0.0, 30 100 3 250 08 0012
5 15 738 112 4 - 250 0.15. 30 35 3 250 105  0.142
5 15 738 112 4 250 0.15. 30 50 3 250 58  0.082
5 15 738 112 4 25 0.5 . 30 100 3 250  3.1.. 0.039
5 16 717 112 4 250 030 30 35 3 250 178 . 0.223
5 16 717 112 4 25 030 30 50 3 250 111 0.153
5 16 717 112 4 250 030 30 100 3 250 5.5  0.079
5 19 85 112 4 25 010 15 30 3 250 113 0.7
5 19 835 112 4 250 o0.10 15 50 3 250 61 0075
5 19 85 112 4 250 0.10 15 100 3 250 3.0 0.035
5 20 826 112 4 250 010 45 30 3 25 80  0.083
5 20 86 1.12 4 250 010 45 . 50 3 250 24  0.027
5 20 826 1.12 4 250 0.10 45 100 3 250 07  0.006
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In these grid experiments, strain measurements were made around the pipe primarily at
a location opposite the geometric center of the explosive grid as shown in Figures 9 and 10.
At strain gage location No. 1, measurements were made mostly on the front, top, and back
since the explosive grids were again buried to the same depth as the pipe. Additional strain
measurements were made at other sensing locations in an effort to record the maximum cir-
cumferential and longitudinal strains. Examples of strain-time data measured at the
primary sensing locations arc shown in Figures 56 and 57 for an explosive grid parallel to the
model pipe. Note that as the explosive geometry gets more complex, the character of the
strain data traces also increases in complexity, especially in the longitudinal direction. This
implies that the forcing function produced by the parallel grid sources excited the model
pipe into different modes as compared to the point and line sources. This is reflected by the
character of the strain records.

For some of the parallel grid tests, strains recordings were also made at locations Nos.
2, 3, and 4 (see Figure 9) to determine how the longitudinal strain on the front of the pipe
varied at other locations away from the primary one. Examples of the results are shown in
Figure 58. Looking at these three traces along with the front trace from Figure 57, one can
observe that at a time of 32 msec, the peak strain at location No. 1 is 196 pin./in. com-
pressive. At the same time, the gage at location No. 2 registered 20 pin./in. tensile, the gage
at location No. 3 registered 152 pin./in. tensile, and the gage at location No. 4 measured 160
pin./in. tensile. Similar amplitude and phase comparisons can be made at other time
increments.

For an angled-grid test, examples of strain traces recorded from gages at the primary
measurement location are presented in Figures 59 and 60. As was the case with the parallel
grid experiments, the data traces from angled-grid tests are considerably more complex and
less symmetric than those from point sources.

The maximum stresses computed from the measured peak strains for each of the grid
tests are shown in Table 11. The table also lists some of the pipe information and descrip-
tion. Together with Table 3 in Section I, this table defines every grid test and tabulates the
stress data. These grid stress data are used in Section VIl to develop the methodology for
simplifying these complex geometries into an equivalent parallel line or point source such
that the point and parallel line stress equations can be used to estimate pipe stresses for the
complex explosive geometries.
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Table 11. Pipe Response Data From Grid Source Tests

Pipe P ' S £ ‘Maximum Stresses
Test Test O.D. h n Ni L1 w: . B A N2 L2 Strains ~  Cir Long
Series No. _(in) _(in.) ‘ (fy @b ! __Ld_cg)_ gfq (ft) Cir Long _(psi) _(psi)
.4 12 595 0093 112 4 250 020 0 1000 3 250 98 108 4227 4454
4 13 595 0093 1.12 4 250 0.20 0 1000 3 250 128 120 5316 . 5135
4 14 559 0093 1.12. 4 250 0.20 0 1000 3 250 124 110 5090 4772
4 15 595 0093 1.12 4 250 0.20 0 1000 3 250 133 148 - 5751 6091
4 20 595 0093 1.12 4 250 o010 0 50 3 250 265 183 10370 8510
4 21 595 0093 1.12 4 250 010 0 500 _ 3 250 265 178 10322 8348
4 22 595 0093 112 4 250 010 0 - 500 -3 250 263 163 10111 7842
4 23 595 0.093 1.12 4 25 010 - O 300 3 2.50 387 248 14957 11803
4 29 . 595 0093 1.12 4 250 030 0 200 3 250 79 68 3222 2973
4 30 595 0093 112 4 250 030 0 2000 .3 2.50 57 41 2247 1883
4 37 595 0.093 1.12 4 2.50 030 0 2000 3 250 53 51 2214 2169
5 13 595 0.093 112 4 2.50  0.15 0 500 3 250 221 227 9372 9508
5 14 595 0093 112 4 25 - 030 0 50 3 2.50 365 311 14857 13632
s 17 595 0.093 112 4 400 0.20 o 800 3 400 102 87 - 4153 13812
5 18 595 0093 112 4 1.50  0.05 0 400 3 1.50° 178 158 ~ 7307 6853
4 16 595 0093 112 4 250 0.20 30 1000 3 250 -74 76 3138 3183
4 17 595 0093 112 4 2.50 . 0.20 306 1000 3 250 715 83 3239 3420
4 18 - 595 0093 1.12 4 250 020 30 10.00 3 250 77 56 - 3041 2564
4 197 595 0.093 1.12 4 2.50  0.20 3 1000 3 250 51 59 2227 2409
4 24 595 0093 112 4 250 0100 30 500 3 2.50 112 80 4409 3683
4 25 595 0093 112 4 2.50 " 0.10 30 500 3 250 98 69 3848 3190
4 26- 595 0093 1.12 4 2.50 0.10 30 500 3 2.50 128 79 4918 3806
4 27 5.95 0.093 1.12 4 250 0.10 30 500 3 2.50 105 59 3978 2934
4 28 595 0.093 1.12 4 25 o010 30 500 3 250 115 119 - 4885 4976
'S5 15 595 0093 1.12 4 250 015 300 350 3 250 194 170 7942 7398
5 16 595 0093 1.12 4 2.50 0.30 30 350 3 2.50 324 264 13071 11709
5 19 595 0093 1.12 4 250 010 15 500 3 250 91 87 3796 3705
5 20 595 0093 1.12 4 45 500 3 250 52 65 2318 2613

250 0.10
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V. GROUND MOTION RELATIONSHIPS

Introduction

New empirical relationships were developed for predicting maximum radial soil veloc-
ity and displacement when buried explosive charges are detonated in soil or rock. These
relationships are needed because the ground motion defines the forcing function applied to
a buried pipe from blasting. In addition, some state laws have at times limited blasting near
pipelines based on a maximum particle velocity criteria.

The seismic wave propagation problem for point and parallel line sources was solved by
creating the three pi terms derived in the model analysis of Section Il, empirical observation
to combine two of these pi terms, and a vast quantity of test data from the literature and
tests conducted in this study to interrelate energy release and standoff distance to the
resulting scaled ground motions.

General ground motion equations for point sources were developed using data from
tests that used explosive sources ranging from 0.03 Ib to 19.2 kiloton (nuclear blast
equivalent). Over a more limited range suitable, for pipeline applications, simpler log-linear
equations were also derived. For parallel, line sources, data were available primarily from
this program and log-linear equations were fitted to the test data to define the functional
relationships developed in the model analysis for line sources.

The pipe response equations were made less complex if one additional simplification
was made to the displacement prediction equation as pointed out in the next section of this
report. Therefore, the displacement solutions for point and parallel line explosive sources
were approximated with log-linear relationships having an exponent of unity.

Historical Background

Two different ground shock propagation procedures have been used in the past for em-
pirical relationships interrelating charge weight, standoff distance and ground motion. The
first approach, generally used by statisticians, is to propose a propagation law of the form

G =“CWV d R"ir : (32)

where G = the peak amplitude for either velocity or displacement
B’s = constant exponents
C = constant
W = charge weight
R = standoff distance
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This format is popular because the logarithm can be taken of both sides to obtain:
[in G} = [lp C]+8,[In W»] +8,[In R} : (33)

Because this logarithm equation is linear, a least squares curve fit can be made to obtain the
three coefficients 1n CB,, and 8,.Using the statistical approach, various investigators ob-
tain different results dependent upon the amount and range of their data and the properties
of the specific test site. Typical values of coefficient and exponents found in the literature
[Carder and Cloud (1959), Crandell (1960), Habberjam and Whettan (1952), Hudson, et al.
(1961), Ito (1953), Morris (1950), Ricker (1940), Teichmarm and Westwater (1957),
Thoenen and Windes (1942), and Willis and Wilson (1960)] have a range for B, from 0.4 to
1.0 and for B, from -1 to -2 with G as particle displacement or velocity.

The weakness of this statistical approach is that this format is assumed regardless of
what happens physically. The resulting equations are dimensionally illogical. A serious
problem is the statistician’s use of an incomplete expression. Other parameters enter the
ground shock propagation problem, especially soil properties, which are ignored. Because
these properties are ignored, the definition of the problem is incomplete, and the results do
not represent a general solution.

The second procedure, used by other investigators, usually those associated with the
Atomic Energy Commission, presents particle velocity U and displacement X in the format:

w3\ Pu '
Ua ( = ) (34)
X Wl/3 )Bx
w) « (S @)

This approach is an extension of the scaling law for air blast waves [Hopkinson (1915) and
Cranz (1926)], and is a dimensional version of a model analysis. If soil properties such as p
and c are treated as constants and dropped from the resulting pi terms in a model analysis,
the dimensional versions as presented in Equations (34) and (35) are obtained. An example
of curve fits for velocity and displacement to Equations (34) and (35) is given by Murphey
(1961).

U Rl.65

WO = constant. (36)
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X Rl.S

Murphey’s data were all obtained for chemical explosive detonations in Halite (salt domes)
and cover scaled charge weight over three orders of magnitude. The authors certainly agree
with Murphey and other AEC investigators on using modeling principles. Their curve fits
were expanded in this research effort by including data obtained in this program to extend
the range over nine orders of magnitude and by including an additional parameter.

Problems With the Conventional Modeling Approach

If the soil properties p and c are listed in a model analysis together with the explosive
energy release W,, standoff distance R, and either of the response parameters U or X, then
two dimensionless pi terms are obtained for either displacement or velocity as in the follow-
ing functional relationships:

X _¢ (V.

i’ =1Ix pc2R3 (38)
<t () o
c pC

Experienced modelers can readily see that with pand c considered as invariant, these equa-
tions amount to Equations (36) and (37). No reason exists to presume that the general but
unspecified functional format given by Equations (38) and (39) should be log linear. The
functional format can be obtained by nondimensionalizing experimental test data and plot-
ting the results provided the analysis is completely defined.

Figures 61 and 62 are plots of scaled displacement and scaled velocity using limited
amounts of test data from chemical explosive detonations. The displacement data seen in
Figure 61 come from only two sources, Murphey (1961) and the test results obtained in the
first test series of this program at the SwRI test site. Murphey (1961) describes two types of
Halite experiments. In one group of tests, the soil is in contact with the explosive charge. In
another group of tests, 6 to 15 ft radius cavities placed an air gap between the soil and the
explosive charge. These tests described by Murphey and called “Cowboy” used 200-, 500-,
and 1000-lb charges. The tests conducted by SwRI were in silty clay soils with various
moisture contents. The charges ranged from 0.03 to 1.00 Ib of explosive. Although more
data could be plotted in Figure 61, correlation will not occur. Obviously, some phenomena
are present in Figure 61 which are not reflected in a solution as given by Equation (38).
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The same lack of correlation which became apparent in Figure 61 for soil displacement
is also apparent in Figure 62 for peak soil particle velocity. An additional compilation of
data not contained in Figure 61 has been included in the Figure 62 velocity plot. Harry
Nicholls, et al. (1971) summarize velocities obtained from blasting in stone quarries. If only
the single explosive source detonations are used in this compilation, approximately 50 data
points can be obtained for a variety of charge weights, site locations and standoff distances.
In addition to these new data, the peak particle velocity data corresponding to halite, both
with and without cavity, and SwRI soil test results are included in Figure 62.

Although the data in both Figures 61 and 62 fail to correlate, they do show some
systematic tendencies. Increasing values of (We/pczks) result in increasing values of scaled
ground motion, and the slopes associated with the various data points are almost identical.
The figures infer that some phenomena not included in the analysis should be added. In
particular, both figures indicate that a different coupling must exist between different soils
or rock and the explosive source. Obviously, the poorest coupling exists when an air gap or
cavity separates the transmitting media from the explosive source as in some of Murphey’s
halite experiments. Figures 61 and 62 show that the resulting ground motions are less for
experiments with a cavity in halite. However, a weak rock, such as halite, should have a
better coupling than soil when both are in contact with explosives. These figures also indi-
cate that ground motions are greater for detonations in rock than for similar detonations in
soil. These results definitely infer that a coupling term should be added to Equations (38)
and (39) to achieve better correlation.

Addition of an Impedance Term

The term which was added to both the scaled displacement X/R and the scaled velocity
U/c terms was the square root of the soil compressibility relative to a standard com-
pressibility, the compressibility of air. This quantity (pcz/po)was divided into the non-
dimensionalized ground motions to obtain the functional equations, (40) and (41).

‘ 0.5
(Po) —f ( LA ) (40)
. pcz X‘ pc2R3_

0.5
o(&) () :
< \pc? U\ oc?R? (41)

Creation of the terms (X/R) (po/pcz)o's and (Ulc) (po/pcz)o'swas based entirely on em-
pirical observation. A functional format could also be created by plotting the dependent
and independent variables in Equations (40) and (41). In addition to using the no cavity
data presented in Figures 61 and 62, the ground motion data obtained in this program at the
SwRI, Kansas and Kentucky test sites, and additional AEC data from buried nuclear
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detonations were plotted together using the format shown in Equations (40) and (41). The
cavity test results in halite were not replotted because this empirical approach does not ac-
count for ground shock propagation when charges are placed in cavities.

The AEC data, which were added, come from Anon., Project Dribble Salmon (1965)
and Adams, et al. (1961). Both soil displacement and maximum particle velocity were
reported for Project Dribble Salmon, a nuclear blast yield of 5.3 kilotons; hence, these data
will appear in both scaled velocity and displacement plots. Adams, et al. (1961) is a sum-
mary of displacement and acceleration, but not velocity, for numerous large AEC buried
detonations. Maximum scaled displacement data are included for such projects as a 19.2-
kiloton detonation named Blanca, a 77-ton detonation named Tamalpais, a 13.5-ton
detonation named Mars, a 30-ton detonation named Evans, and a 5.0-kiloton detonation
named Logan. For these nuclear shots, the writers are not clear as to whether they mean the
radio-chemical yield or the equivalent blast yield. We have assumed that they quoted
equivalent blast yields. Test results indicate that for buried nuclear detonations where all
the energy can couple into the ground, the radio-chemical yield is more appropriate than the
equivalent air blast yield. The radio-chemical yield is twice as great as the equivalent air
blast yield, so all of the blast yields listed in this paragraph were doubled before plotting any
data points. In addition, the energy W, had to be converted to foot pounds of energy by
multiplying each explosive weight by the appropriate conversion factor, so the quantity
(We/pczR3) would be nondimensional. The density is a bulk mass (not weight) density, a
total density of the media, and c is the seismic P-wave propagation velocity. Other soil data
might exist, but only results in which ¢ was measured and reported could be used in this
evaluation. Obviously, the gas industry has little interest in nuclear explosions; however,
the inclusion of these data emphasizes the broad applicability of this analysis.

Figures 63 and 64, respectively, are plots of the nondimensionalized displacement and
nondimensionalized velocity data in the form given by Equations (40) and (41). Because the
data appear to collapse into a unique function, these results give a graphical solution. Scat-
ter does exist; however, no experiments or test site appears to yield systematic errors. The
range in any test condition is larger than ranges in any previous ground shock propagation
reports. The scaled charge weight (We/pc2R3)r.anges over almost ten orders of magnitude.
The charge weight itself ranges from 0.03 1b of chemical explosive to the radio-chemical
yield of 38.4 kilotons in Blanca, a factor of over two billion. The range in soil or rock den-
sities is small because nature offers only a small variation, but the wave velocity ¢ ranges
from approximately 500 fps to 15,000 fps, a factor of 30. The soil data measured in this
program are at much closer scaled distances to the charge than other results, but the transi-
tion does seem to be a continuous one.

The continuous curves in Figures 63 and 64 are approximate fits through the data.
points. These radial displacement and radial particle velocity prediction curves for point ex-
plosive sources are defined by the following equations:
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‘ 1.11
0.0414( W, )

0.5 ;
i ( P, ) = pCzR3
R \ pc? W\ (42)
tanh [18.2 <—£—) ]
‘ ‘ pc? R_3
A .\ 0.852
U 0.5 0.00617 ( v:" )
= ( .-p_o,) = pc’R?
¢ \ pc? (43)

\ 0.30
tanh [26.0( W, ) ]
pc?R?

in which

X = peak radial ground displacement (ft)

U = peak radial ground particle velocity (ft/sec)
R = standoff distance (ft)
W, = explosive energy release (ft-Ib)
o = mass density of the soil or rock (Ib-sec?/ft*)
c = seismic P-wave velocity in the soil or rock (ft/sec)
P, = atmospheric pressure (Ib/ft?)

Note that any consistent set of units can be used in these equations and that each term in
these relationships is nondimensional. The estimate of the standard error S of the test data
about the fitted curves is approximately * 50 percent.

Major differences separate these empirical equations from others that predict ground
motions. This new procedure is not log linear; test results cover more orders of magnitude,
and a coupling term (pcz/po)"" is divided into the scaled displacement and velocity. The
presence of atmospheric pressure in the prediction relationships does not mean atmospheric
pressure is a physical phenomena influencing the results. The quantity pc’ is a measure of
the compressibility of the shock propagation media. Hence, the quantity p, is a reference
standard (compressibility of air) and introduces empirically relative compressibilities for
different media such as soil and rock. Although straight lines can be curve fit to segments
of the results in Figures 63 and 64, the rate of change for either X or U with respect to either
W or R varies dependent upon the scaled charge weight. These variations are reasonably
close to those given by others and discussed in the historical background presented earlier in
this section. Closest to the charge where these slopes are greatest, are slightly larger expo-
nents than those which were previously reported; however, the earlier observations did not
include data obtained in this research program.

Discussion of Coupling Term

The term (pc:z/po)"'5 which is divided into the scaled velocity term U/c and scaled
displacement term X/R is a factor which empirically seems to work. The fact that the com-
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pressibility of the soil (pc®) is proportional to a modulus of elasticity (E), which in turn is
related to the compressibility of air, does not mean that atmospheric pressure is actually a
parameter physically entering this problem. If these ground shocks were to be propagated
on the moon where essentially no atmosphere exists, the amplitudes of the response would
not be infinite as inferred by this solution but rather of some finite amplitude. The at-
mospheric pressure p, was just a convenient constant which nondimensionalized pcz.

Perhaps p, enters pore pressure considerations and actually does belong in these
calculations; however, this is doubtful. Other parameters which have the dimensions of
pressure could be considered, but those parameters would essentially have to be constants in
all soils. Examples of possible substitutes for P, could include: (1) n(the density times the
heat of fusion) if one believes significant amounts of energy are dissipated in phase changes,
(2 pcpﬂ(the heat capacity times an increase in temperature) if thermal heating is important,
(3) the energy per unit volume (area under a stress-strain curve) in a hysteresis loop if
material damping is important, and (4) others or combinations of all of these effects. No
satisfactory explanation has been drawn. The point which makes all hypotheses difficult to
accept is thatp, or its counterpart must be essentially constant in all soil and rock tests. A
numerical value other than 14.7 psi does not invalidate this solution; a different constant
only translates all curves.

Simplified Point Source Equations

The general point source equations derived in the preceding portions of this section are
applicable over about ten orders of magnitude of the scaled charge weight (We/pczRa). As
can be seen in Figures 63 and 64, all of the data obtained by SwRI were for values of
(We/pc2R3) greater than 6.4 x 10° or within the last four cycles of these two figures. In
order to obtain simpler equations which are more applicable to the range of scaled charge
weights encountered in blasting situations in the vicinity of pipelines, log-linear curves were
fitted to all of the SwRI point source data. The resulting radial soil displacement and parti-
cle velocity equations applicable to point explosive sources are as follows:

0.5 . 1.060
X (_‘.’o_> =0.0373 (j_e_.) m
R \ pc? _ pc?R3

05 0.790
9-( P ) =o.00489(__‘y_=_) (@5)
¢ \pc? pc3R?

for

6x10~3 <—-W-°—-<6/10‘2
pc?R3
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As was the case with the general equations, each parameter group is dimensionless and,
therefore, any consistent set of units can be used in evaluating a particular problem. Note
again that like the general solutions the simplified point source equations would predict the
radial ground motions at a point below the ground surface which correspond to the depth of
the center of the pipe being tested. In most tests, this depth was two pipe diameters. The
equations should be applicable to a reasonable range of scaled depths up to almost the
ground surface.

The prediction curves generated by the simplified equations are shown in Figure 65
together with all the SwRI point source data. The estimates of the standard error S of the
data about the fitted curves were 0.67 and 0.54, respectively, for the peak soil displacements
and peak particle velocities. In this figure, the curves generated from the simplified equa-
tions are also compared to the general prediction curves. This comparison shows quite
clearly that both sets of equations ‘would provide very close to the same predictions for
radial ground motions. Therefore, because of their simpler form Equations (44) and (45)
are recommended for estimating ground’ motions whenever We/pcstlies between the
limits given.

Ground Motions from Parallel Line Sources

When a number of equally spaced explosive charges of the same weight are strung
along in line, as in explosive ditch digging, the ground motions must be predicted for a line
rather than a point source. In Section Il, the functional relationships derived from the
similitude analysis for the soil displacement and velocity generated by an explosive line
showed that W,/p!::ZR3 should be replaced with WQ/L/pcsz. If the same empirical ex-
plosive to soil coupling observations are made for the line source as for a point source,
Equations (16) and (17) in Section Il can be rewritten as follows:

X[ p, \* ot (Ve

—R— ;E? pc2R2 (46)
()" w0 ()

¢ \pc? oc*R2 (47)

In these functions L is the effective length of the line source and W,/L is the energy release
per unit length of explosive line.

To define the functions of these two equations, test data are required. Not every
measurement made in the parallel line experiments was applicable because these functional
relationships are for infinitely long lines. Therefore, only data from transducers located at
a distance from the charge that was less than the length of the explosive line were selected.
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Furthermore, in all cases the standoff distance was larger than the spacing between suc-
cessive charges to better approximate an infinitely long explosive line source rather than
multiple individual charges. For all the SwRI data selected for defining the functions of
Equations (46) and (47), the ratio of the standoff distance to explosive line length was
smaller than 0.7 and the ratio of the standoff distance to charge spacing was no smaller than
1.33. Subsequent analysis of both ground motion and pipe stress data indicated that the
parallel line solution could be used to obtain reasonable estimates up to a standoff distance
R which was equal to or less than the length L of the explosive line. This analysis is
presented in Section VIII.

In addition to the SwRI ground motion data, some velocity data at a different range of
scaled distances reported by H. Nicholls, et al. (1971) were used to define the radial velocity
equation for parallel line explosive sources. Some of the multiple detonation data from this
reference, could not be used as being from a parallel line source because either successive
charges were delayed or the standoff distances were much larger than the length of the ex-
plosive line. Using the applicable SwRI ground motion data and some of Nicholls’ Bureau
of Mines (BOM) particle velocity data, the functions for parallel line sources were curve fit
and are as follows:

0.5 1.073

.).l:_( P ) =0.0746 w;; 1; ) (48)
pc ‘ pcC
v 0.5 0.734

T(Z5) oomes( 22
p P

for
R/L=1.0

The curves defined by these equations are graphed in Figure 66 along with the radial ground
motion data. The estimates of the standard error were 0.47 and 0.35, respectively, for the
soil displacement and soil particle velocity.

The range of the test parameters on which the data shown in Figure 66 are based is not
as broad as that found in deriving the general point source equations. Ideally, more data
over a wider range of scaled charge weights and from several test sites (different ground
media) would increase the confidence of Equations (48) and (49). As general parallel line
prediction relationships, these equations should be given only tentative acceptance and used
with certain amount of engineering judgement. However, for field situations in a soil envi-.
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ronment similar to those of the SwRI model tests, Equations (48) and (49) should provide
reasonable ground motion predictions within the range of scaled charge weights of

W, /L

1074 < . <10-!

oc’R

Further Approximations for Displacement

The two log-linear equations for radial ground displacement from point and parallel
line explosive sources presented in the preceding parts of this section are quite similar. In
Equations (44) and (48), the dimensionless displacement, the left side of the equation, is
almost a first power function of the right side of the equation. Thus, good simplified ap-
proximations of these equations with unity exponents are possible.

For a point source, Equation (44) can be approximated over the range of the data by
the following simplified equation

0.5
5(%) =0.0262( W, )
R \pc pc?R?

In Figure 67, the curve defined by this equation is compared to that of Equation (44). One
can observe that relative to the scatter of the experimental data, the approximation is quite
good.

(50)

Similarly, for a parallel explosive line, Equation (48) can be approximated by the
following unity exponent function

= (
R

In the derivations of the pipe response equations, which are presented in the section that
follows, Equations (50) and (51) are used as the expressions for the soil displacement. Use
of these approximate relationships resulted in simplified final solutions for the pipe
response.

0.5
Po ) =0.0488
pc

W, /L )
(51)

pciR?

lllustrative Examples

The log-linear equations for estimating ground motions from point and parallel line
sources are quite similar. To apply these equations directly to field situations requires some
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brief discussions concerning the explosive energy parameters in the equations and perhaps
an illustrative problem. In addition, for a particular test site, the equations can be
simplified further (since pand ¢ would be essentially constant) and used in direct computa-
tion or in graphical form. An example of this will also be presented.

Most chemical explosives have close to the same energy release per unit weight (W.,).
This observation implies that if the explosive being used in a blasting situation is not known,
the prediction equations can be used by substituting a “typical” value for W,.. Table 12 lists
average specific energy release values for a number of commercial explosives.

Table 12. Typical Specific Energy Release
of Some Commercial Explosives

W, /b,

Explosive (ft-1b¢/1by,)

AN Low Density Dynamite 1.50 x 10°
ANFO (94/6) 1.52 x 10°
Comp B (60/40) 1.70 x 10°
Comp C-4 1.70 x l10°
HBX-1 1.30 x 10°
NG Dynamite (40%) 1.59 x 10°
NG Dynamite (60%) 1.70 x 10°
Pentolite (50/50) 1.68 x 10°
RDX 1.76 x 10°
TNT 1.49 x 10°

To demonstrate the direct use of the log-linear ground motion equations, Example Pro-
blem No. 1 follows:

Example Problem No. 1

Given: A point charge of 2.5Ib of 60 percent NG Dynamite will be detonated, buried 4
ft in a soil with a density of 120 Ib/ft® and a seismic propagation velocity of
1,000 ft/sec.

Find: The horizontal ground motions at a standoff distance of 15 ft.

Solution: (a) Put parameters in Equations (44) and (45) in consistent units

W, =(@2.5 1b,,,)(1.7 x 10° f::b‘

) =4.25x 10%ft-Ib,
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1201b, /£t

p= ___ =3.73 "’ffsfc
j t
32,9 1bm-ft
1b,-sec?
c¢=1,000 ft/sec
R=151ft

(14 715, ) (144_.) =2, 117%—

(b) Calculate each dimensionless group

p 0.5 0.5
( Po ) = [___.3.1.11._] =2.38%10"2
pc? (3.73)(1,000)° '

w, ) [ 4.25x10°
=

—-—5—'—3— 3 3 ] =3.376X 10 -4
pc’R (3.73)(1,000)°(15)

Note that the value for the scaled charge is within the limits of applica-
bility of the log-linear solutions.

(c) Substitute into Equation (44) and solve for X
-1)55-(2.38 x 10 7%)=0.0373(3.376 X 10 ~4) -0
X =0.00491 ft

X=0.059in,
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(d) Substitute into Equation (45) and solve for U

-—-[—J—-(2.38 % 1072)=0.00489(3.376 x 10 ~*)°™
1,000 i

’

U=0.372 ft/sec

U =4.46 in./sec

A similar example will now be presented for a parallel line source, for which the radial
ground motions are in a direction perpendicular to the explosive line. The effective length
(L) of the equally spaced line of charges is the number of charges multiplied by the spacing
between them. Also, the energy release W, is that of the total explosive line. The example
problem which uses Equations (48) and (49) is as follows:

Example Problem No. 2

Given: Seven 60 percent NG dynamite charges weighing 2.5 Ib each and spaced 3 ft
apart will be detonated simultaneously. The charges will be buried 4 ft in a soil
media. The density of the soil is measured to be 120 Ib/ft® and the seismic pro-
pagation velocity is estimated to be 1,000 ft/sec.

Find: The horizontal radial ground motions at a point 15 ft from the explosive line,
and perpendicular to the center of the line.

Solution: (@) Put parameters in Equations (48) and (49) in consistent units

W, =(D@2.51b, )(1.7 x 108 f::bf

)‘ =29.75 x 10° ft-Ib,

L=(M@f)=211t

3 2
- 1201b,, /ft =3.73 lb,-sec
32.21b,, -ft/Ib,-sec? ft*
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c=1,000 ft/sec

R=15ft

b in2 b
= 14.7._f.) (144_.._)=2,u7__f_
Po ( in? ft2 ft2

Note that since R <L, the spacing between charges is much less than R,
and the charges will be detonated with no delays, the line of explosives can
be considered as being continuous and infinite.

(b) Evaluate each dimensionless group

05 a2 ‘
(Po ) - .__.__2_‘_‘_7_.___] =2.382x10"?
pc? L (3.73)(1,000)2

W, /L ) [ 29.75x10°

— ]-—-—-l.6_88x10”
pciR? L (3.73)(1,000)%(15)%(21)

Note that the value for the scaled charge is within the limits of applicabil-
ity for the log-linear solutions.

(c) Substitute into Equation (48) and solve for X
“1)‘2'(2~332>< 1072) ==0.o746(1 688 x 10-3) 107
x=v>0.0498 ft

(d) Substitute in Equation (49) and solve for U
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fgo-g(z-”“ 1072)=0.00465(1.688 x 10 ~%)°7

*

U=1.801 ft/sec

U=21.6in./sec

If ground motion predictions are repeatedly needed for a specific test site, it might be
more convenient to graph the prediction equations rather than use direct calculation. Since
p and ¢ would be essentially constants, any of the ground motion equations would reduce to
a three-parameter space which can easily be plotted. For example, Figure 68 is a plot of
Equation (45), the log-linear radial particle velocity equation for a test site in which ¢ =
1,000 ft/sec and p = 120 Ib/ft}, as in Example Problem No. 1. The estimate of 4.5 in./sec
is quite close to the value calculated earlier using the prediction equations directly.
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Figure 68. Graphical Solution of Example Problem No. 1
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V1. PIPE STRESSES FROM POINT AND PARALLEL LINE SOURCES

Introduction

The ground motions predicted in the previous chapter impart a transient loading to a
buried pipe. Basically, this load takes the form of an impulse imparting kinetic energy to a
buried pipe. This kinetic energy is dissipated by changing to strain energy. Significant
strains were recorded and are reported in Section IV in both circumferential and
longitudinal directions. The purpose of this section is to present the derivation of approx-
imate formulas to interrelate maximum pipe strain in both directions to the pipe, soil, and
explosive parameters of importance. Only elastic analysis procedures were used because
yielding of a pipeline is considered unacceptable. The pipe strain data from tests using point
and parallel line explosive sources were then used to define the strain functions and to deter-
mine the biaxial stresses to develop a similar empirical stress prediction equation for these
explosive configurations.

Predicting impulse Imparted to Pipes

Before structural calculations can be made, the impulse distribution imparted to a pipe
from a ground seismic wave must be estimated. This explosively induced load becomes the
forcing function needed in structural calculations.

The side-on pressure and subsequent impulse must be determined without a pipe pre-
sent before the impulse imparted to a pipe can be determined. Fortunately, soil particle
velocity and displacement, predicted in Section V, relate directly to free-field or side-on
pressures and impulses. To calculate pressure from particle velocity, we use the Rankine-
Hugoniot relationships for conservation of mass and momentum. For a stationary coor-
dinate system with a shock front moving at velocity V, these equations are:

=p,V=p,(U-YV) (52)
P;V2=Ps+p,(U-V)2 (53)

where p, is the density behind the shock front, ps is the side-on overpressure and U is the
soil particle velocity. Multiplying both sides of Equation (52) by (U - V) and then subtrac-
ting the new Equation (52) from Equation (53) gives:

p,=p,VU (54)
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Equation (54) states that peak side-on overpressure is the product of soil density, shock
front velocity, and peak particle velocity. In a fairly incompressible medium such as soil
with its massive particles, the shock front propagation velocity V very rapidly decays to c,
the seismic velocity. Substitution of ¢ for V is a common practice in hydraulic shock studies
and would appear to be equally valid in soil. This final substitution yields Equation (55)
which will be used to relate side-on overpressure and particle velocity.

p,=p.cU (55)

Either Equation (45) in Section V for point sources or Equation (49) in Section V for
line sources can be substituted into Equation (55) to determine ps. To determine the side-on
specific impulse i;, we will treat ps and ¢ as constants and integrate Equation (55). Because
the time integral of pressure is impulse (i;) and the time integral of velocity is displacement
(X), integrating Equation (55) gives:

i =p,cX (56)

Equation (56) can be used for values of X from either point or parallel line charges.
Next, the distribution of impulse imparted to a buried pipe by side-on impulses must be
estimated. Figure 69 shows a pipe loaded by an assumed distribution of applied impulse.
At the top and bottom of the pipe, the applied impulse will be is. A lower limit at the front
of the pipe for the impulse will equal at least 2 i;. Between the top and front edge of the
pipe, some distribution will exist which is not known. Therefore, a convenient
mathematical expression, Equation (57), was selected which reaches the correct limits,

i=i,(l+-2-g) for0<f<=x/2 (57)
T . .

The back side of the pipe will also be loaded by the shock wave diffracting around the
pipe. At 8= —=x/2, on the very rear surface of the pipe, the impulse could very easily exceed
i,, however, no one knows the exact magnitude. This was solved by assuming that the ap-
plied specific impulse equals (1 + m) is at the back of the pipe where m is some number be-
tween 0 and 1. The distribution of impulse over the back surface of the pipe is similar to
that used over the front surface and is
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Figure 69. Assumed Distribution of Impulse Imparted to a Pipe
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i-—.i,(l— 2m ‘9) . for0>6> /2 (58)
T

A minus sign appears in Equation (58) because the angle @is measured in a negative
direction.
Circumferential Strain Estimate

Now that an impulse distribution function has been derived, the pipe strains can be
estimated by assuming a deformed shape and equating the kinetic energy to the strain
energy. The kinetic energy imparted initially to the pipe is given by:

. , -
1 M/iA i2A2
;%22 ° ppe 2\ M. ~.pzip:esz (59)

The impulse distribution has already been given in Equations (57) and (58), so the summa-
tion can be made by writing the area A, as a differential area of (r dé dx) which must be
double integrated over the pipe.

The mass term M also requires some thought because it involves both the pipe mass and
a large mass of earth that moves with the pipe. Empirical observation made in the first test
series on periods of pipe oscillation indicated that this effective mass of earth extends from
the center of the charge to the center of the pipe. This large mass of earth moving with the
pipe causes the mass of the pipe itself to be insignificant. If we use some of the early point
source test results reported in Section IV, the assumption of attaching a large mass of earth
to the pipe can he demonstrated to be a good one for the range of standoff distance to pipe
diameter ratios used in this program. For much larger ratios this assumption may or may
not be as good.

For an ovalling bending mode in a ring, the fundamental natural frequencyw is given
by Den Hartog (1947) as:

w—-=2.6833 -5"7 (60)

where J 1/12 (dx) h* the second moment of area
p = the mass per unit length

If one substitutes (pg R dx) for p in Equation (60), and compute the period 7 from the fre-
guency « 'we obtain:
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Rr*
r=8.1~1,/"’éh3 (61)

where ps is the density of the soil, R is the standoff distance, r is the pipe radius, E is the pipe
modulus of elasticity, and h is the pipe thickness.

Calculated periods using Equation (61) agreed well with observed periods in the pipe
strain records on early model soil tests, as shown in Table 13. These strain records also
showed pipe ovalling, inferring that pipe bending was a correct mode of response for these
first few tests. However, for media with a significant elastic constant (perhaps rock), Equa-
tion (61) may not apply. Should the strength of the media contribute significantly, the
quantity E h® would become an effective E h® that is larger than that of the pipe by itself
and the periods would decrease accordingly.

Table 13. Observed and Calculated Periods for
Buried Pipe Systems

Pipe Standoff

Test Test Diameter Distance Observed Periods Calculated Periods
Series N o . (in.) (ft) (milliseconds) (milliseconds)

1 1 2.95 15 16 11.7

1 2 2.95 1.5 11 11.7

1 3 2.95 15 13 11.7

1 -4 2.95 11.0 25 31.6

1 5 5.95 3.0 35 34.8

1 6 5.95 3.0 36 34.8

1 7 5.95 11.0 71 66.8

In firing a series of explosive charges near a pipeline, questions often arise as to
whether the stresses induced on the pipe can be decreased by use of delays. If one assumes
that the pipe response is approximately sinusoidal bending in both the circumferential and
longitudinal direction, then any series of loading impulses which arrive at the pipe under 1/4
period apart would be considered to load the pipe with no delays. Shock arrivals which are
spaced between 1/4 and 2 periods apart are in a regime where the stresses may or may not be
reduced depending on how the transient loads interphase and whether the pipe is excited at
different modes. Finally, for transient loads which arrive at the pipe more than 2 periods
apart, one would expect that the maximum stress would be that induced by any one blast
wave and thus no enhancement would occur.
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Now that the mass is seen to be a large effective mass of earth, the kinetic energy im-
parted to the pipe in an ovalling mode can be calculated by substituting (o, R dx) for the
mass per unit circumferential length. The total impulse (iA;) in the numerator to Equation
(59) is given by (i r d@ dx). The mass M in Equation (59) is given by (ps R r d@ dx). By taking
advantage of symmetry and integrating over the top half of the pipe, we obtain for Equa-
tion (59):

+/2 pax/2 .2 2 +0/2 p+x/2
KE=25 S P(rdfdx)” _ T S S i2dgdx (62)
-2 J -2 2(p,Rrdfdx) pRJ-t/2J -7/

where € is an arbitrary length of the pipe. But i is given by Equations (57) and (58) which
means:

.2 +8/2 p+xa/2 2 +i/2 po 2
KEz_fl_s-[g S (1+-2.2) d0dx+S S (l-.z_!_nio-) dodx] (63)
o R -2 do n -2 d -x/2 T
or.
2 :2
KE= [_2". (3.333-m+ -"%_)]l% (64)
Py

Next, one needs to compute the strain energy SE so that it can be equated to the kinetic
energy to estimate circumferential strains. If we assume that the pipe goes into an ovalling
bending mode as was indicated by the recorded strains from point charges and by the
calculated and observed durations associated with the vibrating pipes, the strain energy in
the circumferential direction is computed from an assumed deformed shape y given by:

y=w, cos 20 (65)

where w, = the maximum deformation.

The elastic bending moment (M,), as computed from two derivatives of Equation (65) is:

d’y _4 EJw,
r2de? r’

M, = -EJ s 20 (66)
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The strain energy (SEg,) is given by:

4 M2 ¢ do

SEcir = sj
0 2 EJ

(67)
Which, after substitution of Equation (66) into Equation (67), yields:

SE

2 px/4
-_-E‘;M_o_g cos?(26)d9 (68)

cir 3

r [

Integration of Equation (68) gives the result:

8 » EJ w?
SE ; = ——-;3—--—

(69)

Substituting into the flexure equation for the circumferential strain (eci,)

_ Mg, 2

] E (70)

€cir

the maximum moment from Equation (66) when cos 2¢ equals unity and solving for w,
gives

€. 1’

W= —dr
° 2h (71)

The second moment of area J about an axis through the wall of the pipe is given by:

(72)
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where €1 is an arbitrary length of the pipe. Then, substituting Equations (71) and (72) into
Equation (69) gives for the circumferential strain energy:

SE,, = %eﬁi,Eth (73)

Finally, equating the strain energy SE,, to the kinetic energy KE given by Equation (64)
yields the result:

2 22,0
X &, Erhe= [_"- (3.333 —m+ .‘_“_> ] it (74)
6 2 3 o,R
or.
€, = [10—3m+m?] 2 L (75)

[EhRPs ] 172

But, the side-on impulse is is related to displacement by Equation (56). Substituting to
eliminate i; gives:

ps2cX

10— 21112
em—-[lO 3m+m] W

(76)

The quantity [ 10- 3m + m? ] ®° is a diffraction coefficient, C.. The final version of Equa-

tion (76) which will be used to develop this solution empirically is then:

p:/ 2eX

€oir = Cc EI/Zhl/ZRIIZ (77)

The advantage to having Equation (77) in its present format is that the strain is related to
ground motion X. Ground motion X can be caused by a point source, line source, or grid
source. In this manner, ground motion is studied and characterized separately for different
sources, and then the circumferential strain can be predicted.
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Next, we will estimate the longitudinal strain associated with longitudinal bending of a
pipe segment.

Longitudinal Strain Estimate

The longitudinal bending strains will also be estimated by assuming a deformed shape
and equating kinetic energy to strain energy. For a longitudinal bending mode of response,
the pipe must be treated as a long beam. Now, we need to compute the total resultant im-
pulse acting on the pipe because of the impulse distributions from the load which diffracts
around the pipe. For a dx differential length of pipe, this resultant impulse | is given by:

1 +%x/2
El;; = ZS /2 i(sin@)rdé (78)
-

which, after substituting Equations (57) and (58), is given by:

] +%x/2
——I-=2ris[§ (I—M sinf d6+§ , (l+£)sin0 ¢ (79)
(dx) —-%/2 g ) T
Performing the required integration gives:
4 : '
I=—(1 —m)i r(dx) (80)
T

Equation (80) is the total impulse imparted to a ring segment. This equation can also
be written as:

I=Ci A, (81)
where A, = 2r (dx), the projected area
C = (2/m)(1-m), longitudinal coefficient.

Equation (81) states that the total impulse is the specific impulse times the projected areas
times a coefficient.
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Now, we are prepared to calculate the kinetic energy associated with a longitudinal
bending of the pipe. This kinetic energy (KE) is given by:

/2
E 1, 2 12 S 12
KE = —MVi= —_—=2 — 82
pipe 2 e pipe 2m 0 2m (62)

Substituting Equation (81) for | and assuming that an effective mass of earth from the
center of the charge to the center of the pipe moves with the pipes gives the result:

02 ~2:.2 2 2
d .
KE:S C?i}(2r)*(dx)

(83)
0 p,2r) R (dx)

This assumption of a large effective mass of earth moving with the pipe causes the mass
of the pipe itself to be insignificant. It is based upon the same empirical observations that
were made for the circumferential strain solutions. After performing the required integra-
tion, we obtain:

Cilre
KE= : (84)
o R
Substituting Equation (56) for i in Equation (84) finally yields:
C?p,crex?
KE=——fik———— (85)

Next, the strain energy SE,,,, must be calculated because of the pipe responding in a
longitudinal bending mode. This computation is done by assuming a deformed shape given
by:

/ ax (86)
y=Ww, COs (—e—>
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where w
¢

maximum pipe deflection
total length of the deforming pipe

o

Differentiating Equation (86) twice and substituting into the elastic moment-curvature rela-
tionship gives:

d’y «? EJ w,

M, =~-E] —5 = - co (87)
But the strain energy is given by:
/2 2
Mb dx
SE =2§ 88
long o 2 EJ ( )
Substituting Equation (87) into Equation (88) gives:
4 2 pi2
x EJ w 5 [ 7X
SE, g, = —‘——-f-s cos? (—) dx (89)
. ¢ o ¢
Which, after integrating, gives:
] 2
" EJ w
SE ong = — (90)

4¢3

Next, we wish to substitute for J and w,. The second moment of area J for a pipe is
given by:

J= -}(ri -1{) (92)

Substituting (r; + h) for r,, this becomes:

4 4
» J=-"-:—‘-[(l+—h-) -1] 92)
I
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Using the binomial expansion and retaining only the first two terms because h/r; is small
gives:

o
J=I_'_i.[1+4(_“.> +......-1] (93)
4 r;

Equation (93) reduces to:

J=ar’h (94)

The deformation w, is related to the maximum longitudinal strain€g,, by substituting into:

M. (h/2)
elonz = . (95)
EJ
But M, occurs when the cos #x/€ equals 1.0 in Equation (87), hence:
_wrlw,r
€long = _—_ez_"'J' (96)
Which gives, when solved for wy:
€100 02
w, = lonzi (97)
Tr

Substituting Equations (94) and (97) into Equation (90) gives the longitudinal strain energy:

x
SElong = _4‘51201;3 Erht‘ (98)
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Finally, equating the strain energy SE,,, to the kinetic energy KE given by Equation
(63) yields the result:

T C2p,c?rex?
-Zef,,,,, Erht= _--’—R—-—- (99)

Which, after substituting for C and reducing, becomes:

_ 172
elong=[4(1 m)] 0; cX (100)

1I'3,/2 El/2hl/2Rl/2

The quantity [4 (1-m)/x**]is a coefficient C_ similar to C, in Equation (77) for cir-
cumferential stress. This final substitution gives:

;X

€long = L E AR AR 12 (101)

Notice that Equation (101) for longitudinal strain is the same equation as Equation
(77) for circumferential strain except for the proportionality coefficients C, and C, . This
observation means that a change in some parameter will have the same relative influence on

€ | BSON €

cir

Observe that in both the circumferential strain and longitudinal strain solutions, the
radius r and length £ (of the pipe are not in the equations. This occurs because the quantity
(r€) on the strain energy side of the energy balance cancels with (rf€) on the kinetic energy
side. Because these parameters are not in the final solution, the strains are independent of
both the pipe length £:and the pipe radius r . Static analysis procedures do not yield this con-
clusion, and cannot be used to draw valid conclusions in this dynamic problem. Dynami-
cally, this solution infers that doubling the radius r or size of the pipe doubles the kinetic
energy imparted to the pipe; however, this process doubles the amount of material available
for absorbing the input energy through strain energy. The net result is that the pipe radius r
cancels out of the analysis and the stresses are independent of pipe radius, The experimental
data obtained in this program on 3-inch, 6-inch, 16-inch, 24-inch, and 30-inch diameter
pipes will be used later in comparisons which uphold this analytical observation.

The other major observation which should be made concerning Equations (77) and
(101) is that strain solutions can be obtained by two plots of test data, one for maximum cir-

cumferential strain €y, iand the other for maximum longitudinal strain €,.. This procedure
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is precisely the one which was followed to develop the final quantitative functional formats
for predicting pipe strains from buried detonations. Similarly, since the pipe stresses are
functions of these two orthogonal strains, stress prediction equations for point and parallel
line sources were derived using the strain data.

Use of Test Data to Complete Solutions

Equations (77) and (101) relate the pipe response to the forcing function, the radial
ground displacement X. To derive pipe response formulas which are in terms of the pipe
parameters, charge size, and charge location, Equations (50) and (51) were used to eliminate
X and the other ground parameters. Then the experimental data were used to define the
pipe response functions.

As test data were obtained in the program, curve fits were made to complete the hoop
and axial strain prediction equations. Then, these equations were approximately trans-
formed to stress equations by doing a uniaxial conversion, i.e., by simply multiplying both
sides of the equation by the modulus of elasticity. In this way the blasting stresses could be
combined with other pipe stresses to determine if the allowable pipe stress would be exceed-
ed. As more tests were conducted, the prediction equations were revised.

Later in the program, the Supervisory Committee and SwRI decided that the approx-
imate uniaxial conversion of strains to stresses was not adequate. Therefore, making some
conservative assumptions, the peak measured strains for each test were converted to biaxial
stresses. This conversion is explained in Section Ill. With these data, biaxial stress predic-
tion equations were derived for point and parallel line explosive sources.

The relationship derived earlier in this section for the elastic circumferential strain is of
the form

12
_ ps'ceX
€ar =C; E 1/2;1/2R 172 ' (77)

A similar dimensionless expression was also developed for the longitudinal strain, Equation
(101). Substituting the equation for X for a point source from Equation (50) into Equation
(77) results in

We
em=Cl (__________.) (102)

N /pth RZ.S

Equation (102) is nondimensional. The left side of the equation is the pipe response which is
a function of the parameters on the right side. The constant C; is a combination of the con-
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stants in Equations (50) and (77), including C,, the diffraction coefficient (or function),
which will not be evaluated explicitly. Instead, a function for Equation (102) was defined by
fitting a log-linear expression to the experimental strain data. But, before the data fit was
performed, the parameters in Equation (102) were converted into units which are customar-
ily used in the field. The following substitutions were, made: quantity nW as equivalent
pounds of ANFO in place of W, the quantity 14.7 psi for p,, and the proper dimensional
conversions so that R would be in feet, E in psi, and h in inches. These substitutions
transformed Equation (102) into

oW
€ =Cy ( ——""'——-) (103)

VEh R**

Note that in this equation, C, includes all the necessary conversion units and factors to keep
the right-hand side of the equation dimensionless. Using the strain data presented in Sec-
tion Ill, the log-linear function for circumferential (and longitudinal) strain was defined.

Similarly, for a parallel line source, the circumferential and longitudinal strain function
were simplified into the form

e=C,

nW/L
— ) (104)

VEh R'?

Again, experimental data were used to define the prediction equations for parallel line
sources. Only data from parallel line sources in which the ratio of the standoff distance to
the length of the explosive line was less than 0.5 and the ratio of the charge spacing to stand-
off distance was less than 0.42 were used. The results of the fits to the point and parallel line
source strain data showed that all of the circumferential data could be fitted together to pro-
duce a predictive equation for both sources. Likewise, all the longitudinal data could be fit-
ted together. The only adjustment necessary was to introduce a different numerical con-
stant to the right side of Equation (104) for the line source data.

The resulting equations for predicting elastic pipe strains from point and parallel line
explosive sources are as follows:

€ =4.78 x™* (105)
and

€long = 1.98 XOJ” (106)
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The term x is defined as

nWwW
X< ———— (point source) (107)
VEh R?*S
and
1.3nW/L
X% ——— (parallel line source) (108)

VEh R'S

For these strain prediction equations

maximum circumferential strain (in./in.)
maximum longitudinal strain (in./in.)
equivalent energy release (nondimensional)
total charge weight of point or line (Ib)
modulus of elasticity (psi)

wall thickness (in.)

distance between pipe and charge (ft)

= total length of explosive line (ft)

cir

i

e mgs
a
]

Due to the format of the point and parallel line predictive equations, only two graphs
are required to compare the curves defined by the. equations to the test data. The first
graph, Figure 70, includes the circumferential strain predictive curve and all of the cor-
responding point and parallel line explosive source data obtained by SwRI. Figure 71 is a
similar graph for the longitudinal strains. The scatter of the data about the two solution
lines, as indicated by the estimate of the standard error S, is good for this type of testing.
Also, the wide range of the data makes these solutions valid for pipe strains ranging from 10
to 1,500 pin/in. This range should cover most blasting situations near gas pipelines.

As these strain solutions evolved, they were useful in estimating the strains for the ex-
perimental portions of the program. They provided realistic prediction values of strain for
setting amplifier gains and recording voltage levels. It is for this type of application that
Equations (105) through (108) are most useful. However, for a blasting situation near an
operational pipeline for which an estimate of the blasting stresses is required, the estimated
blast strains need to be converted to stresses so that they can be combined with other stresses
on the pipe to determine the total state of stress. This conversion may be dictated by com-
pany policy. or be decided upon by the engineer in charge.

As was done early in the program, the stresses can be approximated by converting the
maximum predicted strains using the uniaxial conversion formula. Or, one can make the
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same conservative assumptions presented in Section Ill to compute biaxial stresses using
Equations (30) and (31).

Ocir = p 2 (ecir +v elong)

along = 1— yz (elong + Vecir) (31)

To eliminate the step of converting the strains to stresses, the biaxial stress data
presented in Section Il were used to derive stress equations using similar data analysis and
empirical observations as was done to develop the strain equations for point and parallel
line sources. One thing that changes slightly is the size of the data base. For some of the
early tests, only hoop measurements were made and were used in the strain data fits.
However, the corresponding hoop stresses could not be computed since the longitudinal
strain components were not measured on these tests. Thus, fewer circumferential stress
data points were available than strain data points.

As indicated by Equations (30) and (31), surface biaxial stresses on a particular pipe are
strictly a function of the two orthogonal strains. Therefore, one can combine Equations
(105) and (106) with Equations (30) and (31) and obtain a pair of complex stress equations
to derive stress prediction equations for a point source. To derive a simpler set of equa-
tions, the following approach was used. For a point source, earlier discussions showed that

nW
elong’= fe ( - ) (109)
: - /Eh Rz.s

Therefore,

Ieir along =f nW )
’ o e ——p——————

E'E (110)
VEh R?%?
Similarly, for a parallel line source
Oir Olong _ nW/L
— =i ———-——-—-—) (111)

E E g .
, VEh RS
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Using the pipe stress data, the hoop and axial stress functions for point and parallel line
sources were curve fit. The resulting equations for circumferential and longitudinal stresses
defined prediction curves which almost coincided with each other. Therefore, all of the
stress data, regardless of sensing direction, was then used to derive a single function. This
makes the predicted stresses equal in both the circumferential and longitudinal direction.
To combine both point and parallel line data into a single solution, a numerical constant
was again introduced to the right side of Equation (111) for the parallel line data. The best
data fit required a constant slightly different than had been used with the strain data. The
resulting equation for predicting the maximum pipe stresses for point and parallel line ex-
plosive sources is

o
9 444 xo.77 (112)
E .
where the term x is defined as follows:
nw
X e (point source) (113)

N

and

1.4nW/L
X= (parallel line source) (114)

JER R™

The parameters in these equations are defined as follows:

o = maximum circumferential or longitudinal stress (psi)
n = equivalent energy release (nondimensional)

W = total charge weight of point or line (Ib)

E = modulus of elasticity (psi)

h = wall thickness (in.)

R = distance between pipe and charge (ft)

L total length ofexplosive line (ft)

Note again that the constant in Equation (112) has units which correspond to those of the
other parameters and makes the right-hand side of the equation dimensionless.

A comparison of the curve defined by Equation (112) and the stress data used to derive
this final solution is made in Figure 72. This equation is applicable for any blasting situation
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in which point or parallel line explosive sources are detonated in soil in the vicinity of a
pipeline. The maximum stress data in this figure ranged from values in excess of the yield
stress of most pipeline steels down to 596 psi. This range is broad enough to make the equa-
tion applicable to most soil blasting situations near steel gas pipelines provided standoff
distances are greater than 2 pipe diameters.

The estimate of the standard error S of the stress data points about the solution curve in
Figure 72 is only 0.34, somewhat better than what was obtained on the strain solutions.
Thus, this solution predicts stresses with a slightly better accuracy. Irrespective of the pipe
size, test site, or stress orientation, the data points plot above and below the curve in Figure
72. This infers that the scatter is random rather than systematic. Additional discussions
about the standard error of the data about the line, sometimes referred to as the standard
deviation, are presented in Section XI.

All of the parallel line data used in developing Equation (112) were treated as if ob-
tained from continuous explosive lines because the spacing between charges was smaller
than the standoff distance, the standoff distance was smaller than the length of the ex-
plosive line, and all the charges making up the line were detonated simultaneously. If the
‘spacing between charges is larger than the standoff distance, each charge should be analyzed
as a point source. And, if the standoff distance between the pipe and the explosive line
source is greater than the length of the explosive line, the entire explosive array can be ap-
proximated by a point source. In this program, four parallel line tests were conducted to
obtain data for establishing the transition limit at which a parallel line source should be ap-
proximated by a point source.

Looking at Equations (113) and (114), and equating the value of x for a point source to
that of a line source, one finds that the transition point is at a value of R/L = 0.714. Data
from four experiments in which values of R/L greater than this transition value were used
to check this limit. Both pipe stress and ground motion data were used in the analysis. The
stress data indicated that for the two tests in which R/L = 0.95, the point source equation
predicted stresses closer to the magnitude of those measured than did the parallel line solu-
tion. However, the difference was only slight, with the parallel line predictions somewhat
higher. On the other hand, the data obtained from the two tests in which R/L>0.95
definitely produced data that compared much better to values predicted with the point
source equation. For simplicity in application of the predictive equations, a transition value
of R/L = 1.0 is recommended. This value is on the conservative side but sufficiently ac-
curate and easy to remember. Thus, for values of R/IL < 1.0, a series of equal charges in a
straight line parallel to a pipe is treated as a parallel explosive line to estimate the pipe
stresses. For values of R/L> 1.0, the explosive line is treated as an equivalent point source
to estimate the pipe stresses. Figure 73 summarizes how to estimate pipe stresses from
parallel line explosive sources.

To show that the transition value of R/L = 1.0 is a reasonable choice, parallel line
source pipe stress data obtained in 1980 are used in Figure 74 to compare to the curves de-
fined by the prediction equations. To further support this choice, peak radial soil displace-
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ment data obtained from all the parallel line tests are used in Figure 75 to make similar com-
parisons. In part (a) of this figure, data from transducers located such that 0.714
L < R <1.0 L are treated as being induced by parallel explosive lines. In part (b) of this
figure, data from transducers located at R > L are treated as coming from equivalent point
sources. Another comparison is made in Figure 76 for the soil particle velocity data.
Therefore, a transition value of R > L at which a parallel line source is treated as an
equivalent point source is a good choice as justified by these data comparisons.

Assumptions and Limitations

In applying the stress prediction equations developed above for point and parallel line
explosive sources, it must be remembered certain idealizations were made in defining the
problem and developing functional relationships. Then, assumptions were necessary to per-
form experiments and obtain data for defining the functions. The stress data used in com-
pleting the solutions are that presented in this report. These data points were obtained from
a limited number of blasting situations. No test program of this type will ever include every
possible permutation of significant parameters. Therefore, the solutions become applicable
primarily within the range of the data. This limitation must be recognized in applying the
results to other blasting situations.

The primary idealizations and assumptions made in defining the point and parallel line
blasting problem are as follows:

The charge and pipeline are buried in a homogeneous and isotropic ground
media.

A point source has no shape or finite size.

A line source is a continuous explosive line parallel to a pipeline.

All explosive sources detonate instantly.

The pipeline is straight and infinite in length without any discontinuities.
The pipe is in direct contact with the ground media.

Reflections of the seismic waves from the surface are insignificant.

A constant percentage of the explosive energy goes into cratering and other
related phenomena.

Only elastic stress contributions from blasting were considered. Inelastic

behavior was not included.

Some of these idealizations could only be approximated in the actual tests. The general
test conditions were as follows:

The charge and pipeline were buried in relatively homogeneous soils.
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The pipes tested were buried to a depth equal to about two pipe diameters to
their centerline.

In most cases, the explosive source was buried to the same depth as the center
of the pipe.

A point source was approximated with a sphere of explosive material.

A parallel line source was approximated mostly by a series of seven point
charges of equal weight and spaced equidistant from each other.

For a parallel line source, the ratio of the standoff distance to the length of the
explosive line was less than 0.5.

All the model pipes were buried in direct contact with the soil. Full scale
pipelines had coating on them.

For a line source, the ratio of the charge spacing to the standoff distance was
less-than 0.42.

Except for 6 grid tests which used delays of 3 and 6 milliseconds, the explosive
sources were detonated within 50 microseconds.

The length of the pipe tested was at least two times longer than the standoff
distance (in most cases, it was longer).

The range of the significant dimensional and nondimensional parameters varied in the
SwRI tests and were as follows:

Point charge weights were varied from 0.03 to 15 Ib.
Line charge explosive densities varied from 0.015 to 0.267 Ib/ft.

All pipes tested were carbon steel pipes with a handbook modulus of elasticity
of 29.5 x 10° psi and a Poisson’s ratio of 0.3.

Pipe thickness varied from 0.059 to 0.515 in.

The maximum biaxial stresses computed from the measured strains varied
from 596 to 69,400 psi.

The estimate of the standard error of the stress data about the solution curve
was 34%.

The dimensionless ratio of o/E varied from 2.02 x 10 to 2.08 x 10 for point
sources, and 6.2 x 10® to 2.35 x 10 for parallel line sources.

The quantity x varied from 1.35 x 10" to 5.23 x 10™ for point sources, and
7.96 x 107 to 3.38 x 10™ for parallel line sources.
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In order to apply the point and parallel line solutions, the blasting situation in question
should be such that it falls primarily within the range of x of the solutions, and the test con-
ditions are close to the same as those listed above. The model analysis of Section Il tells us
that satisfaction of the pi terms (or combinations thereof) is most important, not the in-
dividual physical parameters. For instance, the fact that the largest explosive weight used in
this program was 15 Ib does not limit use of the equations to charges smaller than this value.
Instead, the charge size in combination with its location and pipe description dictate the
limits of the experimental data and the solutions derived from them.

Furthermore, the fact that only some particular pipe sizes were used does not limit the
solutions to those specific pipes. Again, the replica model law tells us that a 6-inch
diameter, 0.093-inch wall thickness pipe models any other pipe of proportional dimensions.
Thus, the response of a 12-inch diameter, 0.186-inch wall thickness pipe can be predicted
with the data of the smaller pipe as long as the blasting situations are analogous. Obviously,
the less similarity there is between a blasting situation in question and those of this test pro-
gram, the less valid will be the point and parallel line source equations.

lllustrative Examples

Two simple problems will now be solved to illustrate the use of the point and parallel
line solutions. in deriving these equations, substitutions were made to have the various
parameters in the units most used in the field. Thus, the energy release (W,) which had been
used in the ground motions discussions was replaced by nW. The quantity n is a measure of
the relative energy among the explosives and consequently is dimensionless. Using the
energy release of ANFO (94/6) as the base, all explosive energies can be normalized to deter-
mine the value of n. Thus, for ANFO (94/6), n equals 1.00. Those explosives more
energetic have a value of n greater than 1.00 and those less energetic have a value of n less
than 1.00. Using the same explosives listed in Table 12, a list of equivalent energy releases is
presented in Table 14.

Table 14. Equivalent Energy Release
Explosive n
ANFO (94/6) 1.00
AN Low Density Dynamite 0.99
Comp B (60/40) 1.12
Comp C-4 1.12
HBX-1 0.83
NG Dynamite (40%) 1.05
NG Dynamite (60%) 1.12
Pentolite (50/50) 111
RD X 1.16
TNT 0.98
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To demonstrate the use of Equations (112) and (113) to predict stresses from a point
source, Example Problem No. 3 follows:

Example Problem No. 3

Given: A 2.5-Ib point charge of 60 percent NG dynamite will be detonated buried 4 ft
in soil adjacent to a 24-inch O. D. by 0.312 W. T., API-5L, Grade “B”
pipeline. In this area, the pipeline has a 3-ft cover of soil.

Find: Estimate the blast-induced circumferential and longitudinal pipe stresses if the
charge is 15 ft from the pipe.

Solution: (a) List parameters required in Equation (113) in proper units

E = 29.5 x 10° psi
h = 0.312in.

n = 1.12

W =25 1Ib

R = 15ft

(b) Evaluate x using Equation (113)

(1.12)(2.5)

V(29.5 x 10%)(0.312) (15)**

x=1.059x10"¢

This value is within the range of the solution data.

(c) Substitute into Equation (112) and solve fore

[

——————— = 4.44(1.059 X 10 ~¢)%7
(29.5 x 10%)

0= 3,284 psi

Ieir = alogLﬂ 3,284 pSi S==x1,117 pSi)
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The estimate of the standard error S of the stress data points about the
solution curve defined by Equation (112) was +0.34. Therefore, the
guantity in parentheses by the answer to Example Problem No. 3
represents the standard error applicable to this problem.

To show how Equations (112) and (114) are used to estimate blast induced stresses from
a parallel line source, Example Problem No. 4 is provided.

Example Problem No. 4

Given: Seven 60 percent NG dynamite point charges weighing 2.5 Ib each and spaced 3
ft apart are buried 4 ft in a soil media. The line of charges is parallel to a 24-
inch O. D. by 0.312 W. T., API-5L, Grade- “B” pipeline which has 3 ft of soil

cover.
Find: The estimated blast-induced pipe stresses if the line of charges is 15 ft from the
pipe.
Solution: (@) List parameters required in Equation (114) in proper units
E =295 X 10° psi
h = 0.312 in.
n = 1.12
N1 = 7 charges
L1 = 3ft
L = (@) = 21 ft
W1l =251b
W = (7)25) =175 I|b
R = 15ft

(b) Since R < L, evaluate x using Equation (114)

x= (1.4)(1.12)(17.5)
V@295x10% (0312 (15" @1)
x=7.414x10"¢

(c) Substitute into Equation (112) and solve for ¢
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d =4.44(7.414 % 105)7
(29.5 % 10%) o
o=14,690 psi

Our = Oiony =14,690psi  (S= £4,995 psi)

These two examples illustrate the direct use of Equations (112) through (114) for
estimating pipe stresses from buried point and parallel line explosive sources. In the next
section of this report, different methods and forms of presenting these equations are
presented. One or more of these alternative forms of presenting these solutions may be
selected and used for solving these types of blast problems in office or field manuals.
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VII. ALTERNATIVE FORMS FOR POINT AND PARALLEL LINE
STRESS EQUATIONS

The solutions for estimating pipe stresses developed in the preceding section can be ap-
plied in the field. This report is not a field manual, however, some alternative ways of using
the pipe stress solutions are presented, illustrated and discussed. All of the procedures
which will be illustrated use the same relationships to compute stress. Each approach is
nothing more than a different method for arriving at the same answers. Thus, all the limita-
tions must be kept in mind regardless of which form the solution takes. Five procedures are
presented.

Direct Use of Equations

This is, of course, the most obvious way of using the prediction equations. At the end
of Section VI, two examples illustrated the direct use of the equations to predict the pipe
stresses. However, another point source problem will be used here to predict the pipe
stresses and to determine the largest charge that would be allowed in a particular situation.

As derived earlier, the point source prediction equation can be written simply as

(115)

To illustrate the use of this equation, Example Problem No. 5, which follows, will be used
throughout this section. Assume that an ANFO (94/6) explosive charge weighing 20 Ib is
buried 25 ft from a 24-inch O. D. by 0.25 W. T. steel pipe with a modulus of elasticity of
29.5 x 10° psi. Both pipe and charge are buried to about the same depth in a soil medium.
Estimate the maximum stresses, 0, and @, caused by the blast wave propagated through
the soil.

cir

The equivalent charge weight for the given explosive is first obtained from Table 14. In
this case n = 1.0. Substituting all the parameters into Equation (115) and solving for ¢ gives:

(1.0) (20) 0.77

o =(4.44)(29.5 x 10°)

V(29.5 x 10%) (0.25) (25)**

=(4.44) (29.5x10°) (2.357x107¢)%"

0 = 6,080 psi (S= £2,067 psi)

cir = alm

165



These stresses are the elastic contributions due to blast loading. To determine the total state
of stress in the pipe, the stresses due to pressurization, temperature changes, pipe settle-
ment, and other causes must be superimposed and some biaxial yield theory used to deter-
mine if the pipe yields.

Assume in this problem that the maximum allowable blast stress is only 3,000 psi.
What charge weight would produce this stress? Solving Equation (115) for W and
substituting the numerical values for the other parameters gives

VEh R**
W=

n

1/0.77
()
4.44E |

We V(29.5 x 10%)(0.25) (25)%° [ 3,000 ]1.2937
(4.44)(29.5 x 10%)

(1.0)

W=7.991b

The direct use of the prediction equations is fairly straightforward in estimating either
the stress or any of the other parameters. However, it does require the use of a scientific
calculator or other means to evaluate quantities to a power. Furthermore, to compute any
of the other parameters, besides stress, requires algebraic manipulation.

Computer or Calculator Program

With the extensive availability of desk-top microcomputers and programmable pocket
calculators, it is quite easy to generate a simple program to solve the point and parallel line
stress prediction equations. An example of a logic diagram which was used to develop such
a program by SwRI is shown in Figure 77. With a program, the solution of blasting situa-
tions involving point and parallel line sources becomes quite routine. The use of a con-
tinuous memory programmable calculator also allows these calculations to be made easily at
remote sites.

To solve for any parameter besides stress, the same basic program is useful, but re-
quires some iteration to obtain an answer. Or one can simply develop a separate program
for each parameter of interest. The solution of the first part of Example Problem No. 5 ob-
tained using an HP 9830 computer program is shown in Figure 78. The answer is the same
as previously given for the direct use of the equations. The value of x is also included in the
printout to insure the problem falls within the limits of the solution.
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Figure 77. Logic Diagram Using Point and Parallel Line Source
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ELAST EFFECTS FROM POIHT SOURCE FOR G.258 IHCH PIPE
ESTIMATED CIRCUMFEREMTIAL AMD LOMGITUDIMAL STRESSES

E = 29,5 MILLIOHM PSI M= 1.08

CHREGE ~ TIS " . CIR OFR LOWG STRESS
CLE> CFT CPSI0
28, Beg 25,88 2. 35TE-B& EESE
Figure 78. Solution of Example Problem No. 5a Using Computer Program
Tabulations

Using the type of program just discussed, it is possible to generate tables in which a
range of conditions are precalculated for various pipes. This format could be very useful
for particular company applications in which a number of blasting situations will take place
near a particular pipe or pipes. Table 15 presents parts of a printout for a point source in
the vicinity of a steel pipe with a 0.25 wall thickness.

Using Table 15 to solve Example Problem No. 5 (hW = 20lb, R = 25 ft), interpolation is
required between the limits bracketing the standoff distance as follows:

o @ R=24ft=6,577 psi
o @ R=26ft=15,637 psi

and

(6577 - 5637)

o @ 25 ft=6577 - (26 - 25)

g @ 25 ft=6,107 psi

This answer is close to, but not exactly the same as, that obtained by direct calculation. Fur-
thermore, if interpolation had also been required between two charge weights, the dif-
ference might be greater. Of course, the tables can be produced with smaller incremental
steps to get more accuracy and perhaps eliminate the need for interpolations. However, this
will greatly increase the length of the table. Note that the corresponding values of x have
also been included in this particular table to show that they are within the limits of the
solution.
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Table 15. Computer Tabulation of Point Source Pipe Stress Equation

ELAST EFFECTS FROM FPOINT SOURCE
ESTIMATED CIRCUMFERENTIAL AMD LONGITUDIMAL STRESSES

E = 23.5 MILLIOW PSI H= 8,258
HW R b CIR OF LOMG STRESS

LB (FT2 o CPEI
g, 860 18.088 4. 316E~-DE 1731a
2. 08 12,88 5. 3aS5E-0e 12333
2. 888 14,08 4.817E~BE 9168
S.888 - 1&.80 2,87 VE-BE TR29
2. 8048 18,688 2.143E-8¢€ 9651
S, 380 26.08 1.647E-BE 413
2. 888 2z.84 1.298E~B6 3840
* 2,006 24.80 1.844E-BE 32483
* o, 868 26.88 2.54cE~87 2784
2.8608 28.88 7.181E-87 2914
g, 68 38,08 3. 978E~-B7 2114
S. 868 32.048 S.B8sE-07 1287
2. 800 34,80 4.37BE-BY legl
S.noa 26,848 2.788E-87 . 1488
2. 068 28.80 2. 3E89E-87 1341
S, Bae 46,08 2.311E-87 12153
18,8008 1@, 08 1.154E-83 282a3
lg,883 - 12,88 7. 322E-85 14645
18, 688 14,84 S.821E-06 10885
16,888 16,048 3. 996E-BE 2412
16,008 18,06 2.679E-88 718
18,068 Z29.00 2.8538E-0e 3478
1a.088 - 22.80 1.822E-88 : 4580
18. 888 24.08 1.385E-Be 3857
19,0886 26,88 1.BE8E-Rc 2385
16,8846 2g. 8 2.87EE-a7 2868
16,888 8. 95 T.470E~B7 2514
18,988 32.88 £.337E-@7 2217
19,080 24,80 S.453E-87. 1973
18,068 26. 80 4, 73BE-B7 17V
18.vaa 38,08 4. 137E~-&7 . 1992
19,088 48,08 3.639E-87 1442
12,066 18,88 1.397E-83 23938
12,808 12.80 2. 258E-Be 18252
12.698 i4. 88 £ B25E-RE 123525
2,888 16,86 4, 215E-88 B
12,864 12,88 3.215E-0c 7Tzl
12,8048 2. Ba 2. 47BE-BE Goad
12,8868 22,88 1.248E-86 247
12.808 24.068 1.566E-B6 4438
12,088 2g, a8 1.282E-85 s
12,068 23,08 1.8e5E-9& 3298
12,088 28,80 2.9e4E-87 2588
12,6668 32,09 7.628E-87 2551
12,088 24,04 &, 355E-87 22748
2.888 35,64 5. 683E-R7 2833
2,898 23,04 4.,954E~@7 1832
12,808 4. 88 4, 3ETE-AT 16
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Table 15. Computer Tabulation of Point Source Pipe Stress Equation (Cont'd)

BLAST EFFECTS FROM POINT SOURCE

ESTIMATED CIRCUMFERENTIAL AND LONGITUDINAL STRESSES

E = 29%.5 MILLION PZI H= 0,258
HiW R \ M CIR OR LOMG €

(LB LFT2 (PRSI
26, gae 18,848 2., 229E-2%5 35474
20,688 12,84 1.47EE-B5 24374
26, Baa 14,04 1.084E-85 185e2
28, Bag 1€, 88 7.192E-88 14354
29,008 18,688 S5.358E-88 11442
z2a, 888 2|, Be 4.117E~-Be o924z
26,800 22,88 3. 244E-86 Frve
* 208, 088 24.88 2.010E-86 6577
* 28,808 2E, B0 2,137E-88 SEaV
2@, 660 28,00 1.77SE~-BE 4385
Z8, Bpe. 2d, 8p 1.494E-86 4288
2. 08d 22.80 1.271E-8¢ aras
29, 804 24,88 1.893E-668 3364
2@, 8048 J&, B8 3.471E~87 I1e
28, aag 38,80 2.274E-87 27135
‘26, p8a 48, 08 T ETBE-BT 2488
22,808 18,88 2.562E-83 38175
22,888 12.68 1.624E-85 26878
22,888 14,48 1.1A5E-85 19975
22,080 15, B8 T.911E-86 15447
22,9860 13,08 5.893E~86 12314
22, @wa 28, B@ 4,529E~-865 18853
zz, Bps 22,88 2. 968E-86 2362
2z.888  Z24.88 2.871E-85 Tavy
22,068 e, 88 2, 358E-86 =1L
2z. a8 28,08 1.953E~86 S2en
22, 8a8 2@, 68 1.5842E-86 4586
22, 8e8 22.88 1.399E-86 4853
22,808 34, 08 1.282E-86 I628
22,808 36,88 1.842E-8c 3243
22,08 28,80 F.181E-87 _ 2922
22,098 48, 5@ 2.985E~-G7 2647
24,0088 18,60 2.795E-A%5 48821
4,080 12,94 1.772E-8S 28v3e
24, 899 14,848 1.285E-83 21339
Co24, 808 1, 68 2.83BE-065 18518
24,008 18,86 B.429E-86 13167
24,0848 29,89 4.34BE-BE& 1673548
24,804 22,08 3.992E-06 2943
24,868 24, 88 3. 132E-86 Toe3
24,8848 26, 88 2.554E-86 o4a7
Zd4.088 - 22,88 2.13BE-BE . G623
24,808 24, Ba 1.793E-86 4325
24,0848 3zZ.08 1.52ceE~8¢ 4358

24,888 24,89 1.311E-85 287
24,888 36,88 1.13VE-85 I4e7
24,088 38.688 3. 9283E-87 2125
24,8848 48, Ba 2.V I3E-8Y 2831
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With this table, it is also possible to solve the second part of Example Problem No. 5
(determine what charge weight located at R = 25 ft will limit the blast stress to 3,000 psi).
Since the standoff distance of 25 ft is not specifically listed, interpolation is again necessary.
Looking for a stress value of 3,000 psi between R’'s of 24 and 26 ft, we find that for an
nW=8lb

0@ R=24ft=3,248psi

0 @ R=26ft=2,784psi
Therefore,

o @ R=25ft=3,016psi
and

W=81b

The process gets’ slightly more complicated if interpolation had also been required between
two charge weights.

Good approximate answers can be obtained without too much manipulation using this
type of table. If the tables are brief, and the number of interpolations increases, the answers
become less accurate. If the tables are made such that very small increments of nW and R
are used to decrease the interpolation process and obtain better approximate answers, then
their length increases considerably. In addition, the number of tables can become very
bulky if many pipe sizes, and parallel line as well as point sources are to be considered.

Graphs

All of the information contained in Table 15 can be displayed in a single graph plotting
o' versus (nW) and R for constant values of h and E. The abscissa can either by values of
(nW) or R. The other parameter would then plot as a series of lines of constant values.
Figure 79 is one of these plots drawn for a pipe modulus of elasticity of 29.5 x 10° psi and a
pipe wall thickness of 0.25 inch. In this case, R was selected as the abscissa and the series of
isoclines drawn are for constant values of equivalent charge weights (nW).

The solution of the first part of Example Problem No. 5 (nW = 20 Ib, R= 25 ft) is
shown in Figure 79. The pipe stress is determined to be
O = Ojong =6,100 psi
The second part of this example can also be solved by finding the intersect of the orthogonal
lines derived by ¢ = 3,000 psi and R = 25 ft. By visually interpolating between lines of (nW)
we find
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Figure 79. Graphical Solution of Point Source Equation
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W=81b

This form of the point source solution has the advantage of requiring no computations.
Interpolation is required but it is visual. However, one graph is required for every pipe
thickness or pipe material, and a similar set of graphs would be necessary for the parallel
line source equation. The major disadvantage of this form of the solution is that the user
must be proficient in using graphs and understanding logarithmic scales.

Nomographs

It is possible to develop a graphical solution for each equation with all the-parameters
shown separately because of the nature of the point and parallel line source equations. One
nomograph would represent the complete solution of the point source equations and a sec-
ond would represent the solution of the parallel line source equations. Figures 80 and 81 are
these nomographs. In these figures, logarithms are being added and subtracted until the
pipe stress is obtained. For instance, for a point source, Figure 80 represents Equation (115)
in the form of

[logo] = 0.615 [log E] -0.385 [log h] + 0.77 [log nW] -1.925 [log R] + [log 4.44] (116)

A similar expression can be written for a parallel line source.

To use one of these nomographs, one begins by finding the modulus of elasticity for the
pipe material on the vertical axis. A horizontal line is then projected from this modulus
over to the appropriate pipe thickness in the contours in the lower left quadrant of the
nomographs. From the pipe thickness, a vertical line is projected up to the appropriate
equivalent charge weight (Ibs of ANFO) in the contours in the upper left quadrant. From
the charge weight, a horizontal line is projected over to the appropriate standoff distance in
the contours in the upper right quadrant of the figures. Finally, the pipe stress from
blasting is read by projecting a vertical line from the standoff distance to the pipe stress axis.

To illustrate the use of one of these nomographs, the solution of the first part of Exam-
ple Problem No. 5 is shown in Figure 80. For this problem, the parameters are

E =295 X 10° psi
h = 0.25 in.

nw = 20 Ib

R = 25 ft

The maximum pipe stresses as read from this figure are

Oir = Ojong = 6,000 psi
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Once again graphical inaccuracies prevent the solution from having the precision of an
answer obtained by direct substitution into the prediction equation.

These nomographs can easily be used to solve for limiting values of other parameters if
a maximum allowable blasting stress is specified. The solution of the second part of Exam-
ple Problem No. 5 is also shown in Figure 80. A vertical line from the limiting stress, 3,000
psi, is projected up to the standoff distance (25 ft). A horizontal line is then projected until
it intersects with the vertical line between the charge weight and the pipe thickness drawn
previously. The intersecting point defines the equivalent charge weight (nW) which would
be allowed. From this, we find that

W=281b

The application of the parallel line source nomograph in Figure 81 is identical to that of
the point source. The only change in the parameters is that, instead of an equivalent charge
weight (nW), an equivalent charge density (nW/L) is entered.

Although reading of logarithmic scales are required to use these nomographs, their
great advantage is their simplicity. A person in the field can easily use them without raising
guantities to powers or transforming equations. Furthermore, only two nomographs are re-
quired to solve problems involving a variety of pipes. Interpolation is required, but it is
visual. Perhaps their major drawback is that inaccuracy can increase if the horizontal and
vertical lines are projected without care. Enlarged versions of the nomographs in Figures 80
and 81, with reference grids, are available from the A.G.A.

General Comments

In all cases where tables, graphs, or nomographs were used to solve the Example Prob-
lem, the stresses predicted were very close approximations of the values computed directly.
In using any of these alternative forms of the equations, it must be remembered that there
are limitations to the point and parallel line solutions. These limitations must be observed
to insure that only valid tables or graphs are developed for use by field personnel.

The user of these solutions must always remember that equations will only provide
estimates of stress components induced on a pipeline from blasting. Circumferential and
longitudinal stresses from other loading mechanisms must be combined with the blasting
stresses to determine the total state-of-stress of the pipe. Stresses from internal pipe
pressure, thermal expansion and contraction, differential settlement, etc., all add or sub-
tract from the stresses caused by blasting.

The total state-of-stress of the pipe is normally evaluated using a yield criteria and
appropriate safety factor. A short discussion of these subjects is included in Section XI.
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VIII. METHODOLOGY FOR SIMPLIFYING COMPLEX
EXPLOSIVE GEOMETRIES

General

In the two preceding sections, the solutions for estimating pipe stresses from point and
parallel line explosive sources detonated in soil were derived and discussed in detail. In ad-
dition to these two sources, three other more complex explosive geometries detonated in soil
were studied experimentally in this program using model pipes. These studies were not as ex-
tensive as for the point sources. Therefore, the approach followed in analyzing the test data
was to develop consistent methods by which these complex geometries could be simplified
into equivalent parallel line or point sources, and thus be used with the corresponding
prediction equations to obtain reasonable estimates of the pipe stresses.

Three complex explosive geometries were used:

Explosive lines buried at an angle to a pipeline
A rectangular grid of explosive charges buried parallel to a pipeline

A grid of explosive charges at an angle to a pipeline.

In all cases, the individual charges making up the arrays were buried in soil to the same
depth as the center of the model pipe. In the paragraphs that follow, the simplifying
methods will be presented by explosive geometry, with the simplest first. Comparisons of
the test data from these explosive geometries and the point and parallel line solution curves
will also be made.

Angled-Line Explosive Source

The pipe stress and ground motion data from the ten angled-line tests listed in Tables 8
and 9 (Section IV) were analyzed extensively to obtain a method that would yield reasonable
stress estimates by simplifying this source into an equivalent parallel line or point source. In
discussing the results of these analyses, it is first necessary to define the following
parameters which are applicable to angled-line, as well as grid, sources:

A = distance of nearest charge making up the explosive line

B angle between pipeline and explosive line

Rgel distance between the geometric center of the explosive line and the
longitudinal center of a pipeline

The value of Ry for any explosive line can be computed as follows:

N1-1)L1 si
A+( )2 sinB

R.=

gcl

(117)
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where N1
L1

number of charges in the explosive line
spacing of charges in the explosive line

In general, the distance between the pipeline and the explosive line relative to the length
of the explosive line determines whether an angled-line source is treated as an equivalent
parallel line or point source. At close distances (as defined later), the angled-line source can
be treated as a parallel line source of the same effective length L and charge density W/L as
that of the angled-line. However, the location or standoff distance of the equivalent
parallel line becomes

R = Rge/cosB (line) (118)

The effective length L and charge density W/L of an angled-line source are the same as were
defined for a parallel line source. To reiterate

L=(N1)(L1) (119)
and
W _ (NDWI) _ W1 (120)
L ORED - 1)

where W1 is the explosive weight of one of the point charges making up a line source. These
two equations apply for explosive lines made up of equally spaced charges of the same
weight. This geometry was true of all the field tests conducted in this blasting research pro-
ject. With the equivalent values of R and W/L as defined above, the pipe stresses can be
estimated using the parallel line equation which is

g

4nW 0.77
444( 1.4nW/L

VEh R'?

(121)

Further away from a pipeline, an angled-line source would be expected to behave like a
point source. The analyses of the angled-line test data indicated that this transition occurs
at a standoff distance R, as defined by Equation (118), approximately equal to the length of
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the explosive line L. A good comparison between the test data (both stress and ground mo-
tion) and the point and parallel line solution curves was possible when the transition value
of R/L was made unity. This value is the same as was obtained for parallel line sources in
Section VI.

Therefore, at values of R [defined in Equation (118)] greater than L [defined in Equa-
tion (119)], the angled-line source is collapsed into an equivalent point source located at the
geometric center of the line with a charge weight equal to the total explosive weight in the
line. When an angled-line explosive source is made into an equivalent point source, R and
W are defined as follows:

R=Rye, (point) (122)

and

W=(N1)(W1) (123)

With these values of R and W, the blast-induced pipe stresses can be estimated using the
point source equation which is

0.77
=4.44 ( o (124)

n
VEh RS

The methodology for simplifying the angled-line sources used in this program into an
equivalent parallel line or point source is illustrated in Figure 82.

Parallel Grid Explosive Source

To estimate pipe stresses induced by a rectangular grid of explosives buried in soil to
the same depth as the adjacent pipe, an empirical method was developed using data from 15
model tests described in Section Il of this report. Analyses of these data (Tables 10 and 11,
Section VI) indicated that reasonable agreement could be obtained between experimental
and estimated stresses if the grid is treated as a parallel line equivalent in location, length
and charge density as the first explosive row making up the array. This being the case, the
standoff distance R, length of the equivalent parallel line source L, and equivalent charge
density W/L are simply defined as

R=A (line) (125)
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-% A = distance to nearest
charge
! N1 = number of charges
in explosive line
A W1= weight of each charge
in line
L = (N1)(L1)
Geometric W = (N1)(w1l)
B = angle between pipe
R and explosive line
o W_w
Charge Density = L 1
I
R = Rgc]/COSB —-l 1 Use Equation (121)
(a) Angled-Line as Equivalent Parallel Line for R < L

T— men Rgc'i

——‘] : Use Equation (124)

(b) Angled-Line as Equivalent Point Source for R > L

Figure 82.

Methodology for Estimating Pipe Stresses

from an Angled-Line Explosive Source
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L = (N1)(L1) (126)

W Wl
— —— 127
L Ll (127)
where A = distance of nearest row making up the grid (ft)
N1 = number of equally spaced charges in the front row
L 1 = spacing of charges in the front row (ft)
W1l = explosive weight of one charge in grid (Ib)

Analyses of the data indicated that as long as R & 1.5L, good agreement occurred with
the parallel line source solution, Therefore, for these values of R, Equation (121) is used to
estimate the pipe stresses from a grid source simplified into an equivalent parallel line
source.

As shown in Figure 83b, at values of Ry, greater than 1.5L, the experimental data in-
dicated that a better comparison with a prediction equation was possible if the grid was ap-
proximated by a single charge equal in weight to that in the entire array and located at the
geometric center of the grid, a distance R away from the centerline of the pipe. In other
words, when the front row of the grid was located at distance greater than 1.5L, R and W
were defined as follows:

N2-1)L2
R:Rgcg,:A+% (128)
W = (N1)(N2)(W1) (129)

where N2 is the number of equally spaced rows making up a grid. With these values for the
standoff distance and charge weight, Equation (124) is used to estimate the pipe stresses
from a grid explosive source simplified into an equivalent point charge. The simplifying
procedures for a grid charge array parallel to a pipeline are summarized in Figure 83.

Angled-Grid Explosive Source

The method developed for simplifying rectangular explosive arrays located at an angle
to a pipeline combines the procedures for the parallel grid and angled-line sources. Data ob-
tained in 13 angled-grid tests were used in this analysis. As indicated in Figure 84a, the front
row of the angled-grid first becomes an equivalent angled-line. This equivalent angled-line,
with its geometric center located a distance Ry away from the pipe centerline, is further
simplified into an equivalent parallel line if. R=Rgd/cos B is less than or equal to 1.5 times
the length L of the equivalent angled-line (the first row making up the grid). As was the case
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N1 = no. of charges in

front row of grid
¢ o e—L N2 = no. of rows making
i ‘ Coup ?rid

e T | L= (N1Y(L)
' N W o= (N1)(W1)

Gedmetr‘ic Center

M R'A-“*i\;: o of Grid
+ : Charge Density = %-a“’.‘__

- L2 W1 = weight of each
e R charge in grid
gcg A = distance nearest
l ® —r charge
L1

1
L1
Use Equation (121)

(a) Parallel Grid as Equivalent Parallel Line for R =15 L

"///—- W= (NT)(N2)(W1)

n '..J © Use Equation (124

b

(b) Parallel Grid as Equivalent Point Source for R > 1.5 L

Figure 83. Methodology for Estimating Pipe Stresses
from a Parallel Grid Explosive Source
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\
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- Use Equation (121)

(a) Angled-Grid as Equivalent Parallel Line for & 1.5 L

| I )/—w = (NT)(N2)(W1)
...___.... R = ’Rgég __J Use Equation (124)

(b) Angled-Grid as Equivalent Point Source for R > 15 L

Figure 84. Methodology for Estimating Pipe Stresses
from an Angled-Grid Explosive Source
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with a parallel grid; the charge density W/L becomes that of the first row of the grid. With
R and WI/L defined, the pipe stresses for an angled-grid can be estimated using the parallel
line solutions, Equation (121).

As was the case for the parallel grid, if the standoff distance [as defined by Equation
(118) ] of the equivalent parallel line representing an angled-grid is such that R = Ry, /cos
B> 1.5 L, the grid is collapsed into an equivalent point source. As indicated in Figure 84b,
the equivalent point charge W would equal the total explosive weight of the angled-grid and
its standoff distance would be Ry, the distance between the pipe centerline and the
geometric center of the angled-grid. This distance can be computed as follows:

Ay (N1=DLI1 sinB+(N2— 1)L2 cosB

R=R =
v 2

(130)

Note that this equation can be used not only for calculating the standoff distance of the
equivalent point charge for an angled-grid, but it is also the general equation for the
equivalent point source for any grid or line source, parallel or at an angle to a pipe.

With W and R as defined in Figure 84b, the pipe stresses from an angled-grid that has
been simplified into an equivalent point source can be estimated using Equation (124).

Comparisons with Test Data

In the three preceding subsections, methods for estimating pipe stresses from angled-
line, parallel grid, and angled-grid explosive sources were defined. These empirical methods
simplify the complex explosive geometries into equivalent parallel line or point sources so.
that the prediction equations from the simpler explosive geometries could be applied to the
more complex geometries.

Figure 85 compares the experimental data from these complex geometry tests against
the parallel line and point source solution curve. This figure shows that the empirical
methods presented do provide reasonable estimates of circumferential and longitudinal pipe
stresses. The scatter of the complex source data about the prediction lines in Figure 85 is
within the scatter of the point and parallel line data shown in Figure 72. This comparison
shows that the methodology for approximating the complex explosive grids used in the ex-
periments performed on this project yields reasonable estimates of pipe stress.

To show further that the simplifying methods for the complex explosive geometries do
provide reasonable predictions, the ground motion data from these tests were also used to
compare to the point and parallel line solutions. These ground motion data provided more
evidence for determining the transition distance at which the complex source is to be treated
as a point instead of a parallel line source, particularly since only nine of the total of 38 tests
were set up such that the pipe happened to be distant enough for the explosive geometry to
be treated as a point source. Figure 86a compares the parallel line solution curve, Equation
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(48), and all of the displacement data which could be categorized as being from an
equivalent parallel line source. Figure 86b compares the rest of the displacement data ob-
tained from transducers located such that the complex geometry could be treated as a point
source to the point source data fit, Equation (44). The complex geometry data compare well
to the solution lines in both of these graphs. Similarly, Figure 87 shows plots of the soil par-
ticle data compared to the parallel line and point source solutions, Equations (49) and (45)
which were derived in Section V. Again, good agreement was found between the complex
explosive source data, and the parallel line and point source particle velocity equations.

The reader must not forget the assumptions and limitations which apply to the point
and parallel line solutions in applying the simplifying methods discussed in this section to
estimate pipe stresses from buried explosive sources. Furthermore, the test data from the
complex explosive geometries presented in the figures of this section are somewhat limited
and not every blasting problem encountered will be geometrically similar and within the
parameter range of these data. For example, comparing Figure 72 from Section VI and
Figure 85 in this section, one can observe that the range of the stress data are considerably
less for the complex sources. The range of the measured stresses was from about 2,200 psi to
almost 15,000 psi, and x ranged only from 1.01 x 10° to 1.02 x 10°. Consequently, these
methods must always be used judiciously.

The next section of this report will present some exceptions to the methods developed
here and will summarize the prediction methods by use of a logic diagram which will
simplify their application. In addition, the use of this diagram will be illustrated with an ex-
ample problem.
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IX. SUMMARY OF PIPE STRESS PREDICTION METHODS

In Sections VI and VIII, prediction equations- and methods were presented for
estimating blast-induced pipe stresses from five explosive configurations detonated in soil.
These explosive geometries were:

point
parallel line
angled-line
parallel grid
angled-grid

For the first two geometries, prediction equations were derived using theoretical and ex-
perimental analyses and they can be used directly to compute the circumferential and
longitudinal stresses. For the other three, more complex geometries, the concept used was
to simplify the explosive geometry in such a way as to be able to represent it as an equivalent
parallel line or point source. In this way, the stresses could again be estimated by direct
computation using the relatively simple equations derived for the parallel line and point
sources.

For the complex geometries, the prediction procedures were derived empirically using
experimental data from tests in which some of the pertinent parameters were limited to
small variations. Obviously, enough experiments cannot feasibly be conducted to model
every possible variation to include all field cases using the different explosive geometries.
However, the prediction methods developed are general enough to provide reasonable stress
estimates over a fairly wide range of scaled parameters. Nevertheless, some exceptions to
the general procedures will exist as a result of particular explosive geometric configurations.

Exceptions to General Methods

Two significant exceptions to the general rules of handling explosive line and grid
sources, identified in analyzing the model test data, will be presented here. The first one
concerns angled-line sources. The largest angle possible between an explosive line and a
pipeline is 90°. At this angle, it is obvious that such a line source could not be represented
by an equivalent parallel line source. Therefore, such a line source would always be treated
as a point source with a charge weight equal to the total weight in the line and located at its
geometric center. None of the explosive angled-lines used on the A.G.A. tests were posi-
tioned at 90° to the pipe. However, ground motion transducers were located to represent
such an angle. These data were included in Figures 86 and 87 and compared well with the
ground motion point source equations.

The second exception to the general procedures is in reality an additional step that
should be included whenever stress estimates are made on explosive line and grid sources.
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One of these complex geometries can have a charge spacing and location relative to a
pipeline such that the nearest individual charge making up the line or grid when analyzed by
itself as a point source would result in higher stress predictions than if the total array is
analyzed as a line or grid. Of the 53 line and grid model tests conducted by SwRI, only three
had the line or grid positioned with the nearest charge predicting slightly higher stresses than
the general methods for handling the complex charge geometries. For these three tests, all
angled-grids, the general methods still gave better stress estimates when compared to the,
measured values. However, in the process of estimating pipe stresses for a particular field
situation in which an explosive line or grid is to be used, the stress magnitudes should be
checked for the closest single charge. If the single charge stresses are higher than those from
the total geometry, those higher stress estimates should be used in deciding whether a
blasting situation will be permitted without modifications to charge weights or standoff
distances.

Logic Diagram

To summarize the prediction methods (including the two exceptions above) and
simplify their application, a logic diagram has been devised to assist the reader. This flow
chart is a simplification of a more detailed one developed by SwRI and used in coding a
BASIC computer program for an HP 9830 desk top computer. A similar program was also
developed for a hand-held, ‘programmable calculator and used in testing, analysis and solu-
tion development for this program. The logic diagram is presented in Figure 88.

The definitions for the symbols used in this figure have been given in the earlier sections
and some of the figures. Reference is also made to a number of equations presented in the
preceding section of this report. For clarity, the parameter x is differentiated by adding
subscripts as follows:

aW.
vEm R?S
- ~l.4nW/L

vEh R

n Wi

Xpt = (point source) (131)

(parallel line source) (132)

 Xopt = (nearest point source) (133)

VEh A%

The stress prediction equation can then be put in the form of

o=4.44E x*7 &
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Calculate
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R, Eq. (118)
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u

Calculate
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y

Calculate
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Eq. (133)

Let
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Figure 88.

Calculate
Ucir’°1ong

Eq. (134)

Calculate
Ra_Eq- (]30)

Y

Y

W=(NT)(N2)(W1)

Calculate
Eq. (131)

Logic Diagram for Estimating Pipe Stresses

from Point, Line, and Grid Explosive Sources
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The appropriate value for x is used in Equation (134) to compute the estimated values for
the circumferential and longitudinal pipe stresses for the blasting situation being analyzed.

Illustration Problems

To illustrate the use of Figure 88, the following example problems will be solved:

Example Problem No. 6

Given: The explosive grid defined in the figure will be used to loosen the soil over-
burden.
pot————— 23,2 ft
/
9 -
[ ./ R
30-in PIPE ’ .
@
, ) Y
. . =
./. '
o—
/
W1=91b —
ANFO (94/6)
| 12 = 6ft
A 30-inch O. D. by 0.344 W. T. pipeline is adjacent to the grid as shown in the
figure. The centerline of the pipe and the charges are 5 ft below the surface of
the ground.
Find: Estimate of the blast-induced stresses.

192



Solution: (@) List all parameters in proper units

E = 29.5X10°psi
h = 0.344in.

n = 10

NI =5

L1 = 8ft

wi = 9lb

B = 12°

A =232ft

N2 =4

L2 = 6ft

b ) Solve the problem using Figure 88

(1) R=R_,/cos B

[A + MN1-DLL sin B]
R= 2 ‘

cos B
[23_2+ @) (8)‘2sin 12]

cos 12

R=27.12ft

(2) L = (NI)(L1) = (5)(8)

L=40ft

(3) Is R > 1.5 L? No, therefore, parallel line solution applies.

W _ W1 9

(4) e T i T e

L L1 8

.‘_”.=1.13' b/ft
L
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1.4n W/L
VEh R'*
(1.4) (1.0) (1.13)

5) X%

V(29.5x 10°) (0.344) (27.12)"*

x;=3.5%x10"°

(6) Check nearest point

n Wi
xnpt =
VEh A%
- 1.00 9

V(29.5x 10°) (0.344) (23.2)**

Xpgy = 1.09 % 1076
7) Using the larger value of x

s=4.44E (3.5%x10°%)°7

Oy = Opong =8,240psi  (S= 2,802 psi)

long

Note that the nomographs in Figures 80 and 81 can also be used to solve this problem
once values for R and W/L are obtained for the equivalent parallel line source and using
R = A and W = W1 for the nearest point. Then, the larger value of @ that results becomes
the estimate for 0 and Gy, .

Example Problem No. 7

Given: The same explosive grid and pipeline given in the preceding problem except, in
this case, the charge nearest the pipe is 65 ft away.

194



Find: Estimate of the blast-induced stresses.

Solution: (@) List all parameters

E = 29.5%10° psi
h = 0,344 in.

n = 1.0

Nl = 5ft

Ll = 8ft

Wl = 9Ib

B = 12°

A = 65ft

N2 =4

L2 = 6ft

(b) Solve the problem using Figure 88

[A+ (Nl-—l)le sin B]

cos B
[65+ @) “’;in' 12]1

cos 12

1) R=

R=69.9 ft

@  L=(NI)L1)=(5)8)

L=40ft

3) 1.5L =60 ft
IsR>1.5L? Yes, therefore, point solution applies.

(4) As a point source

R=R  =A+ (N1-1) L1 s§n~B+(N2'-—~l) L2 cos B

lc; . 2
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R=65+ %) ® sin 12'; (3) (6) cos 12

R=77.1ft

(5)  W=NDN2)WI
= (5)4)(9)

W=180 1b

."Eh R2-5

(1.0)(180)

V(29.5 % 10%) (0.344)‘ (77.1)"’ 

X =1.08x10°¢

In this case, it is obvious that X, > Xqp.
(7) o=4.44 E (x,)*”
= (4.44)(29.5 X 10°)(1.08 X 10 ~*)*T"

O = Oiony =3,330psi (= £1,132 psi)

Once it was determined that the grid could be simplified into an equivalent point
source, the nomographs or any of the other alternative forms of the solution could have
been used to estimate the maximum stresses for this problem. The solutions of Example
Problem Nos. 6 and 7 are also illustrated in Figure 89 by the use of a microcomputer pro-
gram developed using the logic diagram in Figure 88.
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SHEI FPROJECT HO. BZ-SS&7. g

BLAST EFFECTS FROM GRID SOURCE FOR 9,344 IMCH PIFE
ESTIMATED CIRCUMFERENTIAL AMD LOMGITUDIMAL STRESSES

E = 29.5 MILLION PSI N= 1.00

GRID DESCRIPTION:
5 CHARGES IN FRONT ROW SPACED 8.00 FT APART

4 ROWS MAKING IJP GRID SPACED 6.00 FT APART

23.20 FT TO CLOSEST POINT CHARGE OF GRID
GRID ANGLE = 12 DEG WT OF EACH CHARGE = 9.00 LB

CHARGE DIST X CIR OR LONG; STRESS
(LB/FT) (FT) (PSI)
1.125 27 12 3.501E-06 8246
(a) Solution of Example Problem No. 6

SWRI PROJECT NO. 02-5567, 3/ 20/81

BLAST EFFECTS FROM GRID SOURCE FOR 0.344 INCH PIPE
ESTIMATED CIRCUMFERENTIAL AND LONGITUDINAL STRESSES

E = 29.5 MILLION PSI N= 1.00

GRID DESCRIPTION:
5 CHARGES IN FRONT ROW SPACED 8.00 FT APART

4 ROWS MAKING UP GRID SPACED 6.00 FT APART
65.00 FT TO CLOSEST POINT CHARGE OF GRID
GRID ANGLE = 12 DEG WT OF EACH CHARGE = 9.00 LB
CHARGE DIST X CIR OR LONG STRESS
(LB) (FT) (PSI)
180.000 77.13 1.081E-06 3337
(b) Solution of Example Problem No. 7
Figure 89. Solution of Explosive Grid Problems Using Computer Program
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X. OTHER BLAST STUDIES

In addition to the extensive research efforts which are covered in all the previous sec-
tions of this report to determine the response of pipelines to nearby detonations in soil from
point, line and grid explosive sources buried to essentially the same depth as the pipe, other
much more limited studies were conducted by SwRI as part of the PRC-A.G.A. blasting
research program. The first of these studies concerned the response of pipelines which are
relatively near a free surface such that the blast-induced stresses would be enhanced. The
second study concerned a review of the literature and analysis of some data on the effects of
shielding a pipeline by the use of a trench between the charge and the pipe. Finally, the third
study was an experimental and analytical effort to determine the feasibility of using con-
crete/ soil tests to model the effects of placing the charge in a harder media, e.g., rock, than
that surrounding the pipe. The results of these limited studies are contained in this section
and are not presented as all inclusive solutions to these related blasting problems. Rather,
the results provide limited guidelines on how to handle these types of situations until future
research can provide more inclusive and general solutions.

Pipeline Near a Free Surface

The limited study concerning pipelines which are relatively near a free surface began as
a result of data recorded by SwRI for the DOW Chemical Company in four very deep point
source firings.. In all of the A.G.A. program tests, the point charges used were either at the
same depth as the center of the pipe or deeper than the pipe such that the charge-to-pipe
centerline was at a 45° angle to the horizontal. For these few deeper A.G.A. experiments,
the largest vertical distance to the charge was 4.2 times greater than the depth of the pipe.
The data obtained, however, compared quite well with the same depth data when the slant
distances between the pipe and the charge are used as the standoff distance. In fact, these
deeper data have been used to develop the stress prediction relationships developed in Sec-
tion VI.

The unpublished stress data released by the DOW Chemical Company for use in this
part of the program are listed in Table 16. In the four very deep point source firings
monitored by SwRI, one circumferential strain gage was mounted near the bottom of the
pipe, and one longitudinal strain gage was mounted near the top of the pipe. These gages
were of the weldable type manufactured by AILTECH and were installed by DOW person-
nel on a 16-inch O. D. by 0.25 W. T. steel pipe. The point charges were buried approx-
imately 15 times deeper than the center of the pipeline and the slant distances ranged from
70 to 212 ft. In addition, the shortest slant distances in these tests were considerably longer,
even when scaled down from the 16-inch diameter pipe to a 6-inch diameter, than those used
in the A.G.A. tests. If these slant distances are used in the point source prediction equation,
one would underestimate considerably the stresses when compared to the actual
measurements, particularly in the longitudinal direction,. Therefore, a correction factor
was introduced to modify the predictive equations. This resulted in better comparisons be-
tween the measured and estimated stresses.

198



Table 16. DOW Very Deep Point Source Data

Test h a N R e

) cir Elcng Oir giong
No. (in.) (1b) (ft) (pin./in.)  (uin./in.) (psi) (psi)
DI 0.25 1.12 20 212 6 9 282 350
D2 0.25 1.12 20 122 14 35 794 1271
D3 0.25 1.12 25 86 27 70 1556 2532
D4 0.25 1.12 20 70 45 93 2363 3452

The basis for this correction factor is that an effective mass of earth was assumed to
move with the pipe during loading in the derivation of the stress formulae. Since the
original analysis assumed that the charge and the pipe were at the same depth, this soil mass
would extend in front and in back of the pipe an equal distance, approximately that between
the pipe and the charge. If a pipeline is quite close to a free surface relative to the standoff
distance, the soil mass backing the pipe will be considerably smaller such that the pipe
would then experience greater strain and consequently higher stresses. This increase in pipe
stress will occur when the charge is considerably deeper than the pipeline or when the pipe is
very near a free face (such as a vertical face of a cliff as in Figure 90) even if the charge is at
the same depth as the pipe. (Note that in the case of the charge being near the free face in-
stead of the pipe, the results that follow do not apply and also a reduction in pipe stress
should not be expected.) To account for the decrease in inertial resistance, the point source
solution is modified by introducing the following expression:

F=[E+ pph] (135)
R p.R
where H = effective thickness of soil backing up the pipeline (ft), see Figure 90

R = shortest distance between centers of pipe and charge (ft)

h = pipe wall thickness (ft)

p, = soil mass density (Ib-sec’/ft)

5 = pipe material density (Ib-sec®/ft)

Equation (135) is dimensionless and any self-consistent set of units, such as the one defined
with the parameters above, is required to compute a numerical value for F.

Obviously, since the A.G.A. deeper charge data compared well with the same depth
data, Equation (135) must be applicable only when the depth of the charge is greater than
4.2 times the depth of the pipe. Since no other data are available between charge-to-pipe
depth ratios of 4.2 and 15, it is not possible to decide empirically (or theoretically) at what
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ratio Equation (135) should modify the point source solution. Therefore, it is suggested
that a conservative choice be made such as a depth ratio of 5. From the geometry of the
problem, a depth ratio of 5 would make H/R = 4. Thus, it is recommended that for situa-
tions in which very deep charges are used or the pipeline is relatively close to a free face, the
point source solutions be modified by the correction factor F as follows:

o nW 0.77
g =4-44(—-_-_ (136)

VEhF R??

where F=1for RH =4
F = Equation (135) for R/H > 4

A similar modification can probably be made to the parallel line solution for the limits of
R/H given. Note that the correction factor was derived empirically from only a few data
points and should be used with caution and engineering judgement. The results of applying
Equation (136) to the DOW data, the only data available for which R/H>4, are presented
in Figure 91. In these plots, reasonable agreement between the predicted and measured
values is shown. The solution line overpredicts slightly the four circumferential data points
while the opposite occurs with the longitudinal data points. In both cases, however, all the
test dam points are well within the scatter of the data used to fit the solution lines (see Figure
72). Note that the solution line was developed with data that ranged down to a value of
X = 1.4 x 107. Thus, some extrapolation has been necessary to compare with one of the
very deep data points which has a value of x = 4.7 x 10%. A more important observation
about this comparison is that the hugest stress measured on the DOW tests was 3,452 psi in
the longitudinal direction. Therefore, Equations (135) and (136) were derived with data at
the low end of the range of the solution line. Consequently, these equations should be used
with even more caution at stress values greater than the values corresponding to a value of
x=1x10"°,

Pipeline Shielding Study

Sometimes, the placement of either sheet piling or trench barriers between a vibration
source and the receiver can reduce the severity of ground motions. Barkan (1962), in the
U.S.S.R., has done more than anyone in evaluating the effectiveness of all types of barriers.
R. D. Woods (1968), in the U.S.A., has tested the effectiveness of some trench designs.

One would expect that because solid and fluid barriers transmit some wave energy, a
void would be the most effective barrier. Tests reported in the literature tend to
demonstrate that some barrriers can be expected to reduce displacement or particle velocity
amplitudes. Figures 92 and 93 show some vertical displacement amplitude reduction con-
tours of Woods (1968) in which the amplitude reduction factor is defined as the amplitude
with a barrier present divided by the amplitude without a barrier. Figure 92 shows the
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Figure 91. Comparison Between Very Deep Point Charge Test Data

and Point and Parallel Line Source Stress Solution Curve

202



(I

) 1.25-0.50 Dt/LR = 0.596
0.50-0.25

: 0.25-0.125 Rt/LR = 0.596
B3 0.125 LR = 1.68 ft

Figure 92. Amplitude Reduction Contours for an Active Trench - Woods (1968)
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results of one particular test using an active trench (a barrier close to the source) with a 180-
degree arc at a scaled distance R/Lr of 0.596 Rayleigh wavelengths from the source and
with a scaled depth D/Lg of 0.596 Rayleigh wavelengths. As can be seen, the maximum
reduction in amplitude is a factor of approximately 1/8. Notice that at other locations,
amplitudes are increased because of reflections and focusing. In this figure, D, is the depth
of the trench, Ly is the wavelength of the Rayleigh wave [see Equation (138)], and R, is the
distance between the trench and the source. The results shown in Figure 92 can only be used
for a similar active trench with the same values for DJ/Lg and R/Lg.

In the case where separate detonations are made progressively closer to the pipe,
passive trenches (barriers near the ground being shielded) are more likely to be beneficial
than active ones. Figure 93 from Woods (1968) is one example of a vertical surface vibra-
tion amplitude reduction contours for a passive trench with a scaled trench depth D/Lg of
1.19 wavelengths, scaled trench length L/Lg of 1.79 wavelengths, and scaled standoff
distance R/Lg of 2.97 wavelengths. This figure also shows that a trench can reduce peak
amplitudes to values as low as 1/8 the amplitude without a trench, and that amplitudes can
also be increased, especially forward and to the side of the barrier. Barkan (1962) has addi-
tional trenching results plotted in graphs of amplitude versus distance behind trenches for
different trench depths and frequency of vibration. He concluded that a trench may be ef-
fective for high frequency vibrations with short wavelengths, and that it is essentially im-
possible to build trenches deep enough to screen low frequency waves with long
wavelengths.

Barkan claims that deep barriers are generally required if low frequency waves are to be
screened. Figure 94 is one of Barkan's examples of active sheet piling screening effec-
tiveness for different frequencies of vibration. Plotted in Figure 94 is amplitude of vertical
displacements before and after the screen is erected as a function of distance from the
source of the vibrations. The sheet piling in Figure 94 had a depth of 14.8 ft and was in the
shape of a square 11.2 ft on each side. Three different plots are presented in Figure 94,
because the results are for three different frequencies of vibration N.

In addition to studying the effectiveness of screening on vertical vibration components,
Barkan also observed the effects of screening on horizontal vibration components. Figure
95 shows both horizontal and vertical vibration components for different frequencies of ex-
citation. The profiles presented in Figure 95 are parallel to the sheet piling and located
either directly behind or directly in front of the barrier. Using these test results is very
dangerous, because Barkan fails to report the propagation velocity, and the depth of the
barriers in Figure 95 is uncertain. Obviously, very complex laws govern vibration changes in
the immediate vicinity of barriers; hence, these results should only be used qualitatively.
The largest change in amplitude ratios is always along the two central quarters of the bar-
rier's length.

Most of the reported ineffective vibration screens are for attempts to decrease the ef-
fects of very low frequency vibrations -- vibrations less than 10 Hz which imply long
wavelengths. Unfortunately, explosive sources usually have very long wavelengths, and,
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therefore, very low frequencies, associated with them. For example, a 20 Ib high-explosive
charge buried 30 ft from an object in a soil with a P-wave velocity of 940 ft/sec and a densi-
ty of 102 Ib/ft3, will induce a radial soil displacement of 0.138 in. and a radial particle
velocity of 4.55 in/sec [using Equations (44) and (45)]. Assuming simple harmonic mo-
tion, the period T equals27X/U, and for this example, T=0.191 seconds. Consequently,
the harmonic frequency (which is I/T) equals 5.25 Hz. The length of the P-wave (which
equals cT) is 179 ft. An R-wave has a velocity about half of that for a P-wave, so its length
would be approximately 88.5 ft. Figures 92 and 93 from Woods (1968) are for trench depths
of 0.596 Rayleigh wavelengths. To obtain amplitude reductions similar to those in the two
figures would require a trench 53 ft deep. Even larger explosive energy releases will have
longer waves with lower corresponding frequencies; thus, it would appear impractical to
fabricate such deep trenches or screens based upon these experiments which used vibratory
sources.

High frequency sources can be screened more easily because trenches for these can be
much shallower. All of Woods testing was with vibratory sources with frequencies of 200 to
350 Hz and associated wavelengths of from 2.25 to 1.10 ft. For blast-related problems, high
frequency waves are usually associated with very small charges or very short standoff
distances. If a whole spectrum of frequencies exists, any trench will be more effective in
reducing vibration contributions from the higher frequencies. Lastly, grating (a frame of
parallel and crossed bars), placed vertically in the ground to screen blast waves, is an inef-
fective shield. Within 4 or 5 diameters of the bars, the wave that passes through, reforms as
if the grating was not present.

Besides using the empirical concept of a screened zone, which was introduced by
Barkan, two other more mathematically complex approaches can be taken. The first of
these is to use classical elasticity. Unfortunately, classical elasticity has only been used to
study the scattering of waves by spheres and infinitely long cylinders. No classical approach
has yet been developed for obstacles of arbitrary shape and finite dimensions. The
mathematics become very complicated and closed-form solutions are not possible (especial-
ly when two geometric dimensions are needed).

The second method of obtaining screening answers is to use numerical computer solu-
tions. An example of using numerical techniques with hundreds of elements and nodal
points is that developed by Segol, et al. (1978). While the results for specific computational
conditions can be presented, it is impossible to generalize them for an approximate
graphical solution. The main problem in attempting an approximate solution is that the
space to be represented is too large. If, as an example, one were predicting maximum
ground motion behind a vertical trench for a weak wave (a wave propagating near the
velocity of sound in the ground), the solution would require at least the following
parameters:

X T e M R
—t)=f I e e N T (137)
X E R LB
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where X; = ground motion with a trench
X = ground motion predicted without a trench
Lr = wavelength of R-wave
D, = depth of trench
Y = horizontal coordinate to locate point of interest behind the trench
Z = vertical coordinate to locate point of interest behind the trench

L, = length of trench

An analysis was made in this study to see what could be done with Equation (137) by
using unpublished test results compiled by J. K. Means of Michigan Wisconsin Pipe Line
Company for sewer and water line blasting in Winnabago County, Wisconsin. Both cir-
cumferential and longitudinal strains were measured on parallel 16-inch and 10-inch
diameter pipes. These pipes were approximately 25 ft apart. Because charges were placed
on both sides of the parallel pipelines, trenches were dug on both sides of the pipes.
However, during blasting operations, only one side was blasted at a time and a trench was
open only on the side being blasted. The trench dug near the 16-inch line was 50 ft long.
The trench dug near the I0-inch line was 62 ft long. In both cases the trench was 9 ft deep
and 5 ft away from the pipe nearest the charge.

Thirteen experiments used single 2.5-lb charges detonated at various standoff distances
of from 10 to 56 ft from the trenched pipe. Five other tests used arrays of charges sufficient-
ly far away from the pipe and trench that the entire array could be treated as a single charge
at the geometric center. These five experiments allowed us to estimate response for 5-,
12.5-, 20-, and 22.5-Ib charges at various standoff distances. The strain data measured by
Michigan Wisconsin is presented in Table 17.

To use these experimental test results, the Rayleigh wave wavelength Ly for each test
was estimated by using the expression:

c X
Lygsn—— 138
R U (138)
where c = seismic velocity (a value of 950 ft/sec was assumed)
X = radial soil displacement (ft)
U = soil particle velocity (ft/sec

The ground motions were computed using Equations (44) and (45) assuming p = 102 Ib/ft® .
Since pipe strain depends on the ground displacement, Equation (137) can be expressed as a

strain ratio as follows:
Eior R D Y e L,
o2 ) =f ’ 1€cals g— (139)
€ E Le Ly LR

cal R R R

£
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Table 17.

Michigan Wisconsin Trench Strain Data

Shot w Pipe R €cir ana
No. (1b) Dia. (ft) Meas. Meas.
31-2 2.5 16” 31 8.8 11.6
10” 56 12.8 8.4
314 25 16” 18 26.0 38.0
10” 43 21.0 24.0
31-5 2 16 16 11.6 15.6
10° 41 10.0 9.6
31-6 2.5 16” 14 11.6 16.8
10” 39 8.0 9.6
31-7 23 16" 12 19.2 26.8
10” 37 10.4 10.8
31-8 Fos 16” 10 14.8 20.8
10” 35 10.0 9.2
4-5 2.5 10” 25 7.6 12.8
16" 50 7.6 11.6
4-6 2.5 10” 24 11.6 12.8
16” 49 4.0 10.0
4-7 2.5 10 21 14.0 9.6
16” 46 9.8 8.8
4-8 2.5 10” 21 10.8 18.0
16” 46 4.8 12.8
4-9 2.5 10 19 16.0 22.0
16” 44 19.6 12
4-10 25 10 19 19.2 18.8
16” 44 12.0 13.2
4-11 5 10” 16 10.8 16.0
16” 41 9.6 10.8
31-3 5.0 16> 3.5 11.6 12.8
10 46.5 9.2 9.4
4-1* 22.5 10 45.5 - 16.4
16” 70.5 11.2 12.8
4-2° 20.0 10 42.25 9.6 13.2
16" 67.25 8.4 10.0
4-3* 12.5 10 36.80 12.8 15.6
16” 61.80 12.0 12.0
4-4* 20.0 10” 29.25 g il 24.8
16” 54.25 14.4 20.8
E = 30 x 10° psi
n=1.05
*n = 1.12
p = 102 Ib/ft
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This permitted all of the quantities R/Lg, D,/Lg, Y/Lgr, Z/Lg, and L,/Lg to be
calculated. The quantity €., Means the strain value with a trench and e, means the
estimated value of either circumferential or longitudinal strain where no trench is present.
At this test site, Michigan Wisconsin also made some no trench measurements on 10-inch,
16-inch and 24-inch pipes using primarily explosive arrays. When no trench was present,
the recorded strains were of similar magnitude as those predicted using our analysis pro-
cedures; hence, no reduction seems to have been caused by any special site conditions.

At first glance, Equation (139) would appear to have too many nondimensional terms
to develop a solution unless some of the terms proved to be of secondary importance.
Analysis of the test data showed that the strain ratiofpe/€. and the scaled standoff
distance from the pipe R/L, are the most important parameters in this case. Figure 96 is a
plot of emw/ewversus R/Lg for the Michigan Wisconsin test data. The other parameters
did vary and may be a cause of some scatter; nevertheless, for this set of data the major
parameters appear to be €pes/€cq  and R/ILg. Both circumferential and longitudinal strain
ratios are plotted in Figure 96.

The parameter ., varied from a low of 5 gin./in.(10° in./in.) to a high of 174  pin./in.
Because the results in Figure 96 are independent of €., this result infers independence from
strength of the shock. However, for really strong shocks inducing strain of thousands of
win./in.’s, 1 this observation may no longer hold. The scaled depth of the trench D/Lg,
distance from the trench to the pipe Y/Lg, the depth of the pipe Z/Lg, and length of the
trench L/Lg varied by only limited amounts. D,/Lg varied from a low of 0.08 to a high of
0.22, Y/Lg had a greater variation of from 0.05 to 0.60, Z/Lg varied approximately from
0.05 to 0.12, and L/Lg varied from 0.28 to 1.41. Provided another field situation had con-
ditions which fell within the bounds given for €cars D /Ly Y/Lg, Z/Lg, L,/Lg, and R/Lg,
the results in Figure 96 could be used at other sites. One standard deviation S for the results
about the line in Figure 96 is 0.34 or essentially the same as for the solution of €, and ¢,
when no trench is present.

For R/Lg less than 0.83, the wave may not be fully formed and will contain higher fre-
guency contributions. Figure 96 shows that a trench can reduce peak strains when R/Lg is
less than 0.83. However, when R/L, becomes large, waves become fully developed and
trenching may not be as effective unless L/Lg is large.

At values of R/L, greater than 0.83¢,,,,/€4 appears to be greater than 1.0. This
observation may be true as some focusing can occur, but the straight line through the data
points should not be extended. At values of R/Lg greater than 0.83, we recommend using
€mens” €ca €0Ual t0 1.0. The test data in Figure 96 are also limited in the near field to values
of R/Lg greater than 0.25. At R/Lg equal to 0.25, the strain reduction ratio is very close to
Barkan’'s and Wood’'s maximum effectiveness trenching ratio of 1/8. At closer standoff
distances (R/Lg less than 0.25), we would not necessarily expect e,... /€, t0 be less than
1/8. Thus, the straight line has been passed through the data in Figure 96 between R/L of
0.25 and 0.83. The equation of this curve fit is given by:
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“mess _(.068 e3.24R/LR (140)

€cal
for
0.25< -F— <0.83
Ly

This equation can be used provided all the restrictions are observed on R/Lg, DJLg, €4
Y/Lg, Z/Lg, and L/Lg. In addition, these results are only for open trenches, so it does
not follow that these results can be extended for’ use when sheet metal, piles and other
screening barriers are used.

Two-Media Feasibility Tests

All of the experimental data presented in earlier sections of this report on pipe response
to nearby detonations were obtained from tests in which both the pipeline and the explosive
charges were buried in soil. Analyses of these soil data, from both model and full-scale
tests, have produced the numerous prediction equations and methods presented in this
report. However, blasting in a rock mass near steel pipelines which are buried in soil is a
fairly common occurrence for which no experimental data were available to obtain a feel for
the magnitude of stresses induced on the pipe.

To generate sufficient data using full-scale tests at an actual rocky site adjacent to an
operational pipeline would be very expensive. Therefore, in one of the tasks conducted in
1980 for the A.G.A. blasting research program, SwRI conducted an experimental study to
determine the feasibility of using a concrete block/soil model to simulate the problem of
blasting in a rock mass 1N the vicinity of a pipeline buried in soil.

The original plan was to simulate a rock mass by placing a concrete block in the sail
next to the instrumented 6-inch model pipe described earlier in this report. Provisions were
made for three point charge locations, and thus, three experiments provided the level of
damage inflicted on the concrete block by each detonation Was not extremely severe. The
limited pipe response and ground motion data were to be analyzed to observe the results of a
charge detonated in a hard media loading a pipe buried in a softer medium.

The test layout for the concrete/soil experiments is shown in Figure 97. A 10 x 10 x 3 ft
slab was poured adjacent to the pipe using 6,000 psi concrete. Four tests, one more than
originally planned, were conducted. Test Nos. 25 through 27 were fired using the holes that
were molded in the concrete slab when it was poured. The charge hole for Test No. 28 was
drilled after the other three experiments had been completed. In all four tests, the hand-
molded, C-4 plastic-explosive charge was surrounded with soil, and the hole backfilled with
gravel up to the surface. To prevent venting of the explosion, a steel plate was then placed
over the charge hole and three, 2 X 2 X 4 ft concrete blocks were pyramid over the plate to
weigh it down. Figure 98 shows the type of damage observed on the surface of the block
from these tests.
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Figure 98. Damage to Concrete Block

Strain measurements were made primarily on the front, top and back of the pipe at a
location opposite the charges. Examples of data traces from Test No. 25 are shown in
Figures 99 and 100. Soil particle velocity measurements were also made. The maximum
stresses computed from the strains measured for each concrete/soil test, part of Test Series
No. 5, are presented in Table 18. In addition, the location of the velocity transducers and
the corresponding ground motion dam are included in this table. The total standoff
distance R is given in the table along with the portion of that distance that was in the con-
Crete and the portion that was in soil for each measurement.

If these tests had been conducted in soil and the distance R, as well as the corres-
ponding charge weight and seismic velocity are used in the point source equations presented
in earlier sections of this report, one would predict lower stresses and ground motions than
were measured in these concrete/soil tests. Thus, the effect of the concrete mass appeared
to be one of making the charge seem closer to the pipe than it would have been if only soil
had been used in these tests. With this observation in mind, approximate relationships were
developed using previous derivations and the experimental data for this effective distance.
The soil point source solutions were then used to estimate the pipe stresses for blasting situa-
tions similar to the ones performed.
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Table 18. Results of Concrete/Soil Point Source Tests

Test Test w c R R onc R Oy Oiong X U X
Series No. (1b) {fps) (fy (f) (Y (psi) (psi). (ips) (in.)
5 25 0.40 766 11.0 8.0 3.0 5,000 5,220
5.0 2.0 3.0 _ 347 0.403
8.0 2.0 6.0 4.4 0.229
11.0 2.0 9.0 ' 9.1 0.090
8.0 50 . 30 12.7 0.181
5 26 0.25 792 8.0 5.0 30 - -
8.0 5.0 3.0 : - 4.7 0.077
5 27 0.25 726 5.0 2.0 3.0 9,570 10,500
' 8.0 5.0 3.0 ' - 12.9 0.164
8.0 5.0 3.0 11.3 0.110
14.0 5.0 9.0 38 0.049
5 28 0.25 944 8.0 S0 . 30 11,150 8,220
5.0 2.0 3.0 17.5 0.131
8.0 5.0 3.0 15.8 0.145
8.0 20 6.0 7.8 0.068

11.0 2.0 90 5.0 0.045
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In Section V, the general equation for estimating the maximum radial particle velocity
in a continuum was defined as

_‘l(_?.g_)” i
¢ \pc?

w )0.832
pc*R?

0.3
tanh[260( W, ) ]
pczR3

Because shock pressure P in a continuum relates to particle velocity U through the relation-
ship,

0 00617(

(141)

P =pcU (142)

the particle velocity U can be eliminated from Equation (141) so that

©y\ 0.852
P p os 0 0()617(-._.-—--.v:’Rs
= c
( pc2 ) ( pcoz ) 2 _(143)

0.3 |
tanh[ZG 0( nc3R3 ) ]

If the subscript t is used to define the media into which a shock is transmitted, and the
subscript i to define the incident media, then the transmitted shock is related to the incident
shock through the relationship:

p_ 2 ‘ (144)
P, —
R PR

nc

In this case, the incident medium is concrete and the transmitting medium is soil. Because
p.C for concrete is very much greater than p,¢, for soil, Equation (144) can be approx-
imated by:

(%) (25)
P, pc: (149
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In the concrete/soil tests, the seismic velocity ratio c./c; was almost always a constant so

Equation (145) can be written as
P p,Ch
L= K(...‘._.‘i. (146)
PC . Pccc‘

where K is a constant.

Next, Equation (143) for shock transmission is used to determine the pressure P in con-
Crete near, the concrete/soil interface. Then Equation (146) is used to transmit the shock
from the concrete to the soil. The result of combining these equations is Equation (147) for
pressure in the soil near the concrete/soil interface.

0.852
0. ooem(pc )( ) (147

P =K(p§ci
]

pccc 172
() ()]
. pccc pccc

Using the concept of an equivalent standoff distance for the same size charge detonated
in a homogeneous soil, then P at the edge of the concrete would be:

: 0.852
0.00617(p cf)( ) :
plci eff

. ' 2, 0.3
o, C. ‘ P;ca clf

Combining Equations (147) and (148) and reducing terms gives:

, 2.556 0.3 0.3

0.352 ( ) tanh[26 03("=°') ¥ 3) ]
K(____,p'c._.) pccc psctR

p o \03 0.3

tanh[26.03 (-—-—‘-) ( W, 3) ]

- R p,c.R

2
s
2
ccC
The solution was completed by creating a log-linear approximation to Equation (149).
Over different segments of an argument, the tanh may be approximated by:

(149)

tanh = 6* (150)
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For large values of the argument @ . the exponent8 equals zero, and for very small values of

the argument, B equals 1.0. There are different arguments in the two tanh functions in
Equation (149); however, if anapproximation as in Equation (150) can be used, the three
different nondimensional quantities

R c? w
[ eﬂ,pc;’and zes]
Rc p;cl p;clRC

can be related through a log-linear equation as follows:

ﬁg 3 B'
Rat = (” o< W ) (151)
R, \pcl p,cR}

Equation (151) was curve fitted to the test data by taking logarithms and solving for the
constant C, 8., and 8,,.

2 ) v
o 020 () 0 2 ()

. p;cs pgc e (152)
In matrix format, Equation (152) can be written:
" log C
2
p.C w R
1.0, log—==., log—-—-‘—-] - B =[log-—°-f!-] 153
[ ’ p,c,zn , p,chi , ¢ R, (153)
Bw
Using an abbreviated notation, Equation (153) can be expressed as:
[W}{C]=I[R] (154)
And the coefficients in the C matrix follow from:
[Cl=[{WTW] ' [WT][R] (155)
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The resulting equation for estimating the effective standoff distances for the concrete/soil
tests is:

R‘“ W‘ 0.028 p cf 0.034
—-"0-745(—ﬁ (—f> (156)
R p,csRc /- p.Ce

where R, = effective standoff distance in soil (ft)

R = standoff distance (ft)

R, = part of R in concrete (ft)

W.; = explosive energy release (ft-Ib)

p, = mass density of soil (Ib—seczlft“)

C, = geismic p-wave velocity in soil (ft/sec)

p, = mass density of concrete (Ib—seczlft“)

¢. = seismic p-wave velocity in concrete (ft/sec)

The energy W, in an explosive charge is computed by multiplying the specific energy release
of the explosive by the weight of the charge. For these tests, C-4 plastic explosive was used
and its specific energy release is 1.7 x 10° ft-Ib/lb,. The mass density and seismic velocity
of the concrete were measured values for the block used in the experiments. The values used
in fitting the data were p. =4.745 Ib-sec?ft* and C., = 13,000 ft/sec. The density of the soll
was ps -3.17Ib-sec?/ft’.

Note that in Equation (156), both exponents are quite small thus makin&,Riﬂ/R‘ w?ak
functions of dimensionless groups in the parenthesis. An average value for™ " e PsCsRe i
these tests was about 0.016 making the term

0.028
( We 3) =0.89
pC Rc .

(157)

Likewise, an average value for the impedance ratio of soil to concrete was about 0.003, thus

-p cz 0.014
(-‘;i;'i-) =0.92 (158)

Therefore, for these specific tests a good approximation for Equation (156) is

[ P 1
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By using Equation (156) to compute values of Ry corresponding to the pipe strain
measurements for each setup, predicted stresses can be compared with measured values for
the soil/concrete tests. This comparison is made in Figure 101. In this figure, the point and
parallel line solution curve is shown along with the concrete/soil stress data. Notice that Ry
does provide a good way of predicting stresses for two media experiments similar to those
conducted in this program. This figure also shows that the range of the stresses measured is

quite narrow.

Similarly, Equation (156) was used to compute values of R, for each soil particle
velocity transducer used in these experiments. With this computed effective standoff
distance for one medium, each measured displacement and velocity listed in Table 18 for the
two media tests can be compared to the one medium, point source equations. In Figure 102,
the concrete/ soil ground motion data are compared to the point source curves. This com-
parison is additional evidence that the computed R.; for each situation will yield reasonable
estimates for two media situations similar to those used in the concrete/soil tests of this

program.

In Figure 102 the range of the ground motion data is wider than that of the stress data.
However, as can be seen in Table 18, the range of the various standoff distances in soil and
concrete was limited, particularly for the stress data. Consequently, strict use of Equation
(156) should be limited to situations which are geometrically similar to those in this study.
For other layouts, some test data are first necessary to determine its applicability. One final
observation concerning Equation (156) is that within the range of the experimental data, the
estimate of the standard error in computing an Rg was only 0.19. However, because the ef-
fective standoff distance is then used in the point source equations (which raises this
parameter to a power of 2.5 or 3) to predict pipe stress or ground motion, any error in R is
magnified significantly.

Ideally, considerable more data arc needed before this solution can be considered as
general as the ones for one medium (soil) because of the larger parameter space. Because no
data arc available from rock/soil tests, it is not possible at this time to determine if Equation
(156) can be applied directly to rock/soil blasting situations. However, for other two media
situations geometrically similar to those in this study, this equation should provide rough
estimates of the effective standoff distance using the corresponding parameter values for the
rock in question. For other geometries, tests at the actual site with smaller charges are
recommended for placing Equation (156) on a firmer basis.
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X1, ANALYSIS OF STRESS EQUATIONS

In addition to the limitations for the stress prediction equations and methods discussed
in earlier sections of this report, the reader should be aware of how changes in each
parameter in the solution affects the estimated stresses. In this section, a sensitivity analysis
is used to show this effect. Then, a brief discussion is presented concerning other stresses
loading the pipe and the use of yield theories to determine if the maximum allowable stress
on the pipe has been exceeded. Some comments are then made concerning factors of safety.
Finally, a discussion of other procedures based on past work and found in blasting
regulatory codes is included in this section to put the stress solutions derived in this research
effort in perspective.

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
(a,) and the longitudinal stress (a,on')ﬁrom blasting are the equivalent charge weight (nW),
the modulus of elasticity for the pipe (E), the pipe wall thickness (h), and the standoff
distance (R). For a line source, the equivalent charge (nW) for a point source is replaced by
a charge weight per unit length (nWI/L). Although the influence of E and h, as well as nW
or nW/L, remain the same in both point and line source solutions, the standoff distance R
has a different influence on pipe stresses for point and line sources.

Table 1.9 presents the results of a sensitivity analysis when blasting stresses from the
point and parallel line sources are considered. In this tablefg, andam;epresent the sen-
sitivity. The strain prediction equations [Equations (105) and (106)) arc used to compute
the peak strains which arc then combined using the biaxial elasticity equations [Equations
(30) and (31)] to produce the corresponding circumferential and longitudinal stresses. The
parameter @i is the sensitivity when the stress curve fit [Equation (112)] is used to predict the
maximum stresses which are made equal in both directions. For all practical purposes,
either approach gives essentially the same result. In Table 19, each parameter E, h, nW,
nW/L, and R is doubled independently. The number in the table shows how muchag and
Oiong? ' OF alternatively @,, increases or decreases because one parameter was doubled. If the
number is greater than 1.0 as for E and nW, the stress increases. If the number is less than
1.0 as for h and R, the stress decreases. Table 19 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 19 may seem small; however, these parameters are the
main ones which determine the change in stress in a buried pipe from blasting. Particularly
obvious by their omission are the pipe diameter, the soil density, and the seismic propaga-
tion velocity in the soil. These parameters are absent because the stress solution as derived
in this report is independent of 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 the kinetic energy and strain energy are both
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Table 19. Effects on Predicted Stresses
When Each Parameter is Doubled Independently

Stress Pipe Properties Point Sources Line Sources
Component E h nwW R nW/L R
O ur 1.52 0.76 1.74 0.25 1.74 0.44
Oiong .54 0.77 1.70 0.27 1.70 0.45

o 1.53 0.77 1.71 0.26 1.71. 0.45

first power functions of the pipe diameter, the pipe diameters cancel when these quantities
are equated, and the resulting response becomes independent of pipe diameter. Ex-
periments on 3-, 6-, 16-,24-, and 30-inch pipes all yielded results that show this observation

is a correct one.

In a similar manner, the approximation concerning the radial ground displacement
equations in which (X/R)(po/pcz)"” was made proportional to either (nW/'p c’R®) or
(nW/L/pc?R¥eventually leads to p and c being eliminated from the pipe response analysis.
If the more complex relationships for the ground displacement are used, the circumferential
stress and the longitudinal stress become weak functions of p and c. The simpler format was
used because adequate engineering answers result without appreciable benefit from added

complexity.

All of the conclusions in the sensitivity analysis assume no contribution ég, and Oiong
from pipe pressurization or other loading mechanisms. Table 19 represents only a change in
the circumferential or longitudinal stress components associated with blasting.

Other stress states

A knowledge of the state of stress caused by blasting is only one of the stress
parameters necessary 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 ad-
dition 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) Internal pipe pressurization

2) Thermal expansion or contraction

3) Surcharge or overburden

4) Residual stresses from welding and other installation processes
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After the resultant longitudinal and circumferential stresses have been obtained, a yield
theory will have to be selected to determine if the pipe vyields. In this discussion, we will only
mention some of the theories which might be chosen. Actual selection of an appropriate
theory must be left up to engineers in each company. Sometimes state law, company policy,
and other considerations beyond our control dictate the choice or selection of a particular
criteria 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 cir-
cumferential on the x-axis and the other such as the longitudinal on the y-axis. Figure 103 is
such a plot, with the circumferential and longitudinal stresses normalized by dividing by a
uniaxial yield stress @,. Four different quadrants exist in the solution shown in Figure 103
because these are the different combinations of tension and compression which could exist
for 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 theories arc illustrated in Figure 103, To determine if the
pipe yields because of the combination of the blasting and other applied stresses, the reader
most likely will have to select one of these yield theories.

The five theories shown in Figure 103 are: 1) the maximum stress theory, 2) the max-
imum 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 Timoshenko (1956). All of the lines in Figure 103 represent the
threshold of vyield. If any biaxial combination of stresses falls within the envelopes, no yield
occurs, but if stresses fall outside the envelopes, yielding is assumed to have occurred.
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 algebraic
signs are the same and when the signs differ.

For all of these theories, the worse conditions occur in quadrants Il and IV where the
signs of the resultant stresses differ. Often regulations and specifications simplify yield
criteria by taking absolute values of the resultant stresses, and use a yield criteria for a worse
state quadrant such as quadrant Il. Figure 104 is the plot for the five yield theories in this
guadrant.

Many state codes use the maximum shear theory, sometimes called Tresca's Theory,
because it is the most conservative. The equation for this theory is very simple because it is a
straight line. The threshold yield equation for the maximum shear theory is given by:

o g
| 4| o | =1.0 (160)
O'y —Oy

In this equation, the normalized stresses are the absolute values.
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Many engineers tend to use the distortion energy criteria, sometimes called the Huber-
Hencky-Mises Theory, as they believe it is the most accurate. The equation relating the
threshold for yield using distortion energy is given by:

. 2 - 2
(fs.ir..) +1. .‘_’.c.ir..)l (fm:.)l-l.(ﬁm) =1.0 (161)
o,/ gy Oy N Oy

The other three theories (maximum energy, maximum strain, and maximum stress) are
seldom used anymore, so equations for these will not be given. In using any yield theory,
the reader has to add other stresses, such as those from pipe pressurization, to the blasting
stresses and then choose one of the yield theories, Company philosophy, approach, regula-
tions, and policy can all influence the selection of a yield theory. We present this discussion
of yield theories to aid in the selection of an approach and to show a comparison of the dif-
ferent theories. Actual selection of any one approach is beyond the limits placed on this
work by the Blasting Research Supervisory Committee. Different organizations in various
sections of the country may be using different yield criteria for different corporate reasons.

Factor of Safety

In addition to combining the blasting and other stresses loading a pipe and selecting a
yield criteriato evaluate a particular situation, a safety factor must be included in the stress
analysis, What factor is used will depend on a number of considerations, and the user must
decide for himself the actual value used. In some cases, company policy may dictate
minimum- values for safety factors in terms of maximum allowable stresses, In the discus-
sion that follows, some guidance is provided for selecting safety factors.

No one number should be used as a factor of safety because many interactions are in-
volved. 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 deformation. 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. Therefore, much larger safety factors
should be used in brittle as opposed to ductile pipelines.

One standard deviation or estimate of the standard error for predicting both cir-
cumferential and longitudinal stresses from blasting equals approximately 34 percent of the
predicted value. This statement infers that, were the same blasting conditions repeated a
large number of times, approximately 68.3 percent of the results would fall between 1 +
0.34 times the predicted value, and 95.4 percent of the results would fall between 1 + 0.68
times the predicted value. This prediction of scatter assumes a normal distribution of test
results which may not be quite true, and it applies only to those stress components caused by
blasting.
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Knowing the probable error in estimating 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 + 3.4 ksi;
whereas, a blasting stress of 40 ksi means one standard deviation is + 13.6 ksi. Obviously, a
probable error in the blasting stress estimate of 3.4 ksi is less significant relative to a 60 ksi
yield point than one of 13.6 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 conse-
guences of failure. Loss of service in a major pipeline serving an entire region of the United
States has to be more serious than loss of service in an artery into some building develop
ment. This observation implies that a 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, what factor of safety is used on a blasting

situation is not a one answer question. We must leave this consideration up to each in-

dividual company as regulations and company policy can also differ in various sections of
the country.

Other Analysis Methods

Two methods in particular have found some usage for setting limits on blasting near
pipelines, and should be discussed to place their misuse in proper perspective, 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 perspective by looking at the following qualitative
model:

T Y sin wt

—i]
ot

1,‘/(’('-) ro— — -

NN NN NNVNND

Figure 105. Qualitative Ground Shock Model
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In this model, a sinusoidal ground shock pulse of amplitude :y, and period T excites a
linear elastic oscillator of mass M and spring constant k. If the maximum relative motion

(X-Y)max €xceeds a certain magnitude, we assume that a building will crack, machinery will
be misaligned, etc. By limiting the relative motion (X-y)ma We are also limiting the force

applied to the mass because the strength of the structure k times this motion is this max-
imum force. The equation of motion for this model is:

- d%x A
M-ap-ﬂc x=k y(t)=k y, sin ot (162)

If the structure is initially at rest, the initial conditions at time t = 0 are X = 0 and dx/dt = O,
and the solution to Equation (162) is:

x-y _ NwM? oMy
—y"“= ————$in wt-— _sinVk/M t (163)
° 1= (w/VK/M)? 1-(w/Vk/M)? -
. ‘ J A —
Complementary Particular
Solution Solution

Equation (163) has two parts to it the complementary solution and the particular solu-
tion. Dependent upon whether (w/Vk/M) is much less than 1.0 or much greater than 1.0,
one part or the other will predominate. If (d:/‘\/k/M)< < 1.0, the solution becomes:

(X;Y) = (___‘i__)zsinwt— (

)sin‘ k/M 1t
vVk/M Vk/M

(164)

Under this circumstance, the major term is the particular solution, and the complementary

solution is a small amount of noise .superimposed on the dominant term. Because the max-
imum occurs when the sin

k/M t equals -1.0, the maximum relative displacement is given
by:

- w/VKk/M << 1.0 (165)

Particular Solution
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But. (yocn')s the maximum soil velocity which says that under these conditions, a constant
limiting specified velocity is the correct criterion for a specific structure.

On the other hand, ifl(w/ Vk/M) > > 1.0, the solution becomes:

<

sinVik/M t (166)

E=Y) o _sin wt+

Yo w/N/M

The dominant term now becomes the complementary solution, which is a maximum when
displacement is:

w/Nk/M >> 1.0 (167)

Complementary Solution

Under these conditions, a constant specified limiting soil displacement is the correct
criterion for a specific structure.

A third domain also exists especially when: 1) the particular solution can be suppressed
by heavy damping, or 2) the complementary solution made to dominate as when_steady state
continuous vibratory sources are present. Under these conditions for (w/Vk/M) < <1.0,
the solution is:

2 .
x~y)= ( L ) sin ot (168)

Vk/M

Which has a maximum given by:

w/Vk/M << 1.0 _ (169)

Complementary Solution

This solution is a constant acceleration criteria. Which criteria are important thus depends
upon: 1) whether a single pulse or steady state vibrations are involved, and 2) whether
(w/Vk/M) ' is large or small relative to 1.0.

In 1942, Theonen and Windes conducted experiments for the Bureau of Mines because
of damage and litigation arising from the detonation of buried explosive charges. Because
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the Bureau had difficulty locating structures which could be blast loaded to damage, 13 ex-
periments were conducted using a mechanical vibrator with an unbalanced motor, a steady-
state vibration source. Force and frequency were adjusted with upper limits of 1000 pounds
and 40 Hz, respectively. The report based upon these tests recommended an acceleration
criterion with no damage at less than 0.1 g's, minor damage between 0.1 and 1.0 g's and,
minor damage at greater than 1.0g’'s. Whenever constant acceleration criteria are specified,
it is usually based on this study. Notice that although they were interested in
blasting, a vibratory excitation was used. We have just shown that whew/Vk/M is small
and steady&ate vibrations are involved, an acceleration criterion is possible. A criterion
such as this one has nothing to do with blast, however.

In 1949, Crandell prepared a constant velocity (w/Vk/M is small) criterion for protect-
ing above-ground’ structures from buried detonations. His lower limit for caution cor-
responds to a peak ground velocity of 3.3 in./sec. Crandell used test results to relate this
velocity (he calls it an energy ratio) to standoff distance, charge weight, and a ground
transmission coefficient. Many state blasting codes are based upon this study.

In Sweden, Langefors, Kihlstrom, and Westerberg (1958) accumulated a large data
base during a reconstruction project requiring blasting near buildings. Because large blasts
were desired for economy of operation, a policy was adopted whereby minor damage to ad-
jacent structures, which could be replaced at moderate cost, was acceptable. Thus, these in-
vestigators recorded and analyzed a large amount, of data on actual damage to buildings
from more than 100 blasting tests. By and large, these Swedish tests had frequencies higher
than those recorded elsewhere, 50 to 500 Hz. Once again, particle velocity became the best
damage criterion for failure of plaster. Velocities of 2.8 in./sec resulted in no noticeable
damage, 4.3 in./sec in fine cracking, 6.3 in./sec in cracking, and 9.1 in./sec in serious
cracking.

When the St. Lawrence Seaway Project was being built, Edwards and Northwood
(1960) conducted controlled. blasting tests on six residences slated for removal. Accelera-
tion, particle velocity, and displacement were all measured on the residences for charges
ranging from 47 to 750 Ib buried at depths of 15 to 30 ft and at various standoff distances
from these buildings. Frequencies ranged from 3 to 30 Hz. They too concluded that
building damage was more closely related to velocity than displacement or acceleration, and
that 4 to 5 in./sec was likely to cause damage. A safe velocity limit of 2.0 in./sec was
recommended based on this study.

One final study in Czechoslovakia by Dvorak (1962) was for buried explosive charges
of 2 to 40 Ib placed 16 to 100 ft from one and two-story brick buildings. In this study, the
measured frequencies were in the range of 1.5 to 15 Hz. Dvorak concluded that threshold
damage occurred at soil particle velocities between 0.4 to 1.2 in./sec, minor damage at 1.2
to 2.4 in./sec and major damage above 2.4 in./sec.

A very good summary of low-frequency blasting criteria was put together by Nicholls,
et al. (1971) for the Bureau of Mines. Basically, Nicholls took data from the sources which
we have just described and made a composite plot of displacement amplitude versus fre-
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guency data. Three degrees of structural damage severity was considered: no damage,
minor damage such as new crack formation or opening of old cracks, and major damage
such as serious cracking and fall of plaster. Figure 106 shows this displacement versus fre-
quency plot of Nicholls. Notice that after conducting a regression analysis, the slope of the
lines for the different degrees of damage to buildings are all constant velocity curves - 7.6
in./sec for major damage, 5.4 in./sec for the threshold of minor damage. The 2.0 in./sec as
a safe blasting threshold which is shown was not based upon any curve fit to the data.

Many state codes use 2.0 in./sec as a safe blasting criterion for surface structures. A
large amount of data are behind this criterion, but remember the 2.0 in./sec criterion has
nothing to do with pipelines which are strong buried structures. Analytically, a velocity
criterion is appropriate whenever(w/Vk/M)is small, Equation (165). But whenever
(w/‘\/E/M)Iarge, a displacement criterion is analytically more appropriate, Equation
(167). In buried pipelines, a large mass of earth acts along with the pipe, This large mass of
earth makes a larger M which, in turn, makes(w/‘Jk/M)imuch larger. The results obtained
in this blasting study on buried pipelines have a displacement criterion. This result is not in-
consistent with all of the velocity criteria results obtained on above ground structures. These
results only infer that (w/Vk/Mplaces all of our pipeline and the various building test
results in different domains.

The velocity criteria arc valid for buildings, but not at all for buried pipes. If one com-
putes the radial soil particle velocity for many of our experiments, the unstressed pipe has
very acceptable stress levels for particle velocities greater than 2.0 in./sec. Those velocity
criteria are in state laws because no data on pipelines existed, and no one had any concept of
what else could be easily used.

A second criterion, which is sometimes used, was derived by McGlure, et al. (1964) at
Battelle Memorial Institute. It uses the Morris (1950) equation for ground motion, and
assumes that the pipeline movements equal those of the surrounding soil. Those assump-
tions 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:

: K Eh
0y =4.26 R D’ (170)

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

charge weight (Ib)

= standoff distance (ft)

= pipe diameter (in,)

= pipe thickness (in.)

circumferential stress (psi),

where

SoO®msmR
|

Q
2.
1
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Figure 107 shows a plot of point source test data recorded by SwRI in the A.G.A.
blasting research program versus this equation. To be perfectly fair, this evaluation is not a
proper one because McClure, et al. (1964) state that Equation (170) is not valid for standoff
distances less than 100 ft. Nevertheless, this comparison is made because users have ignored
the author's qualifying statement and have used the equation at standoff distances smaller
than 100 ft. As Figure 107 shows, Equation (170) is not as accurate as the new relationships
developed in this report and the data for each pipe size forms a different curve.. In addition,
misuse does not necessarily give conservative results (Figure 107 shows that the measured
stresses on the larger pipes are higher than the predicted ones). The Battelle circumferential
equation also implies that doubling the pipe thickness while keeping everything else constant
doubles the stress in the pipe.

Finally, we wish to say that a company’s ability to use the results in this report may be
restricted by governmental regulations based on ground motion limitations or other criteria.
When these circumstances arise, the reader should probably use both this report and the
regulations. In this manner, blasting conditions can at least be limited to whichever gives
the most conservative result.
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XI11I. FINDINGS AND CONCLUSIONS

The blasting research program conducted by Southwest Research Institute for the
Pipeline Research Committee of the American Gas Association produced a number of
significant findings and conclusions relevant to blasting in the vicinity of pipelines. These
findings, which have advanced the state-of-the-art for predicting blast effects on pipelines,
include the following:

From the model analysis, functional expressions were developed which related
ground motion and pipe stresses to the significant parameters which define
underground blasting conditions from point and parallel line sources.

These functional relationships produced a replica model law which defines the
relationship between the various parameters in model. and full-scale
experiments.

The test data presented in this report show that ground motions and pipe
response parameters from blast-induced seismic pulses can be scaled or
modeled. The data were obtained at three different test sites using five
different size pipes.

Using the extensive quantity of ground motion data obtained in this program
plus data from the literature, the functional relationships for radial ground
displacement and radial particle velocity were defined. The general equations
derived for point sources in a homogeneous and isotropic media are applicable
over a wider range of scaled distances than any empirical equation derived
previously.

Simplified log-linear equations for the radial ground motions from buried
point sources were derived empirically over the range of the data most
applicable to pipeline problems.

For parallel line explosive sources, test data (primarily obtained in this
program) were also used to define empirically the functional expressions for
radial soil displacement and radial soil particle velocity. These parallel line
ground motion equations arc based on data whose range is not as broad as that
of the general point source solutions. Furthermore, all parallel line tests were
done in soil and, thus, these equations should be given only tentative
acceptance and used with certain amount of judgement when applied to other
ground media.

Prediction equations for estimating the maximum strains and stresses induced
on a buried pipeline by point and parallel line explosive sources detonated in
soil were derived using approximate analyses for the kinetic energy imparted to
the pipe by the impulse distribution from the seismic wave and for the elastic
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strain energy which defines the pipe response. Pipe strain and stress data
obtained on model and full-scale tests conducted in this program were used to
define simple log-linear equations for estimating the circumferential and
longitudinal strains and stresses resulting from buried point and parallel line
source explosive detonations.

These closed form prediction equations depend only on the explosive weight or
density, pipe modulus of elasticity and thickness, and the standoff distance.
They are independent of pipeline length and diameter. Static analysis
procedures do not yield this conclusion, and cannot be used to solve this
transient dynamic problem. Because of the linear approximation made to the
displacement equations, the stresses are also independent of the soil density
and seismic velocity. Had the more complex relationships for radial soil
displacement been used, the circumferential and longitudinal stresses would
become weak functions of the soil parameters. The simplified format was used
because adequate engineering answers were obtained without appreciable
benefit from added complexity.

The stress prediction equations developed are limited in application to point
and parallel line explosive sources detonated in soil where the pipe and the
charge are buried to about the same depth. The range of the stress data used to
complete the solutions was such that the equations should be applicable for
most soil blasting situations near gas pipelines to distances as-close as two-pipe
diameters.

Assuming a normal distribution of the experimental data about the point and
parallel line solution curve, the estimate of the standard error was only * 0.34.
This statistic infers, that for a similar blasting situation in soil there is a 97.7
percent probability that the maximum stress will not exceed 1.68 times the
predicted value.

A sensitivity analysis of the point and parallel line stress prediction equations
indicated that pipe stresses are most sensitive to the standoff distance and least
sensitive to pipe properties (i.e., modulus of elasticity and pipe thickness).
Changes in the standoff distance also have a greater influence on the stress for
a point source than a parallel line source.

Experimental data from multiple charge arrays such as explosive lines and grids
oriented parallel and at an angle to a pipeline were used to develop empirical
methods for estimating pipe stresses. The approach used for these more
complex explosive geometries was to simplify them into equivalent parallel line
and point sources and then use the prediction equations for these simpler
sources.
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In applying the stress prediction methods for the complex explosive geometries,
the reader must observe the limitations in charge geometry and parameter
range of the complex explosive source data. In addition, the limitations for the
point and parallel line source equations also apply in estimating pipe response
for a complex explosive source.

Exceptions to the general methods for simplifying line and grid sources exist in
the case of line sources oriented perpendicular to the pipeline and in cases
where the nearest charge making up an explosive array would result in higher
stress predictions than those of the entire charge pattern.

The blasting stress prediction equations and methods can easily be formulated
into a logic diagram and coded into a calculator or computer program for
application purposes.

A knowledge of the state of stress caused by blasting is necessary but not
sufficient information to determine if the maximum allowable stress has been
exceeded. Other stresses such as those caused by internal pipe pressurization,
overburden, etc., can be very significant. This program did not include studies
into stresses from other causes, 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, safety factors and a yield theory are necessary to
determine if the pipe yields or exceeds its allowable stress.

Other analytical methods have and are. being used to determine quantity-
distance limits for underground detonations near pipelines. 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 ‘use of
the Battelle equations, which are based on Morris’ equation for ground
motion. 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 Battelle equations
were limited to standoff distances of more than 100 ft. However, users have
ignored this limitation and have applied the results for much closer standoff
distances, with the possibility of significantly underpredicting, pipe stresses as
indicated by some of those measured in this program.

The use of the results from this report may be restricted by government
regulations or company policy based on othercriteria. When this circumstance
arises, the reader should use both, this report and the other criteria so blasting
conditions can at least be limited to whichever gives the most conservative
results.
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For a pipeline near a free surface, such as for charges considerably deeper than
the pipe or a pipeline very close to a free face, the stresses from a point source
are enhanced. Based on the strain data from four tests, a correction factor for
the point source equation was developed empirically. This factor is based on
low amplitude blasting stress data and it should be applied with caution and
engineering judgement .

From the literature study on the effect of an open trench between a charge and
a pipeline, it was concluded that a trench can reduce the blast effects on a pipe.
For vibratory sources using low frequency vibrations, a trench would have to
be very' deep to be very effective. However, test data from a limited number of
small charge blasting experiments indicated significant reductions in pipe
strains under certain conditions. An approximate equation to, predict the
reduction of pipe strain level as a function of a scaled distance was developed
from these data. This equation can be used provided all the restrictions are
observed on the dimensionless parameters which define the problem.

From a limited series of concrete/soil feasibility tests, a physical model was
developed for use in specific two-media blasting situations. Approximate
equations can be developed for computing an equivalent, homogeneous media,
standoff distance. This allows use of the soil point or parallel line source
prediction equations to estimate stresses and ground motions in a two-media
blasting problem.

All previous formal or interim reports published during the conduct of this
blasting research program are replaced by this two volume document.

All of the new equations and methods for estimating pipe stresses from point, parallel
line, angled-line, parallel grid, and angled-grid explosive sources provide a better criteria
than anything presently in use for limiting blasting near pipelines, within the stated
limitations. These new equations and methods are valid over a fairly wide range of stress
and other pertinent parameters. However, for some situations, these equations may not be
directly applicable. Furthermore, their application may also be restricted by regulatory
codes.

The equations presented in this report for the correction factor when a pipeline is near a
free surface, for the strain reduction due to a trench, and for the two-media effective
distance are much more limited in application and should be used with caution.

For a field application outside the valid limits of any of the equations presented in this
report, we recommended that the results be used very judiciously and primarily as a guide to
evaluate the magnitude of the problem. If possible, on-site diagnostic measurements are
recommended to monitor the blasting effects using lower charge weights or greater standoff
distances prior to setting up the actual situation. As an alternative to on-site measurements,
a blasting situation whose configuration falls outside the limits of the present solutions can
be conducted in model scale either in a “laboratory” environment or at the actual test site.
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LIST OF PARAMETERS AND SYMBOLS

Distance of nearest charge. For point and parallel line sources,
A=R(ft)

Differential area around the pipe; projected differential area
Acceleration

Angle between pipeline and explosive source

Constants

Diffraction coefficients

Seismic compression P-wave velocity in soil or ’'rock (ft/sec)

Seismic P-wave velocity in concrete (ft/sec)

Pipe diameter (in.)
Depth of a trench (ft)
“Dimensionally equal to
Differential length of pipe

Modulus of elasticity for the pipe material (psi)

Correction factor for pipeline near a free surface (nondimensional)
Fundamental units of measure; force, length and time, respectively
Symbol for function of

Ground motion, either peak velocity or displacement

Acceleration of gravity (32.16 ft/secz)

Effective thickness of soil backing a pipeline (ft)

Pipe wall thickness (in.)

Total applied impulse (Ib-see)

Any applied specific impulse (Ib-sec/ft)

Side-on specific impulse (Ib—sec/ftz)

Second moment of area (in.")

Site factor for soil condition; a constant

Kinetic energy

Spring constant in the qualitative structural response model

Length of an explosive line (for uniform charges spaced equal
distances apart, this length is the spacing between charges times the
number of charges), L = (N1)(L1) (ft)

Wavelength of a Rayleigh wave (ft)

Length of a trench (ft)

Spacing of charges in an explosive lint or the front row of a grid (ft)
Spacing of rows making up a grid (ft)

Arbitrary effective length of deforming pipe

Effective mass or mass in the qualitative structural response mode of

a pipe (Ib,)
Elastic bending moment (in.-Ib)
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Maximum elastic bending moment (in.-lb)

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

Frequency of vibration (cycles/min); a number

Number of equally spaced charges in an explosive line or the front
row of a grid

Number of equally spaced rows making up a grid

Equivalent explosive energy release constant (nondimensional)
Charge weight equivalent in Ib,, of ANFO (Ib)

Shock pressure in a continuum

Atmospheric pressure

Side-on pressure

Compression wave generated by a disturbance in the ground
Physical parameters

Standoff distance (actual or effective) from the center of the pipe or
ground motion transducer to the center, of the charge (ft)

Distance between geometric center of explosive line and a pipe (ft)
Distance between geometric center of explosive grid and a pipe (ft)
Part of R in concrete (ft)

Surface Raleigh wave generated by a disturbance near the surface of
the ground

Distance between a charge and a trench (ft)

Pipe radius (in.)

Estimate of the standard error of experimental data about fitted
curve

Circumferential strain energy

Longitudinal strain energy

Time

Time constant or period associated with duration of the load

Peak radial soil particle velocity (ft/sec)

Nondimensionalized velocity

Velocity of shock front

initial velocity imparted on pipe by a shock front

Total charge weight of explosive source (Ib)

Explosive energy released (ft-Ib)

Energy released per unit length in an explosive line source (ft-b/ft)
Explosive density, charge weight per unit length of an explosive line
(Ib/ft)

Explosive weight of individual point charges making up a line or grid
source (Ib)

Maximum elastic deflection of pipe in either circumferential or
longitudinal mode (in.)

Peak radial soil displacement (ft)
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Greek Symbols

Nondimensionalized displacement

Displacement in the qualitative structural response model

Relative motion

Horizontal coordinate to locate point of interest behind a trench (ft)
Assumed deformed shape of pipe; displacement of ground surface in
gualitative model

Ground motion amplitude; threshold of damage

Vertical coordinate to locate point of interest behind a trench (ft)

Exponents on parameters in the equation of dimensional
homogeneity

Constant exponents

Strain (in/in.)

Maximum circumferential pipe strain (in/in.)
Maximum longitudinal pipe strain (in./in.)

Strain calculated from strain equations (in./in.)
Measured pipe strain with a trench (in./in.)

Density times the heat of fusion

Angled

Geometric scale factor

Mass per unit length

Microstrain (10°in./in.)

Poisson’s ratio

Dimensionless group

Mass density of soil or rock (Ib-sec?/ft")

Mass density of soil (Ib-sec?/ft")

Density behind the shock front

Compressibility of the soil (Ib/ft%)

Heat capacity times temperature increase

Mass density of concrete (Ib-sec?/ft*)

Mass density of pipe (Ib-set?/ft?)

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

Pipe stress calculated from prediction equations (psi)
Maximum circumferential pipe stress (psi)

Maximum longitudinal pipe stress (psi)

Pipe stress derived from measured strains (psi)

Yield stress for the pipe material (psi)

Period of pipe response (sec)

Fundamental natural frequency (rad/sec)

Symbol used to represent the various parameters that affect the pipe
strain and stress (Ib,, /psi®® -in. °° -ft %)
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