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CONVERSION FACTORS, INCH-POUND TO METRIC (SI)
UNITS OF MEASUREMENT

Inch-pound units of measurement used in this report can be converted b

to metric (SI) units as follows:

Multiply By To Obtain y
feet 0.3048 metres
feet per second 0.3048 metres per second
feet per millisecond 304.8 metres per second
pounds (mass) 0.45359237 kilograms
tons (mass) 907.1847 kilograms
pounds (force) per square inch 6.894757 kilopascals
kilotons (nuclear equivalent 4.20 x 1012 joules

of TNT)




CALCULATION OF GROUND SHOCK MOTION PRODUCED BY
AIRBURST EXPLOSIONS USING CAGNIARD
ELASTIC PROPAGATION THEORY

CHAPTER 1

INTRODUCTION

This report describes a study which used elastic wave propagation
theory to predict and analyze ground motions produced by near surface
airburst explosions. The primary objectives of the study were to develop
a calcuiational capability using the exact Cagniard (1962) elastic formu~
lation and to determine the praciical applications of the method.

In this study the air-earth environment was modeled as three
homogeneous elastic layers--agir, soil and rock--separated by plane

parallel boundaries as illustrated in Figure 1. The air was treated as
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Figure 1 Model for airburst explosions over layered
earth media.
an elastic fluid, while the soil and rock were treated as elastic solids.
An airburst explosion of spherical charges was approximated by a point
source located on the axis of symmetry. Nonlinear empirical airblast

arrival time and overpressure waveform formulae were developed to
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specify the source characteristics for elastic calculations.

The exact closed form integral solutions of Cagniard for the re-~
flection and refraction of spherical waves in elastic solids were
adapted and extended to model the ground shock propagation in a layered
earth. In this formulation the particle motion is obtained as a sum
of components propagated along rays or paths (such as shown in
Figure 1) associated with distinct wave arrivals. Calculations using
the Cagniard procedure were used previously successfully to predict the
reflection of underwater explosion shock waves from the ocean bottom
Rosenbaum (1956), Britt (1969, 1970), Britt and Snay (1971), Snay and
Britt (1973).l The theoretical analysis and computer code development
for the ground shock calculations were extensions of this bottom reflec-
tion study.

In the following sections solutions of the wave propagation equa-
tions for layered elastic media are derived using the Cagniard approach.
Much of the theoretical development can be found in the literature.
Hence, the goal of this report is to present only the basic steps of
the solution procedure and to bring together all the equations needed
for the ground shock calculations in a form tailored to the problem.

The CAGGS @ggpiard Ground Shock) computer code developed for evaluating
these solutions to obtain particle velocity histories is discussed, and
comparisons of calculated and measured waveforms are presented and

analyzed.

1 Classified reference. Bibliographic material for the classified
reference will be furnished to qualified agencies upon request.
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CHAPTER 2

THEORY

2.1 THEORETICAL BACKGROUND

The geometry of the ground shock model is shown in Figure 1 for
the 3-layer case used in the CAGGS computer cocde. Development of the
theory will be given in a general form applicable to an arbitrary num-
ber of layers. Because of the symmetry, axisymmetric equations of motion
in & cylindrical coordinate system are appropriate. The source is
located on the z-axis at the point (0,h) in the fluid half-space denoted
"air." The observer (receiver or gage) position is (r,z) in the finite
layer of thickness H denoted "soil." Both the layer and the under-
lying "rock" half-space are modeled as elastic solids so that the labels
"soil" and "rock” are arbitrary.

The solutions of the elastic wave propagation equations were ob-
tained using the methods developed by Cagniard (1939, 1962) for the
reflection and refraction of elastic waves at an interface between two
f elastic solids. The solutions were extended to layered media by Spencer
| (1960, 1965), Pekeris, et al. (1965), Abramovici and Alterman (1965),
| and Abramoviei (1970). Additional information on work using the Cagniard
approach and other elastic wave solutions in layered media is given in
the books by Ewing, Jardetzky and Press (1957) and Brekhovskikh (1960)
and the summary papers of Pao, et al. (1971, 1977) and Britt (1969).
Examples of the more recent literature are Abramovici (1978), Abramovici

and Gal-Ezer (1978, 1979), and Paoc, et al. (1979).

2.2 EQUATIONS OF MOTION

Using a notation similar to Cagniard (1962), scalar potentials

X and U can be defined for an elastic solid@ medium j such that

J J
the radial and vertical velocity components lrj and lzj are given by
X U,
g = —k o 4 (2.2.1)
rJ or 3z




X, 1V
L = — oy —d

25 = 3z Yo (2.2.2)

"{LhC

These potentials are to satisfy the elastic wave propagation equations

in cylindrical coordinates

2
2 1 o Xj \
VX, = — (2.2.3)
J c2 8t2
PJ
2
5 Hi.- 1 o U,
vu, - = = (2.2.4)
3 2 2 2
r csj ot
where
2 82 82 129
v =——2"+_—2+;—a-;
ar 3z

t denotes time, and cp and cSj are the wave propagation speeds cf
compressional (P) and shear (S) waves, respectively. For fluid layers
¢ , and Uj are zero. The subscript J refers to the layers.

> The stress components for density p‘j can be expressed as follows:

normal stresses

2
3 X
_ 2,2 j o Otz »
(TZZ)J = p (} -2 CSJ/ij> gtg + 2 sj T3z ( 5)
5 32X. 5 alr. ( 6)
= - + 2 . 2.2.
(Trr)J z <1 2 ch/cpj> ;;51- °5 —5;1
2
9 X L .
- 2 P 1 (2.2.7)
(144); = s (1 > e j/cpj) el

tangential stresses




(x_ ), =op, c° (__I_'J.+_Z_J_) (2.2.9)

(Tm)J =0 (2.2.10)
mean normal stress
2
9 X
_ Ly 2,2 \"° 7
(Tmean)j =0 (1 -3 csj/cpj) -z (2.2.11)

In a fluid the tangential stresses all vanish and the normal stresses are
equal to the mean normal stress given by

2

29X
)y = =Py =0 —d (2.2.12)

Tmean J at2

(

where Pj is the pressure.

2.3 BOUNDARY AND INITIAL CONDITIONS

Assuming perfect coupling at the interfaces the boundary conditions
of the problem are continuity of displacement and stress normal and

tangential to the interfaces. At an interface 2z = z separating media

jk
J and k these conditions are

P25 = Yax (2.3.1)
Py = ok (2.3.2)
(rzz)j = (1) (2.3.3)
(rrz)j = (t, ) (2.3.4)

In order that the media be at rest before the source is initiated,

the potentials X and U and their derivatives must vanish at t = 0

and in the limit as R = [r + (h - 2) goes to infinity.

The source st {o,h) is taken into account by imposing the

P .




condition: for z >+ h and r + o the solution tends to that correspend-

ing to a point pressure (or mean normal stress) source located in

medium m

s}
p_ 33X (t - Rlc_ )
o pm’  _ 1
5 =z Po(t - R/cpm)* (2.3.5)

=]

=]
ol

ot

where X (t - R = - =

o( /cpm) 0 and Po(t R/cpm) 0 for t < R/cpm .
Solutions for other types of sources are available in the literature,
but the pressure source is most appropriate for modeling an airburst
explosion. In future work a combination of various source types should

be considered.

2.4 PROBLEM SOLUTION IN LAPLACE TRANSFORM DOMAIN

In this chapter we begin solving the boundary value problem using
the Cagniard procedure. Briefly, in this method one obtains a sclution
by Laplace transform techniques. Then through a series of changes of
integration variables and paths the solution is inverted by inspection
back to the time domain. The basic steps and results are presented
here. Cagniard (1962) and the other references can be consulted for the
rigorous mathematical details.

The first step is to Laplace transform with respect to time, t ,
the propagation equations (2.2.3) and (2.2.4), equations for the
potentials, velocities, stresses, and the boundary conditions. Let the
transform variable be s and denote a iransformed function by placing
a bar over the function symbol. For the given initial conditions the

propagation equations become

2
VQSEi = 5%, (2.4.1)
. C‘- X
pJ
2y il_ S L
VUj- 2=—§—UJ (2.4.2)
r [
sJ

* Note that the dimensions of XO and PO are Rxm and RPm . !
respectively. i
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The source condition (2.3.5) becomes

-sR/c -sR/c
5 = _ 2|y my _ 13 p
Pm oS (%oe ) g Po e (2.4.3)
which can be written
-sR/c
= _ — _l__ pm
Pm = sP0 (sR e ) (2.4.4)

The term in parenthesis is the transform of the spherical step waveform

Pstep

%—H(t - R/e ) (2.4.5)

where
0 for t < R/c
pm
(2.4.6)

H(t - R/cpm)

1 for t > R/c
Z pm
is the unit step function.
Applying the convolution theorem for Laplace transforms to (2.4.L4)

and (2.4.5) yields

t
s e _ .
P f PI(t ~ 1) Pstep(k) da (2.4.7)
(o}
_ -sR/ec n
The same argument can also be applied to the Xoe P factor of

equation (2.4.3). This result suggests expressing the transformed
potentials as

¥ 7 ystep
X, = s XX (2.4.8)
J o)
T 7 mstep
U, =s XU (2.4.9)
J o)
vwhere ijtep and ﬁjtep are solutions for a spherical point source
% H(t - R/cpm) . The solutions for an arbitrary time function

10
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Xo(t - R/cpm) are then obtained from

t

X, = f X! (t - A) x?tep (1) dA (2.4.10)
(o}
t

v, = ./. X! (t - A) thep (1) ax (2.4.11)
o]

Here %-XO is the source function. But in the equations for particle

velocity and stress it will be advantageous to use the original pressure

source function %-Po (t - R/cpm) which is proportional to the second

time derivative of X = in (2.3.5).
The significance of the above representations is that solutions
can be found for step sources from which solutions for an arbitrary time

dependence can be obtained by the convolution integrals. The solutions

xi’tep and Uj‘tep

simplicity of notation the superscript "step" will be omitted, except

will be treated in the following sections. For

when necessary for clarity, and it will be understood that the convolu-
tions must be performed for a specified source function.
Transformed solutions in any of the layers can be written in the

form

a

XJ = .Irapj(u) exp(sapjz) Jo(sur)du
(e (2.4.12)

w©

+ [bpj(u) exp(-sapjz) Jo(sur)du

o

o

ﬁh = -,ﬂasj(u) exp(sasjz) Jé(sur)du

o (2.4.13)

oo

+ _/.bsj(u) exp(-sasjz) Jé(sur)du

(o}

11




1/2 1/2

2 -2 2 -2 !
= + = + 4
where s (u cpJ) . asJ <u csd> , and Jo(sur) is

the Bessel function of the first kind of order zero. The functions a

and b are to be determined from the boundary conditions. The terms

containing apJ and a represent P and S waves, respectively,

sJ

traveling in the negative 2z direction. Similarly, the b and bs

pJ

terms correspond to waves traveling in the positive direction.

J

The transform of the step source can be put in a similar form

using the Sommerfeld integral derived in Ewing, et al. (1957)

-]

%ﬁ-exp(—sR/cpm) =J/.Jo(sur) exp(—sapmlh - zl) uudu (2.4.14)

pm

o]

The direct solution for the coefficients a and b 1is very com-
plicated even for the 3-layer case and results in very involved formulae.
(See Abramovici and Alterman (1965) for example.) An alternative ap-
proach is the generalized ray path concept introduced by Spencer (1960,
1965). It was shown that the potentials i& and ﬁ& can be built up

from terms which represent distinct arrivals or rays in the form

tal
|
>
)

_J N 2 —Jq - ;[Cq(“) exp -S(Zukdk)] J_(sur)au (2.4.15)
o]

1]
=\
=]
#

10 Z[Cq(u) exp[—s(zukdk)] 3! (sur)au (2.4.16)
o]

where q 1is an identifier of the ray, Cq(u) contains factors represent-

ing the source and the generalized reflection and transmission coeffi-

cients for each interface encounter. The subscript k 1is used symbol-
ically to identify segments of the ray q , and dk is the vertical
projection of the kth segment. If a segment is in medium m , then
L denotes apm and _?sm foi P and S waves, respectively. A ray
represents a term in X, or U, if the last segment which Joins to the

J J

receiver is a P wave or S wave, respectively.

12




Spencer (1960) derived the method of generalized rays by first con-
sidering the interactions at a single interface for incident P and S
waves. These interactions can be identified with two letters: the
first denoting the type (P or S) of the incident wave and the second
the type of the reflected or transmitted wave. There are then four com-
binations PP, PS , SP and SS for both reflections and transmissions
for a total of eight possible interface interactions for which coeffi~
cients must be determined. Once derived the formulae can be used at any
interface by inserting the applicable wave speeds and densities.

Starting at the source, rays can be drawn representing all the
possible types of paths which join the source to the receiver. The
appropriate coefficients (derived in the next section) are then included
in Cq(u) for each interface encounter of the ray. By considering the
ray segment beginning at the source which has no interface contact,
the "source factor" (derived in Section 2.6) to be included in Cq(u)
can be determined.

The arrival time (derived in Section 2.11) along each ray depends
on the wave speeds and the number and lengths of segments. At a given

time only those rays which "have arrived" must be considered.

2.5 DERIVATION OF GENERALIZED REFLECTION

AND TRANSMISSION COEFFICIENTS

In this section equations are derived for the generalized reflec-
tion and transmission coefficients. Consider the case of waves incident
only from medium J onto medium k . Let the interface separating media
J and k be z =0 . Substitute the solutions in the form of (2.4.12)
and (2.4.13) into transformed versions of the boundary conditions (2.3.1)
-(2.3.4) using (2.2.1), (2.2.2), (2.2.5)-(2.2.10) to express displace-
ment and stress components in terms of the potentials. Assuming that
medium J is above k , the terms containing apj and aSJ represent
the incident waves and hence bpk = bSk = 0 . The resulting equations
can be put in a form similar to that used by Ewing, et al. (1957) for
plane wave reflection using the notation

2 (2.5.1)

2
Q= oy /Py

13

s ——

2 as .2
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Ai = 2u° + et for i=J or k (2.5.2)
_ 2\ 2
L1 = (FAk - 2y ) ch (2.5.3)
=4 2
L, = s (QAk - AJ) Cqy (2.5.4)
Ipk 2) 2
Ly = ) (AJ - 2Qu ) Cgs (2.5.5)
_ 2
L, = 2uapk (1 -Qq) Cqy (2.5.6)
_ 2
M = 2ua (1 -Q) Cqy (2.5.7)
%sk 2\ 2
M, = g (AJ - 2u Q) cSJ (2.5.8)
= 2
M, = o (aa, - 4,) e, (2.5.9)
M, =L (2.5.10)

After some manipulation the boundary conditions yield equations as

follows:

Llapk + Ma_, = ey * pr (2.5.11)
L2apk + M, = 8gy = bSJ (2.5.12)
L3apk + M3ask = apJ - bpj (2.5.13)
Lhapk + Mya, = 85 + st (2.5.1k4)

e e e e s
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Setting a.pJ =0, asJ is the only incident term and equations
(2.5.11)~(2.5.14) can be solved for the generalized reflection coeffi-

cients K and transmission coefficients T for an incident S wave.

Define
D= (L1 + L3)(M2 + Mu) - (L2 + Lh)(Ml + M3) (2.5.15)
to obtain
KSP=ER'1=2(LM - L.M)/D (2.5.16)
jk 24 31 173 $2
KSS=E‘1=[(L LM, + M) - (L, + L.)( M ) 2 )
3 T A, p = Ly (M) + M) - (L) + L)(M, - M)]/D 0 (2.5.17
sp _ “pk
Tjk = 2 = —2(Ml + M3)/D (2.5.18)
ss 8'sk
TJk = a—SJ~= (L1 + L3)/D (2.5.19)

where the superscripts denote the types of waves before and after the
interface interaction, and the subscripts denote waves incident from
medium J onto medium k .

Incident P waves can be considered by setting asJ =0 . The

resulting coefficients are

PP _I.JBJ.

de - 2 _ [(Ll _ L3)(M2 + Mh) - (LQ + Lh)(M1 - 3)]/D (2.5.20)
ps bsj
KJk = a = Q(L)-JME - LPMI‘)/D (2'()'?1)

pJ

B e acl 2
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Tgi = 325-= 2(M, + M,)/D (2.5.22)
pd
s ask ;l
T§k = ——=-2(L, + L,)/D (2.5.23) r
pJ

v ——

Since both media J and k are solids, coefficients KkJ and
TkJ for waves incident from media k can be obtained by simply inter-

changing the subscripts in the above equations. In the case that one

vy o T

medium is a fluid and one is a solid this symmetry does not hold, but
the coefficients can be obtained by taking the limit as g of the
fluid goes to zero.

Denote the fluid medium by J and the solid k . After taking

the limit cSJ + 0 , the coefficients above can be simplified by
; defining

£=0,/0, (2.5.2L)

_ 2 -4
de = apJ(%k Lu apk“sk) + fu.pkcsk (2.5.25)

The resulting coefficients for waves incident from the fluid are

PP _ 2
Kjk = [apJ<Ak lu apkusk) pk Sk]/D (2.5.26)
P _ -2
T?k = 2fapJAkcsk/DJk (2.5.27)
s -2
T?k hufupJ ok ¢y /D 1k (2.5.28)

For waves incident from the solid medium k the coefficients are
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Kig = -huapjaskAk/Djk (2.5.29)
ss _ 2 2 -4
Kkj = _[épj( + by apkask> + fapkcsk]/DJk (2.5.30)
pp _ 2 2 -
Kkj = -[}pj< + bu apkask> - fapkcsk]/DJk (2.5.31)
PS = e .a /D (2.5.32)
Kes 03 %A/ Py &5
D _ -2
Tij = EaPRAkcsk/DJk (2.5.33)
sp _ -2
TkJ = huapkuskcsk/Djk (2.5.34)

The coefficients for shear components in the fluid are all zero.

For the case of two fluid media the coefficients simplify to

PP _
Kjk = (apJ - fapk)/(apj + fupk) (2.5.35)

P _
T?k = 2fap3/(apJ + fa_ ) (2.5.36)

Again there is symmetry for waves incident from medium Xk , and now all

coefficients involving shear waves are zero.

2.6 DERIVATION OF THE SOURCE FACTOR

The source factor in Cq(u) can be determined by equating the

17
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integral representation (2.4.14) for a P wave source with the gq = 0

{no interface encounters) term of (2.4.15)

[

[Co(u) exp(—sapmdo) Jo(sur)du

o

(2.6.1)
@«
= | J (sur) exp(-sa_ |h - z| u du
) Pm a
o pm
Equating expressicns inside the integrals gives
= 4 - -
c, exp(—sapmdo) =3 exp( sapmlh zl) (2.6.2)
Pl
Let
a, = h - 2] (2.6.3)
and
C, = u/apm (2.6.4)
Thus Cq(u) for a P wave source can be expressed in the form
C (u) = == 1_(KT) (2.6.5)
q Q q

Tm

vhere Hq(KT) denotes a product of reflection and transmission coeffi-

cients for each interface encounter of ray q .

2.7 A RAY NUMBERING SCHEME FOR 3-LAYER MEDIA

The 3-layer geometry of Figure 1 was used for the ground shock
calculations in this report. A simple ray numbering scheme for this
case is as follows. First group together rays having the same number of

reflections within the layer. Then within each group arrange rays

i 18
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according to an increasing number of § wave segments. S segments
extending the full thickness of the layer are counted higher than seg-
ments which cross only part of the layer. This scheme arranges rays
within a group according to increasing arrival times for the common
situation in which |z| < H/2 and e < cp/2 .

Each ray can be identified by the letters P or § of its seg-
ments., The first segment in the fluids is always P and its letter
designation will be dropped. The last segment crosses only part of the
layer and hence has a valve of dk , vertical projection, which is less
than H . The other segments in the layer have dk = H . For calcula-
tional efficiency rays having the same Eakdk (and hence the same arri-
val times) are numbered together and computed with the same integration
since all terms in the integrals are the same excépt for the product of
reflection and transmission coefficients ITKT in Cq(u) . Table 1
lists rays 1 through 12 with the factors Zakdk and the products TKT .
Note that rays 9 and 10 are degenerate, having two components.

For higher ordered reflections the labels P"S™S or P"S"P can
be used, where n and m denote the number of P and S segments,
respectively, crossing the layer. The last letter denotes the type of
the last segment. Using this notation the general formula for Eakdk

for ray q 1is

-z a .,
s JAT
= (2.7.1)
Zakdk hapl + nHap2 + mHa32 + X
H+ 2 as

The choice of the upper or lower terms in braces depends on the last seg-
ment of the ray. H + z 1is used if the segment is upward (n +m odd),
and -z is used if the segment is downward (n +m even). up2 is used
if the last segment is a P wave (q odd), and a5 is used fcr a S

wave (q even).

2.8 EXAMPLE OF THE CONSTRUCTION OF TRANSFORMFD SOLUTIONS

As an example of how the ray sclutions i&q and qu are
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Table 1. Characteristic parameters of rays q =1 to 12

Path diagram q Path type zakdk nkKka
*4\\
2 S aplh - a2 Tf;
i 3 PP aplh + apg(QH +2) Tll’gKlé"g
% S\\A, I PS aplh + apQH + asz(ﬁ +z) Tigxgg
/ \/ 5 SP mplh + ase}i + ap2(H + z) TEZ}{Z?
! PP opyB + opp (2 - 2) T2K53K01
S e e S
*\\\ ’ i o1 * °‘p2(H - 2) gl T§§K§§K§§
VA T
SR
12 8388 a h+a (PH ~z) pPSKSS SO

pl s2 12723721




constructed, consider the path B shown in Figure 1 which is denoted
qQ =5 1in Table 1. Since the last segment is a P wave in medium 2,

this ray represents the term fé 5 ° The ray is first transmitted from
k]

medium 1 into medium 2 with a coefficient T?Z . The ray is then re-

flected at the interface =z = -H with a coefficient Kzg . Hence, from
(2.6.5) we obtain

= U PSSP
C.=—T . K (2.8.1)
5wy 12723

The vertical projections dk of the ray are h , H and H + z ,
so that

2o d = a b+ aH 4o o(H + 2) (2.8.2)

the solution for the ray is then

= _ u_ PSS .SD ‘_
X2,5 -f [—_apl T12 K23] exp l s[aplh
° (2.8.3)

+ o H + ap2(H + z)] Jo(sur)du

Solutions for the other rays are built up in the same manner.

2.9 INVERSION OF THE TRANSFORMED SOLUTIONS

General terms of (2.4.15) and (2.L4.16) are

(o]

_qu =[Cq(u) exp [—S(Edkdk)] Jo(sur)du (2.9.1)
C

qu =qu(u) exp [—S(Eakdk)] Jé(sur)du (2.9.2)
o

These expressions can be inverted using Cagniard's method to obtain the

21




solution X and U in the time domain. The first step is to

Ja Ja
substitute into (2.9.1) and (2.9.2) the integral representations

w/2
Jo(sur) = Re %— exp(-isur cos w)dw (2.9.3)
0
/2
J(')(sur) = Im % f cos wexp(-isur cos w)dw (2.9.4)
()

where Re and Im denote real and imaginary parts, respectively, and

i=/1. Rearrange the equations to obtain
© /2
)—(-jq =f —i—Re f Cq(u) exp —s<§ o dy + iur cos m) dwydu (2.9.5)
o (e
S n/2
qu =f %Im Cq(u) cos W exp -s<§ w d + iur cos m) dwpdu (2.9.6)
o (o)

The next step is the key Cagniard substitution: a change of integration

variable from u to t at constant w© defined by

t = Zukdk + iur cos w (2.9.7)
to givel
) n/2
'}qu =f %Re f Cq(u) %%)w dwyexp(-st)dt (2.9.8)
o o

1 Several rigorous mathematical details have been omitted here. See
the references (Cagniard (1962) or Britt (1969) for example) for addi-
tional information.
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© n/2

- 2

qu =[ = Im / Cq(u)@%) cos w dwpexp(-st)dt (2.9.9)
o o

w

From the definition of the Laplace transform the expressions in braces

are the inverse transforms

n/2
- 2 du
qu = = Re f Cq(“)(at dw (2.9.10)
A W
w/2
3
qu = % m j Cq(u)(ﬁ)w cos w dw (2.9.11)
(e

This completes the essential steps of the potential solutions. The

following expresses the equations in forms more suitable for computa-

tions.

2.10 CHANGE OF INTEGRATION VARIABLE FROM w TO u

The fact that u in the integrands of (2.9.10) and (2.9.11) can-
not in general be explicitly determined as a function of w makes the
numerical integration of these equations difficult. A change of inte-
gration variable from w to u at constant t produces expressions

more amenable to computations

U
Cc (u)
.= g-Im S qu (2.10.1)
Ja o~ Y
4
2 ¢ (w)
e u
= =2 a
U, === - (2.10.2)
ja  Tr Im] oy (t - Toyd)du
st
23
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w

where we have defined
1/2 P
5 o 2 ;

Yy = jur + <t - zakdk> (2.10.3)
k

and Uy corresponding to w = 0 , is the solution in the fourth

quadrant of the complex plane having the smallest modulus of f
t = Zak(ul)dk + dur (2.10.4)

and u2 corresponding to w = /2 is the solution of

t = Zak(uz)d.k (2.10.5)

The imaginary parts of integrals (2.10.1) and (2.10.2) are
symmetric about the real axis and the real parts are anti-symmetric.

The integrals from uy to u, can be replaced by integrals from u

2 1
to ﬁl where ﬁl is the complex conjugate of uy - The results are
a
1 F ¢ (u)du
== [ L—0o (2.10.6)
Jq iw Y
1
i
C (u)(t - Za,d.)
U, = - — 1 kX qu (2.10.7)
Ja inr uy
ot

2.11 ARRIVAL TIMES

An examination of the integrands above reveals that the integrals

are zero before a time th which will be determined later. In addition
there is a characteristic time t2q Z_th which is the maximum value of t
for which u,  from (2.10.4) is a pure imaginary number u = —iy2 for

Y, 0 . This time t2q corresponds to the arrival time of a ray

satisfying Snell's Law of Refraction. The condition necessary for the

2k
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maximum is obtained by applying at/8y2 = 0 for u = -iy2 in (2.10.4):

de/ak(—iy2max) - r/y2max =0 (2.11.1)

This gives

t2q = Zak(—lyzmax) dk * Yomax T (2.11.2)

We can identify
y = ¢71 sin 0 (2.11.3)
2max k k M

where ek 1s the angle the kth segment of the ray makes with the
normal to the interface. This equation is really a statement of Snell's

law since k ranges over all segments of the ray and Yon is the

same for all k .
We next examine the case in which th < t2q as defined by (2.11.2).
An inspection of the integrands (2.10.6) and (2.10.7) shows that the integrals
are zero until at least one of the square roots becomes imaginary
or complex. It can be shown that u and U are zeros of ¥y which

1 1

means the potentials are non-zero for +t z_tgq . For th < t2q to
exist, one of the a's 1in the integrands must have a zero at a value

of u-= i}yl such that yl < y2max . But it has been shown that y2max
is always less than any of the c-l which occur in ZIa dk . Hence,
k 1/2 k
¥y must be the zero of some S (c;i - yi) occurring in Cq(u)
. . -1 - .
but not in Zakdk . (Since Cpn < Con * only apn need be considered.)
-1 -1 .
. <
Denote the minimum such cpn as cpmin . Thus th t2q occurs if
-1 . _ -1 . ) .
®omin < Yomax © With u = -iein equation (2.10.4) gives
= 2.11.4
th La ( pmi n) dk pmln ( )

In the following discussion we generalize this definition of th to be

exists,

the minimum arrival time of ray q , hence if no Cpmin < y2max

then we set th = t2q .

[T .,.«v——-:-—-d
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2.12 THE CHANGE OF INTEGRATION VARIABLE FROM u TO w

An additional change of integration variables in the potential
solutions (2.10.6) and (2.10.7) is advantageous because y(u) is zero

at the integration limits wu, and ﬁl . It is easily shown that the

: )_1/2 and

integrands have singularities which behave like (u - u

1
)-1/2

(i, - u , except at t =t when a logarithmic singularity occurs.

1 2q

The first step in eliminating the singularity for t # t2q is to
replace the integration from uy to ﬁl by one in the first quadrant
of the complex plane. Using a path of constant real part, Re(ul) R
the calculation can be performed using a real integration variable if

we set u = Re(ul) + iy to give

v, 3
5 [? (u)] /
qu = F/ Re ——q—Y ay (2.12.1)
1
Y (t - Za 4, )
- Za
=2 . kk
jq = Re[Cq(u) _ ] dy (2.12.2)
1

-1
= i = t <t and =0 for
vwhere y, Im(ul) and y, ©omin for 2q ¥,
t >t .

2q
Next make a change of variable (similar to that used by Longman

<

(1961)) from y to
v =y, - y)/2 (2.12.3)

or

2

Re(u) = y = Yo = ¥ (2.12.4)
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to give

W1

r Cc (u)
qu= !Re—-‘lY— wdy (2.12.5)

—
3=

i _)_‘ ¢ (u)
. qu = Re -—‘1—UY (t - Zakd.k) wdw (2.12.6)

2 . s
where w) = (y2 - yl)l/ Since the quotient w/y has a finite limit

as w + 0 {y ~+ y2) » the singularity has been eliminated.

2.13 SOLUTIONS FOR VELOCITY COMPONENTS

In explosion effects research particle velocity (or velocity ob-
tained by integrating acceleration) and stress are usually the quanti-
ties measured. Equations for velocity and stress components are best

derived by performing the various space and time derivatives on the

transformed potential soluticns (2.9.1) and (2.9.2) rather than deter-
mining the derivatives after inverting these solutions.
Since velocity v is related to the displacement £ Dby 3
v = d%/dt , the transform is v = st for zero intial displacement. 3
Equations for the transformed velccity components can then be obtained ‘
from the ‘ransformed displacements by simply multiplying by s . Simi-
larly, the aequ/3t2 terms in the stresses have transforms sgisq .

Denote the P wave contribution to the radial velocity for ray g

as vﬁ and the shear wave term viq . Similarly, for the vertical
velocity use vi and Viq . Let Sq = +1 for rays in which the last

segment is downward and Sq = -1 if the last segment is upward. Velocity

components are positive upward and outward. Substitute the transformed

potentials (2.9.1) and (2.9.2) into transformed versions of equations

(2.2.1) and (2.2.2), and multiply by s to obtain

3% y
= 5 L SQ.I-U Cq(u) exp[-nZakdk] Jé(sur)du (2.13.1)

vrq ar
(¢}
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Vrq s —5 s ~/ﬁaSquCq(u) exp[—sZakdk] Jo(sur)du (2.13.2)
o
- X 2‘”
vzq = s —5%3 = s _/~apJSqu(u) exp[-sZakdk] Jo(sur)du (2.13.3)
o

3U U y
?: = s[__lﬂ + _lﬂ] = _52‘/~ucq(u) exp[—sZakdk] Jo(sur)du (2.13.14)

o]

Note that these equations are solutions for a step wave source from
which solutions for an arbitrary potential time variation Xo(t -~ R/cpm)
can be obtained by using (2.4.10) and (2.k4.11).

The s2 factors above can be eliminated i1f a pressure source
P = %-Po(t - R/c m) is used instead of the potential source. By
applying equation (2.4.3) which relates X, and P, it is easily seen

for a velocity component v that we can define

v=-27 7 (2.13.5)
m [o]

©

where V 1is obtained from equations (2.13.1)-(2.13.4) by dropping the

32 factor up front. Then v is obtained from the convolution

lf—‘

v = -
pm

t
[P(')(t - A) V()) an (2.13.6)
[o]

Note that subscripts and superscripts have been dropped for simplicity.
The V; equations involve Jé(sur) as in qu and can be in-
verted in the same manner. Similarly, the Vz equations contain Jo(sur)

and can be inverted as X was. The results analogous to (2.12.5) and

Ja
(2.12.6) are

28

o

e e T
HVET S PRI W U D

wrolow oo




T

N T ¢ {(u)
vlqu =-= Re[—iY— (t - Zakdk)]wdw (2.13.7)
C
A1
L a .S C (u)
Viq = — Re[—%—L (t - Zakdk) waw (2.13.8)
(@]
w
4 a .8 ¢ (u)
Vv - ?/Re  ——r (2.13.9)
o)
w
s uC (u)
Vo, = - ?F/Re _g__ wdw (2.13.10)
(o]

where Sq =+l or -1 when the last segment of ray q is downward or

upward, respectively.

2.1h SOLUTIONS FOR STRESS COMPONENTS

For a pressure source we can obtain step wave response functions
Z and Y for the stress components which are analogous to the response
V for the velocity components. Then corresponding to {2.13.6) the stress

components can be cbtained from

t t
T = -1—-jP'(t - A)7Z(x) ax - -l«[}“ {(t - 2) Y(x) dx  (2.14.1)
Qm o] Dm a
o] [e]

where the proper superscripts and subscripts are implied on both sides
of the equation. The following stress response functions were derived

using the same procedure used for the V functions:




i

Y1 [A1 ]
pq _ L 2 Re{=* ¢ (u)jwdw
Zzz m ojosj'/‘ Y 1

(o)
vy .
q 8 2 Udss®
(o)
w
1
Pq _ L0 2 g(“)
7rr e f Re <l - dcsj“pj) Y wdw
(o)
W
1
Ysg = 1;1‘—2- pjtsjf Re[—q*-— (t - Zakdk)]wdw
(o)

“r? J7sj uy k
(o]
W
1
) C (u)
zf;g = ;‘ pJ<l acij/gij)/ Re[—i——] wdw
o]
Pa _ _ ,Pq
Yo = = Vrr
5q _ sq
Yoo = 7 Yoy
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(2.14.3)

(2.14.%)

(2.1h.5)

(2.14.6)

(2.1¢.7)

(2.14.8)

{2.1h.9)
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A,C (u) 5
784 _ i_ o 02 / Re Ja (t - ):qkdk) wdw (2.14.11) '4

rz T ) sd uy =
0 ;

w '
1 3

¢ (u) '
rq _L y 2 o Tqt .
Zmean - DJ<} -3 Csj/cpj)-l- Re[ v ] wdw (2.1%.12) i:
(e} '

A1l Y res se [ i o Pq 59 jole] sq
espense functions are zero except Yrr s Yrr . Y¢¢ , and Y¢¢

5q sq
s Z¢¢ , and zmean are zero.

- 5Q

which are listed above. In addition, D

2.15 LIMITING VALUES OF THE POTENTIAL SOLUTIONS AT t = t2q AND r =0

, -1 _ =1 .
The case for which Cpmin < Yomax = Cx Sin ek corresponds to the
supercritical reflection of plane wave theory. This case occurs when

sin 8, >sin8 ., =c¢ /c ., . It can be shown for the supercritical
k crit k’ "pmin

reflection that the responce to a step wave source has a logarithmic

singularity at t = t2q . However, if the scurce function and its time

derivative vanish more rapidly than a logarithm diverges as t - R/cpm )
the response obtained after convolution is finite.

For suberitical cases (sin 6, < sin ecrit) the responses at t =t

k
have finite values. The stepwave response functions for ihe potentials
(2.12.5) and (2.12.6), for the velocities (2.13.7)-(2.13.10), and for

the stresses (2.14.2)-(2.14.12) can all be written in the form

2q

Y1

F(t) =] Re[f(—“;—t—)—] wiw (2.15.1)

(¢]

Then using the procedure of Cagniard (1062) pages 68 and 89, the value

of F at t = t2q for r >0 1o
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(2.15.2)

evaluated at u = iy?max where y2max and t?q are riven by (2.11.1)
and (2.11.2), respectively.

In the case r = 0 , the solutions simplify ccensiderably. The
expressions for the potentials can be easily derived by setting r = 0
in equations (2.9.1) and (2.9.2) and using JO(O) =1 and Jé(O) =0 .
Equation (2.9.7) reduces to

t = La,d, (2.15.3)

and u is real rather than a complex variable. Then making the change
of integration variables from u to t as in Section 2.9, the solutions

can be inverted to cbtain

C (u)
Xjfl(r = 0) = ude/ak (L:.].S.h)
qu(r =0) =0 (2.15.9)

where u 1is obtained from (2.15.3). The arrival time arguments cf

Section ©.11 do not apply for r = 0 . For this case the arrival time
is
t, =t = Xc—ldk (0.15.6)
1q 2q k
which results from u = O . In {».15.4) the limit as u » 0 of Fn(u)/u

must be taken at the arrival time,
The correspendine velocity and stress stepwave responses for a

P wave source are of the form




—apr

where the nctation of (2.15.1) has teen used. Nete that all response

terms containing t - Zakdk in the numerator vanish at r = 0 since this
factor results from .Tc"(sur) which is zero at v = 0 . All other velccity

and stress component terms involving  wiven are nlso reroat v =0

since
they result from Ui and its derivatives.




CHAPTER 3

THE CAGGS CUDE

3.1 GENERAL DECCRIPTION

A computer program CAGGS (Cagniard Ground shock) was written to
calculate the particle veloclity components vr and v, for the three
Layer (fluid-sclid-solid) case where the point source is in the fluigd
and the receiver is in the finite layer. Displacement calculations ob-
tained by numerically integrating the velocities are also ava.ilable.l

The code can calculate up to 183 arrival times which include all

. 1 .
rays having 12 cr fewer reflections and the P jP ray having 13 reflec-

time. fiowever, reflection and transmission coefficient products IKT ?
are coded for only 7T1 of’the typically earliiect urrivals. The available ;
rays are P - P por , 1op - 3835, plp - 75%p, POp - POs%s b
P9P - idS} . PLOP - 933 s PliP - PlOSP , leP - PllSS , and P13P .

These rays allow ol ulatin velocity-time curves Yor approximately 3 to
L0 woave trancit times of tue layer after the first arrival.
Jhe UAGTY code was written in FURTRAN for the Honeywell 600-6000
serics computers. The code is run in the time sharing mode from a
Tektronix <404 hich speed sraphies terminal.  Hard copy of the informa-
tlon on the coreen is avallable at the push of a buttom. The output is
o tebie U0 velerity and Jdicplacement versus time and velocity and dis- '
proatene st hiotory plots such oas the calceulated curves in Figures 3-10.

Jhecarves shown v been reduced to about 1/2 the oripinal size.
.00 e LabuTe S cUTruTs

Table 2 shows an examp le calculation including input and tabular
Calout o overy tenta tinme ctep. The decay exponent allows calculations
for a 1/r" decny in layer oo All computitions in this report used a
pure linear decay with an exponent 1.0, The next input selects which

plots are lesiren.  he swe frogqucency input allows calculation of

1 C - N -
A variatinsn ~f the CATL cade which caleulates suress components in
mediur o is al s avallable,




80 IZESHIPLE G- 0 IVE2ELBOE 0 B L 156,955°0— 00 ITIGIBSAI 9
NIRAND XA N2  XR2NO

£0-32628.00C 0~ EQ-IPP2B2POS® 20-I293BLEr] 0~ €O-320vRTSLI O
MTWAC XA “NIMZA * XWIZ]

@0 315ZBOSIy 0 00 IBOr62LSE°Q 00 ILIGLELIV O OO ISSLYSSII'Q
NIWSN XOWNN  NIMZA X2

¥O 30096S221°9  » SHIL B SAUY 40 S39WN
10-32£815192° @ = SL0Td ONIQION] 10N> 3IS9) ¥03 JWIL

S0-3SBEOS 9-C0-395E91°0-v9-IEBSIT1 2-8-3.58E9°0-C8 Xolr!'® SI9

30-322€05°0-CO-IBYEIT " 0-50-3.20.8°0-r0-58C0€L "O-Ld ITHLE1I"Q @19

SO-IE 2680 Q-£O-FEEIT"9-58-3L0L65°9-v0-IB¥S2B 0-€@ IBILLL O 063
S0-38598y '0-€8-3r1E9] "0-70-310031°0-¥0-J6POEE I-£8 ISKSEL"
GO~ 3L968y "@-£0-326291 ' 2- 58— ISIPEE " 8-LO-IEMR1 " 0-F0 322(E 1"
5@-39226r°0-£0-1L9291°0-+8-3.6901 " 0-£O-I1002]1 ' B-C0 IBBHE}"
SO-AvO6k @-£8-1LE291°0-50-322€08° 9-CO-3210r1°2-£8 ISLB2T-
S0-30298y " 0-CO-ISOIT " 8- 50— I0p L 66 ' -€-3I50€91 '2-£0 3ESS2ST
SO WLEBY"O-€0- JI1IIT°0-v9-3I82L51°0-£0-JI2181°9-L@ WEF2T"
S0-1LSO8y ‘8-~ K191 "O-S9-3LI18°9-E0-35L01c°d-€0 20221
SO-31SLLr @-E0-LO9T°9-50-356962 °9-C0-JE26E2°0-£0 W61
5@-380SLp°0-£0-321091 '0-v0-3IBOI 1 0-€0-HX 28927 #-CO 319L11°
S@-INLOLY " @-£0-IP 5651 °0-v@-I6ISBL " d-€8-IvrLB2°0-€8 3/ESIT”
SO-IL YY" Q-€8-IEBAS] O-vO-IBRLEL"0-EO- JTALLE 0 €6 ISIETT"
S0—300L5F " 9-LO-HOBS1 " 0-v0-Ir0o2t "0-€0-3RL5LE6-£0 326011
SO-30ELYY ‘0-CO-W1L51°0-v0-IE2BEK " 0-EO-ISCI2H"@-£@ I6IBAT"
S-3LBLEP " @-E0-IIIST " 0-99-RESSK 'O-E0-3588Ly°9-€0 INIBI"

FaIx3cas

%0
-
W

< OGWQQ06600.9@000000000000000
h 31
Trwe

3
sl
%
15 e

50-352¢29° 0-€0- 110551 °0-p0-39ESBS " 0-€I-JSIES 0-£0 IFE2r01°0 OSH
50-30151r 9-E0-ISLESL 0-»9-390939°0-£0- EL8S -£0 308201 0 Brr
SO-L 110y 9-C0-39C2S1 " 9-20-391989°6-£2-IVESIT 920 3BILE5°0 €Y
S0-I96S8L " 9-€0-I180ST ' 0-+0-IPBS9°0-€O-Ir¥EL 0-2¢ IBESLE°0 A2
SO~ I6969C " 9-£0- I608r | - 6-yO-ITO8SE ' O-€O-3LrL08°0-20 ILOCS6°8 Ol
S0-IrPOSE°0-€O-I61Lr 1  0-r0-385226°0-€0- I6L268°9-20 ILLOEG"@ B0
S0-38182E " 0-£0-IBISv1°0-€O-I660T°9-£0-300¥B6 " 9-20 ILyBO6 9 O6L
50~38¥20C " 0-C9-3082r [ @-£0-I65121°0-20-3C8.01°'9-20 3L1988°0 @8t
50-3222(2° 0-€0- 38200 [ “ - £0-3305r 1 “@-C0-322811°0-20 3IIBEIR'S 8L
S0-3198E2° 9—€8-T2SLE1° 0-€0-IIEI1'2-20-306821°0-20 3351¥B°0 03T
50-3CrE81 @-£9-I2SHE 1" 0-C0-30IWB1°0-20- 3808¥1°0-20 392618°0 OSL
$0-35LP51°9-£8-3L21ET 0-£0-322892°0-2€-3B2151°9-20 39696L eve
508-3L0€A1°0-CO-38.L21°0-£0-315252°0-20-Ip0391°0-20 3ISPLL 0 ¥EC
39-38105»°0-CO-Iv0921°0-C0-IEBLB2"0-20-IPOLLT 9-20 F5¢ 3L 02¢

99-31€622°0 £8-320027 0-£0-3Ir802C " 0-20-316281°0-20 ISOEL "
99-3LE266°0 £O-3IEBSTIT B-C2-3ITr@IEC @ 29 - I6FI61°0 23 IS ol "
50-IB6.81°0 €6-3SSIT1 0-£2- IVIT¥ " 0-20- 39261 °0-20 3rrSR9 e &mn
$0-359882°0 £O-311201°0-£0-352¢3r°0-20-30€002°0-20 IP1£99°
S0-36820¥°0 E0-153201°9-£0-385505°0-20-3I5B861°0-20 IBOr9”
50-3L02£5°0 ¥9-318286°0-C0-390L19°0-29-312161°0-20 3I»S819°

oS
DT
~on
Ay

G- 32LLL O rO-3CLIVE 0-£8-IISMET 0-20-3195L1°0-20 1258 02
S0~ I224r8° 0 ro-IS286 -C8- ORI “0-20- INLK T 0-20 WBHLLS' ¢ W0
re-300201°0 v0-3915.8°0-CO-3IBOBvE" -20- IBBO! 920 ,IISS°0 62
YO -WEBIPT @ rO-T96LSB 9-€0- N EI26°0-L0-I2v805°0-20 IWLB2S' 9 B2
PO-IBEPI°9 »0-3IBISSB°0-20-3L0001 " 9-CO-TBICOL @ T2 FWOL05°8 O1C
rO-T91991°0 »0- L8 9-20-1L3501°0-20- 18O 1€ 20 T2 vEv O 002
$8-351061°0 yO-ILO2E 9-20-381881°0-20-ISEAT'@ 2O I2r2% o 061
¥8-39Sy12°Q¢ CO-I65091°¢-20-100801°0-20-1LELY°0 20 Iy 9 06!
Ye-IW18L2°0 €S-0 11 °0-20-IBIOT ' 0-20- . BEL ® 29 TWLIv' 9 61
Y- 352652°0 EO-WIrCl 6-E9- IBIV3R 0-10-ICL01 6 2¢ T2556F "6 99
ro-322522°6 €0-355291°0-Lo-IOrvS 0-10-7386r1 9 28 12k L6 051
rO-198182°0 £&- NBLOZ2 9-50-INTve '@~ 19-320502°3 20 JI605L 6 :
¥9-3282.2°0 £0-I31552°0-C9-3BIPER 6 (0-3289Lc 0 20 JI9BX ‘0 &1
9-3r28L2 0 £0-INIXE 9-29-IvELL" 0 10-33299E "6 2B IIE90E 0 62!
Fe-12291°0 €O-3ELE2y  9-20-I0BS9y 9 10-32.08y°0 20 WGvE2'2 o1
SO-3ET202°9 £0-IB2YS 0-20-WLICE 0 10-I229°9 20 I 1928 001
»0-389922°0-C0-IEB669°0-1¢-JIBIr1 0 [0-3(LBBBL 'O 29 IHEL2'6 8
$0-ISE9°0-€0-ICTSER 8- 10-IBENE2°'9 10-3€6S6°6 20 1 12°9 €8
£9- 368821 " 9-20-IPC211°9-10-3SBLSE°Q 20 P10 20 HLrCl "6 0L
£@-3U9122°0-20-WET 9-19-35E P "0 16-3L.958°6 <6 Wr .10 @9
£0-356C2C °9-20-3r82r | "0-19-38BEE 0 10-32580¢ '¥-28 .05!°9 @5

£0-9562 ' 6-20-I30€010- 1030202, " 9-€0 399..2°6-2¢ 368,210 @

¥9-3ICIVE2'9 £8-3CL287 008 ICESIZ 069 312132 6-2¢ IW3501°0 &

€£0-382005°0 C8-I32SL1°¢ 19-18231L°@ 16- 388957010 A L668°9 &2

£O-I+61E2'0 r@-ISCI68°0 90 L 1312°0 18-368252°0 10 3IEIBL 0 01

N N J ‘e "0 19 309L19°8 2
#S13°2510°wN" 20" L 4l

-
iS4

8-
(XN (TWI] 804 "8 ISN) o3 NN
89 3ritecce’e * 40 LMW N

€0 3066r+ '@ 10 3829.r°0 1@ IESKCE'O 16 I09LT9°0 10 309:19°6 |
20 IOETYL Q@ 20 3665670 10 ICSKEE ' 19 WERBE S 10 1819979 ¢
Mlod o] 4SNOSL 2L 129 L1}

20 XECOS1L9°0 10 IOELLSBB 0 20 IV0OOOESBr 'O  xPwd WL 'Y
510099

(3 "930) 3NLVY3MIL ¥Iv ‘(l4) UL IS
2°'8y° M.!a

(ZH) ADNIN0INS 3D

(3N BN “IINSIC-L ‘DN A SIA=2 “130 QN S1G-5 “INIMIWASIC-P)

(HLOB=E “30WD ALIDOTIN2 ‘ALID0TIN=1 ‘INON@) G3NISI] Si0le
e
CHUINIT ¥04 ©°1) 2 W3AYT NI LNINOdXI A¥IN

SESTXBRERR

"UOTIBTUOTED 0oOyD ® Jo anojutad srdues  *z 3TQRI




motion records whicn simudate the rosponue off veloclity cares to the
theoretical velocity. The variable IW  specifies the type of explosive

device. Iw = 1 for nuclear and IW = 2 for conventionual explosives

(H.E.). W iz the charre weipnt in kilotons nuclear or pounds T.H.T. -
equivalent weirht H.E. The rext two liues are the wave speeds (ft/msec) ]
3) . 1

in media 2 and 3. ‘The parameters in the air

and densitites (mi/em
!

s . - . . s ’
{medium 1) are not input but are determined by the prosram from empiri- 1
1

cal formulae., HAMIN and NRAY specity the minimun and maximum values

of ¢ to bewused. H, h, r , %2 ure, respectively, the layer L
A
thickness, explosive source height of burct, horizontal range, and -z 3?
the depth of gape or receiver. These variablec are specified in feet. }ﬁ
The next two inputs are the site ultitude and alr tenperature used in i:
calculating the airblast. '
i ]
The first line of output gives the arrival tir. ° -+ and peak fj
17
overpressure {psi) at =z = 0 directly avcve ti .« - - ooition,  The
.
foliowing table gives characteristic parumcters v o oo vy wonere ]
iR = q h
'l = time of arvival (msec) t]{
T2 = time of arrival {(moec) th

TCONST = time conastant 0.4 (msec) desceribed luter. For the
present version of CAGGS the 8), are the sume for
all q .

RW = horizontal distance r at which the ray enters
medium 2 4

PAIR = airblast penk overpressure (psi) at rance KW

DEFAULT DT = the time ster {(msec) which iz adequate for most runs.
With experience larger steps can often be used.

TSTOP = time (msez) of the end of the calculation. The code

presently allows up to 1000 steps and quits automati- ﬁ
cally if the naximum is reached. 1

The next output it a table containing the step wmber IP , time t

(msec), velocities v, and Y (ft/see), and displacements #_ and
] . K - ; . : . . N . N .
ﬂr (ft). The maximum and minimws values of the velocities, displace-

ments, and the velocities measnred by a simulated velocity cacre are

listed following the table.

All of the input-output desceribed above is printed on the terminal




screen. Hard copy is obtained by pressing the "copy" key. If plots
were specified, the user presses the "return" key after the copying is
completed. The program clears the screen and draws a plot. The code
stops after each plot to allow copying and continues when the "return"
key is depressed. After a case is completed the programs allows chang-

ing all or only part of the input.

2.3 NUMERICAL INTEGKATION PROCEDURE

To obtain particle velocity components V. and v, s two numeri-
cual integrations must be performed for each ray. First, the stepwave
responses must be evaluated from equations (2,13.7)-(2.13.10). Second,
the convolution inteprals in the form of (2.13.6) must be computed.

To start the calculation, is computed for each ray from

yEmax
(2.11.1) using the Method of Falsc Position (Conte (1965)) combined

with an increment halving iteration scheme to insure convergence in

difficult cases. Arrival times th and tg(1 are then determined from

(2.11.2) and (2.11.4) as appropriate. The source amplitude and other
time independent terms of the step responses are calculated in the same
section of the code. The stepwave responses are then evaluated using a
four point CGaussian quadrature with eight subintervals for a total of
32 points. The Vr and VZ integrals are calculated together since
most of the factors in the integrals are the same. The integration

limit al is obtained from a Newton's Method iteration (Conte (1965))

< in . . . - s
for w, in {2.10.4). When th <t < t2q » the substitution wu; iy,

is used to allow calculation with real arithmetic. When ¢t > t2q ,

complex arithmetic must be used in the iteration. In either case, an

initial guess based on the value of u from the previous time step

1
generally produces rapid convergence.

The convolution integration is simplified by expressing the source

pressure time dependence Po(t) in the form

-(L_H/C )/9}‘
ploow (3.3.1)

P C,— —E~> = 25 a e
o c 1 k
P X

3T

3]

e w— o ~
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o
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X+Ax X fBX . .
Because of the property e = ¢ e , the convolution can be written

Q
t-AL
i, —AL/OR —(t—AL-A)/Ok
= -zi (E£> e e V(A)da (3.3.2)
K K O
-0/,
+ ‘/ﬂ e © V(A )dA

t-At

it PO = H(t - H/cpl) p(t - R/cpl) where P(0)Y# 0 , we must add an
additional term to (2.13.06) corresponding to d n(t - R/e )

it pl
§{t - R/c_ ). "The result is
pl
t t,
[ }‘:)(t. - A) V(A)dX = p(0) V(L) + j p'(t = A) V(X)dxr (3.3.3)
(o) o

fhe last intesral can then be expressed as in (3.3.2).
The Tirst integral in (3.3.2) is the convolution from the previous
time step muctiplied by an exponential. Thus in a time step we must

only cnlculate the second iutegral. For times not near a singularity

t ime tﬂl tor o superceritical reflection, we integrate as follows.
Y
De:note tl =t - At i

. (3.3.4)
Vo= V(L) (3.3.5)
Uoeo Jinenr interpolation tetween the ealeulated points
o
A

e e e 1y YT TR T




e

V=V o4+ (v2 - Vl)(t - tl)/At (3.3.6)
then
© o =(t-\)/e,
Ig = ]. e v(x)da
t-4At
(3.3.7)
o . V2 - Vl o 4 V2 - Vl 6 v ~At/6k
x |2 At k At k= 1]®
Near a singularity time toq we make the change of variable
- 1/2
x = |t2q - | (3.3.8)

to eliminate the logarithmic singularity from the integral producing

S ROV
I, = #2 J- e V(X)|xdx (3.3.9)
x(t-At)
where + and - apply to t > tgq and t < t2q , respectively. This

integral is evaluated using a generalized Simpson's rule obtained by
integrating a parabola fit to V(t) , V(t - At) , and V(to) where

to is the time of the step before t - At . A fixed time step is not
required. The convolution integrations (3.3.7) or (3.3.9) take only a
small percentage of the computing time required to evaluate the V(t) ,
hence several terms in the sum of (3.3.1) can be used to fit the source
time dependence Po(t) without adding significantly to the total com-

puting time.

3.4 MODELING THE AIRBLAST WAVEFORM

The point source amplitude and waveform used in the CAGGS code was

39
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chosen to simulate the asirblast overpressure produced by airburst explo-
sion of spherical charges. Empirical curve fits based on explosive
field test data were used. Peak overpressure Pmux and arrival time

ta at the ailr-scil incerface (z = 0) for height of burst h and hori-
zontal range r were obtained from formulae extracted from the ANSWER
(Analysis System for Weapons Lffects Research) code (Britt (1980)). The
nuclear section uses the Brode (1970, 1978) helght of burst curves. The
conventional explosive (H.k.) values are based on curves developed for

the ANSWER code.

st B

For the ranges of interest for most linear ground shock calcula-
tions and for the common surface tangent burst confipuration (charge
resting on the pround), the H.E. peak overpressure and arrival time curves

can be approximated by

T=2.57 . e n ~ a 1/3
g ~ S . s fad l ]b
Lmax ~ 3770 r pei for 2.5 < r < 12 frt/

(3.4.1)

Lq ~ 0.0kk ;1.95 msec/lbl/3 for 2 < r < 15 f‘c/lbl/3 (3.4.2)

W 1s the explosive charge weight in pounds T.N.T., r = r/wl/3
and t =t /Wl/3 . The value of P glven here is that measured at
a a max

s

where

ground level and hence contains both the incident (or source contribu-

tion) and the reflection. Because of the great impedance mismatch be-
tween the air and soil, the linear theory predicts a reflection virtually
identical to the incident pulse if the soil layer is very thick. In
order to match the total pressure (normal stress 1ZZ) at the interface,
one half of the empirical blast overpressure is used for the incident

pressure in the linear calculations.

3

The airblact waveforms PO(L) such as shown in Figure 2 were fit
to a sum of exponential terms of cyuation (3.3.1) using data from the !
Department of Defense (D.0O.D.) explosive tests series piven in table 3.

The events used in the waveform model were mostly surface tangent bursts
supplemented by other near surtnace detonations. The parameters o and

k

Ok were chosen to Fit the experimental parameters noted on Figure 2 as

ho

R g N
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RANGE (FT) = 10.
CHARGE UEIGHT (LBS) = 1.
DEPTH OF GAGE (FT) = .00%
BAX. PRESSURE (PS1) = 10.186
10 . MIN. PRESSURE (PSI) » -1.382]
7
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Figure 2 Typical airblast waveform.
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Table 3. Explosive test series used in the airblast model.

Test Series Explosive Charge
CENSE 1 1000 1bs NmM*
CENSE 2 300 1lbs TNT x
CENSE 3 200 1bs NM g
Dial Pack 500 tons TNT |
Mine Ore 100 tons TNT I
Mine Under 100 tons TNT !z
Middle Gust 3 100 tons TNT ’
Middle Gust b 100 tons TNT ¢
Mineral Rock 100 tons TNT 3
Misers Bluff Phase I 1000 1lbs TNT %
Misers Bluff Phase II 120 tons ANFO' §
Mixed Company 500 tons, 20 tons TNT -
Pre-Dice Throw 11 100 tons TNT, 120 tons ANFO
Pre-Mine Throw IV 1004 1bs TNT, 7.2 tons, 102.4 tons NM s
1969 Height-of-Burst Series (BRL) 1000 1lbs TNT f

—ry

NOT#: A table f factors for converting inch-pound units of measurement to
metric (ST) units is presented 'n page 3.

: Nitromethane (iM) L
Ammonium nitrate and fuel oil (ANFO)

T T Y.




well as the positive phase impulse I+ {the integral of the curve from

ta to t+). A large body of data was obtained from repocrts on P
I

max °’

+ ta and t+ . A representative, but much smaller, quantity of
information on the negative phase was used. More data was available
from the agencies conducting the tests or from D.O.D. archives, but time
and funding limitations prohibited the extensive use of this material.
The scatter of the data used in determining the negative phase param-~
eters is much greater than for the positive phase. It is expected that
the negative phase model used here will not be changed greatly when a
larger data base is used.

The resulting waveform for T.N.T. explosions is

~t/6 —t/6.  -t/0 ~t/8,  -t/8
e 1, a2<§ “ . e ?) + ah<e 4 - e ?) (3.4.3)

where Pmax is the peak overpressure in psi, W 1is the charge weight
Z

1/3 1/3 = ek/wl/3 msec/lbl/3 s

Po(t) = Pmax

in pounds of T.N.T., t = t/W msec/1b ,

k

200 Pgéia
a, = minimum (3.4.4)
LO10
21 Fo'l for 5 < 1p < 29,1 psi
max max —
= ALs
a, (3 5)
7930 100 por s 201 psi
mix max
(6.26 P_O'69 for 5 < P < 200 psi
max = Tmax —
é = J 218 F_l'36 for 200 < ¢ < 100 psi (3.4.6)
1 max ~ max — e

Lo.o&h p=0- 0 e p > N0 pei
max max

ax




RS FRAN S .
1P for » < P < 200 psi
max max —
, 9, = 4 ouk6 P03 por 200 < P < 700 psi (3.L.7)
\ miX max
; . ‘ ) o
@ \O'h) for }max > (00 psi .
| |
~ }
. 0.5 8), ,
6, = minimum (3.4.8) ;
5.6 pr9:3¢ ~
max ’
h
'
B, = 0.99 6, (3.4.9) E
T
~ ~ b
6, = 1.0L 8, (3.4.10) §~
£
é
A finite rise time can be_introduced by adding an additional term ;
to (3.4.3) of the form ag e—t/e6 , where Y
i
ag = -y (3.4.11) ¥

Let Ato be the scaled rise time of the pulse, then if the last four
terms of (3.4.3) change only slightly in this time, 86 can be approxi-
mated by

t

t&>
@
N

1

— (3.4.12)

@
<

I'he amplitude lmux of PO(L) is then obtained by replacing a = }max '

by i

p i
ny s — max — {3.4.13) i
-0t /0 -At/0 t
1 6 !

& -

’ !

bl

e N G
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3.5 AFPROXIMATION OF THE AIRBLAGT WiTH A POINT SOUKRCE

As can be seen from the empirical formulae described above, the
airblast cannot be directly modeled as v linear point source in our range
of interest (10 < Pmax < 200 psi) since (a) the airblast peak overpres-
sure decays like 1/R2-°T instead of 1/R , (b) the blast propagation
rate decreases with range instead of the constant speed cpl , and
(c) the shape of the waveform changes with range rather than being a
fixed function Po(t - R/cpl) . Within the frumework of the Cagniard
model two options are available for approximating the empirical airblast:
(a) simulating the pressure in space and time by a distribution of point
sources or (b) using a single point source chosen to linearize around
a particular range related to the time of dominant motion. The first
option would be more accurate but would likely require much more com-
puter time to evaluate. The simpler and less costly linearization
approach (b) was used in this study. Several procedures were investi-

gated, but linearization around ray q = 2

, the directly transmitted
shear wave (path A of Figure 1), produced the best overall agreement with
measured velocity waveforms for materials ransing from weak soils to

hard rock.

The directly transmitted U wave path was determined by iterating
for the range ro at which the ray enters the soil. The empirical
formulae (such as (3.4.2)) were used to calculate the blast arrival time
t fo: un initial value of »r_ = r . An averace P  wave speed o

a S pl
in the air was computed from

¢ .= (3.95.1)

Then from equations (2.11.2) and (2.11.3) we obtuined the relations

oo VM2 oV
t o= {c T -y, h+fe 7 - y" oty AR {5.5.)
a pl 2max L MK Jmaxooou




\—L iad
nl s

Yomax , AL/ (3.5.3)
(hﬁ + F;)

which must also be satisfied for the ray. These equations are actually
a disguised statement of Snell's Law of Refraction. lsing the initial
values of r and €y in (3.5.2) and (35.5.3) a new estimate of r,
was obtained. It is éasily seen that the soluticn lies between r and
this second estimate of re - Hence, iteration was continued using an
interval halving technique on this interval until (3.9.1)-(3.9.3) were
satisfied within an acceptable tolerance. The point source amplitude
and pulse shape were then chosen using the empirical formulae to match
the airblast at the point (rS,O). The resulting cpl and point source
function Po(t - R/Cpl)/R were then used for all the rays.

e




CHAPTFR 4

COMPAKIUON OF CALCULATED AND MEADURED PARTICLE
VELOCITY WAVEFORMS

L.l SELECTION OF TRST SHERIES

Calculations were periormed for the three CENSH (goupling Effi-
ciency of Near Juriace Eyplonions) explosive field test series (incrom
1977, 1980). These tests were chosen because they provide a variety
of site characteristics wnich were relatively well controlled. The
test beds were cither effectively homogenecus or had layering: suitable :
for the two-layer model. In addition, each of the series had near sur- ;]
face airburst explesions for which particle velccity or acceleration ..

was measured in the upper layer for a variety of ranges from the

explosions. I
L.2 CALCULATIONS FOR CENOH 1 ¢
CENOE 1 concicted of o series of 1000-1b spheres of nitromethane g

(1140 lbs THT cquivalent) detonuled over a massive Kayenta sandstone
formation. These ovents provide duta for checking the calculations for
motion in a strong, homogencous material which behaves elastically for
stress levels of hundreds of psi. The swrface rock was thick enough
that three layerss were not needed for the computations. Fipure 3 com-
pares tne theoretical and measured vertical and radial velocity compo-
nents. Vertical velocity is positive for upward motion and radial
velocity is pouitive tor outward motion. Note that the experimental |
and theoretical curves are plotted on different ccales and that the Y

calculation represents only part of the meacured curve. The material

t
properties used for thisc onlewlation were Dl = U, 0N0 r,m/cm3
, 3
C o, =9 ft/muec , o = b ft/msec and p. o= 2.4 ym/em fivent 1
p: . . °

shown in the firure, wi: detenated with its charse center O £ above
the rock. Meacurements were made with velocity rmaves (havinge a nominal
600-Hz frequency response) placed 2 £t bilow the rock rurtuce. The

airblast peak pressure nbove the agce was measured at 51 peioat the




LR

by

*ofuBL 3J-gR 3B SUSWSINSBAW T FONED UITA
SUOTIRINOTED £3T700Taa oToT3aed JO UosTaedUWO) € 2.mBTy

Ividvd IvOIL3H03HL P TYDILHIA TVYII13HOIHL
J3swrel “Ils J35WE 6t ‘3IMiL
51 [ S 0 st .1 s °
e ey .. AR . L .
i ! P
| | |
[ dy - - H9--
| |
: '
: “ < -
| © N
; . ;
ﬂ _m “. r v
i PR -
i . toa , o
!
i T - -9 b -
I |
| [
t ! l
] ' !
i ; | W
| | | ; -
T 0@y - (1) SSINNIIML 3IAv / ,&m. ®OF + (13T SSIOTRI ¥IXET IR e SR =
' "9 - 1130 L1508 40 WWDIIM "9 e (19) LS54NE 40 iMDIIM T
i @ - (13) 379D 40 HLdIQ ‘2 = (1) 399D 40 MidIQ . !
. ‘O¥1l - (5€1) LHMDIIM IDduHd ‘@11 « (SE1) LMDIIN ITmomd
; ‘8¥ - L4 IINwa h ‘8P o (id) 39NUH
S S, e —— N s
IvVIAvH g34NSvaw q AVIILH3A Q3dNSVY3IN e
PP NEIVIC TS IR "R 5335 - 430 wins dwi.
ThCoSe s IvC SE I 008 5.8 008 S1 S 26 g st 24 e 5 LY 0 SV 2 9l f 8L L5 i Lo i T3 It
L . . R Lo LI T AT L A PO . PSR
- oss g - T
&
: L2 =
iy R oo N A - -
fiae S 19114 Sciice »
vy vs -
- s w9259
. - 1o A 12 An-Zoey
LRAR NG B B3 SRR ELED] e oI 1k




L8 ft range. Figure 4 shows a calculation al the 36-ft range (120 psi).
Only the horizontal velocity record was obtained. There is good agree-~
ment between calculaticns and experiment at both ranges except in the
magnitude cf the second positive phases. This slight discrepancy is
probably a result of the simple source linearization and not an effect

of non-linear material prcperties cof the rock.

4.3 CALCULATIONS FOR CENSE 2

The data of CENSE 2 provided informaticn to check the elastic cal-
cilations for a twe-layered clayey-silt scil site. The explosives used
were 300-1b spherical TNT charges. In the calculations shown in
Figures 5 and 6, the soil was modeled in two layers: a surface layer

20 ft thick with ¢, = 1.1 ft/msec , c¢_, = 0.€ ft/msec , and

3 2 s2 Po =
1.7 gm/cm™ , and a lower half-space with Cp? = 1.6 {t/msec , C_, =
0.7 ft/msec , and p3 = 1.75 gm/cmj . The measurements were made with

velccity gages lccated 1.5 ft below the surfuce. FEvent 2 was detonated
with charge center 7.2 ft above the scil surface. Excellent agreement
was obtained in Figure S at the (7-ft (13-psi) ranpe. Figure 6 at the
43-ft (34-psi) range shows slightly pcorer arreement but still within
typical scatter cof field measurements. At 4 range of 32 ft (60 psi),
Figure 7,the linear calculaticns begin te fail to reprocduce the major
characteristics of the neasured motion. 1Tn this case the linear theory
does not predict the large initial downwurd and outward displacements
(area under the velocity curve) scen in the cxperiments. These differ-

ences are prcbably a result of the nonlincear muterial properties of the

soil becoming important and a resit <0 the 21loce-in gource conditiens
not being adequately modeled by the Tecnlized airtiast irnput used in the
calculations.

h.4 CALCULATIONS TOR CEN3E 3

CENGE 3 previded measurcments for comparicao . with foeory foron
weak soil layer over a hard rock site. This cerico concictod of coven
explosiens of 200 1b (226 16 THT equivalent) of pitremcthioue.  The foos

bed eonaistoed of compacted backfill of "alluvium soil viaced ower n

ey




IvIAvY TvDILIHO3HL P

JIsuE-er ‘IMIL
st o1 s
a g R

-— T - S S —
|
]
)
|
I
|
;
i
,
L
1
i T@0F + (13) SSINXIIML a3AmI
' "9 e (14) LSHNE IO KD 3N
! ‘2 e tdd) I9YD 30 MLdIQ
1 : APl - (S8 uWTIIN IFYRD
” T9E - (130 IDNuM
—_ — - - - - - -1

Ividvy G3YNSY3W q

FREEN LI wler Juin
O U A R N [ A UL TR -
—~— e o
.
S0
_vL
~y g 4
woryare purost w100
B4 AT [EATSIT 1BEIQuTY I
i av teae] sy nv

Buif payseq dloN

PLETRPLARISEN

*98uUBJ 1J-9€ 9B SIUSWRINSBIUW T dSNAD UITA
SUOTIBTNOTBD L9100T9A 9T0T3ged Jo uostaedwo)

f SAnd T4

TYOILHIA TVIIL3HO2HL

J3SME 01 ‘3l

st [} s
— . o — e ey
L
<
©
N
]
-
T T T v — ]
‘Oey = (14) SSINADIHL ¥3AVT
‘89 = 114) LSHNE 40 LWDI3IN
‘2 . 14y 399D 40 HLdIC
TOF1IY - (SET) L{HDIIN 3IDAUHD
‘9L - (L3) 3IINUY
e - 1

TVIILHAA A3HNSYIW

378VIIVAV LON




A : B R - : S T AT N T WA TR T AT e s e e =~ e .
O, _ R - FE— PO S S - 2L - e . B Lo . JR DR, 1\ - - B

Lbe

I3
)
Y
Y
3
]
%
3
+a8uBI 33~L9 9B SIUSULINSEBIW Z ISNED UITA 1
SUOTETNOTBD K£3100T3aA o1o12aed Jo uostuaedwo) ¢ SINETH T
TVIAVYH IvOIL3dO3IHL P IVOILHIAA W LIHOIHL 2
235U 01 ‘wlL o35Ms -8l ‘ML
9t (3 21 el 8 s v 2 ° EXY A 21 o 8 L) v 2 [
T T T T T T T t- T T T T T T L lﬁ -
{
! - - -
|
b \.— M “
— T Y T T T T —te - -
| ))\ i r w N N
# ! . R 2
i , 3 A \s\J/ L
r ( T T SR g T T T e
| :
L ! -
2% ¢ (44) LSHNG 30 LHOI3NW & ! 2'2 = (4d) LSHNE S0 LHOI3IH o
31 e (13, 3990 40 HidIQ S°1 = (i4) IDUD 40 HI430
*90€ = (S€7) LMHIIN 3DYVHO i "RRE + (S@7) LIMOIIA IDAVHD
“e9 e (44) 3IDNOY i L9 » (id) IDNYY
i Y 1 L L .IiF)\tl‘rlle#. 1 I 1 1 b i L v
AVIAVYYH g3YNSVY3IW 9 TYOiLHIA GIYNSYIN '8
S$33S - 130 wou4 3WIL S33% - 130 WO¥4 3KIL
80 S»0 Ov'Q gg-3 0E'0 §2°Q ©2'9 Sitg 30 <00 S0 0 D52 S»°C Ovy'0 SE'G OG0 S2°0 020 S0 Ci'0 SC'T 200
. N ol i . N e’ \ i A . A s A R L o
o o3 ]
. ° 0 €7°0 ;
P me [ | [:2
— / a ~—
< % , 0z-gY. . ,
s o v le
ol |3 N
[ wn ] w
] o m il -m
l . (a) 1 .ﬂ o
2108 59020 v 2102 SLIEND av
€34
w0009 ™ 10009
€2 HA~G*1-L9 11 AN-S  1-L9
2 IN3A3 Z2-38N32 Z LIN3A3 2-36N3) as 0~ 250 €3¢ 583




Tadusd 3J-Cn 3B SlUsWSJNSESUW 2 ISNAD UITA
SUOTBINOTERD £3T00T9A o9ToI3Jg8d Jo uostaedwo) ¢ Sardy|

IVIGVY TvOIL3HO3HL P AVIOILY3IAIVIIL3HO3HL 2

335wz el ‘g J3Sws"et ‘IWIL
s1 [ S st L B s .
R T .7 T e R
: ]
i
A / ,_ j oo
e ad i
A | . .
o / | o : ~
N ,
o V - [ =
L 0 . | 2
, b : Am.. =
;
| , !
!
-
1
I R g / ;
. . e Y St —_—d iy
i S \ e~ |
22 v (i3) 1S8DE 30 IMOTIM ! 2°¢C « ti3) LS¥NE 30 THHIIN - I
: (L4) 399 40 Hid3T Sl - (43) 3999 37 Wid3CQ Vi |
(58T AWO1IA ITEUHD T - S0 LMOIIN ITNuWD v i
! CEY ¢ 1id) IONGH € = (43 IJ0ONUE
— o . . ; e e e et I
» ]
avVIavY G3IHNSY3IW 9 AVIOILHIA GIYNSVIN 8
5335 - .37 W0¥4 Gl S235 - 137 wOys 3wl
751 =¥ 3 2y 3 SC°T €C s logC2tos o0 T B A R vIoose e LR T A RS
O U S U CL . U R

ALT30 1734

338/t 4

G W i

»

4 ek NV < add

v )




*9durd 3]-2€ 3B SJUSWSJINSEIW 2 ASNIS UITA

SUOT3BINOTEBO A3TI20ToA aToraJded Jo uocstaeduwo) L aarnat

AVIQVYY TVvOIL3IHO3HL P

JISuE el ‘Il
ot 1] 9

r
‘Al S T T T

—-

-.-Kﬂxﬁﬂ& N\

2'¢ * (43) AS8NE 40 IHDIM
S$'1 = (14) 329D 40 HL4IQ
“00€ = (SE1) LHIIIA IDNUHD

“2C - (14) IDNYY
—L L 1

-
-

Iviavd G3IYNSYIw q

$335 - (3C wCuJd 3mMly
960 s» 0 OrO0 SO0 OC0 S$20 020 S10 0:0 $OQ 0O

o
- =
990000 oW
g ¥
-2
o -
T j“ W.
IR
-

S\
10070} {2 2
s=
. <
(27
"o, e
o
“
to W= -
oo, " T
o2
e

e Settiu L]

L]
= so0e
L M5 1 -2€
FANLELE] Z2-35832 328 %0 r3c 3w

J3S/11 3

21

Fas

AVIILY3A AVOIL3IHO3HL 2

235881 ‘M1l

o ) ’ v 2 .
T T R T T ||.1.
[
-
4,
N

T ~n__"T

2°C = (14) LSUNE 0 (HIIIH
S°T « (14) 3299 90 Wid3Q
COOE » (SE1) LMOIIN IVNWHD
‘€ - (43) IONYA
1 i

T

L 1 1 '
AVIILH3A Q3HNSYIN &
$235 - .30 wQws 3.
2.0 Se T 3ef SCS A6 %D BIE S & I8 8TI St
3
P
U
B
AR
4 >
] )
W0 e Do I
-
H
.=
z
Ces
PO ,o.oo -
e ) :
oz
ir-H Seicie ™~
<
1 ooos
9 *n-§ 1-28 23 ommT s e
[ANLELE 2- 35813 tiee 3mT otz e

IS/4y A

53

e e e




Kayenta sandstone depusit similar to thuat of CENSE 1. The thiskness of
the soil was varied from O to O ft. Measurements of vertical and radial
acceleration were made at middepth in the soil layers and in the rock.
Velocity histories were obtainced by inteprating the acceleration records.
Events 2 and 4 were surface tangent bursts, that is, the explosive
charge was resting on the soil surface. The soll layer thickness in

Figure 8 was 6 ft. 1In Figure 9 the thickness was 3 ft. The material

properties used in Lhe calculations were cp2 = 0.9 ft/msec | Com =
0.3 ft/msec, and p, = 1.6 ;;m/cm3 for the soil and Cp3 = 8 ft/msec ,
g3 = 3 ft/msec, and Py = 2. h p,m/cm3 for the sandstone.

At the 56-tr (12-psi) ranc-e of Figure 8 the calculations are in
zood apreement with the experimental curves up to a time of about
L5 msec if the high frequency spikes are neglected. These spikes re-
sult from using an airblast pulse with zero rise time and reflections
at a perfectly distinct intertace. High frequency motion of this type
is filtered out of the measurements because of the nonlinear effects
of the seil and finite trequency response »f the gages and recording
system. At the 32-ft (%P-pui) range of Figure 9 agreement is poorer
but, the initinl velocity amplitudes are 5till close to the measured
values. At a range of 2Lh ft (119 psi) not shown the calculated initial
peaks are nearly a factor or two hipher than the experimental.

Figure 10 is presented for comparison with Figure 9 to illustrate
the ¢ffect of further increasing the soill layer thickness at the CENSE 3
site.  The initinl portions of the records are produced by the directly
transmitted P and § waves quld are not ddependent on the soil thick-
ness.  The later motion is s cemplicrated interaction of reflected waves
for moderate layer thicknear., Tn poing from a layer thickness of 3 ft
as in Fisure 8 to the 6-tt v+ in Ficure Y the change in frequency
of" the motion is rowhly proprtionwl to the layer thickness change,
but the waveform: at 1=t thickness do not follow this pattern.

From the few wavetforms presented here, one cannot draw general
conclusions on factors affectins the period and amplitude of the low
frequency motion. A detailed parameter study and analysis will be neces-

sary to letermine how the motion changes in poing from very thin to very

e ———— e
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thick layers. It appears that simple rules of thumb based on S or
P yave layer transit times will be valid in only very restricted

ranges of thickness and elagstic parameters.
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CHAPTER &

CONCLUSIONS AND RECOMMENDATTONS

Calculations performed with the CAGGS code were in good agreement
with measurements from the three CENSE test series which had very differ-
ent site conditions and particle velocity waveforms. These sites span
much of the spectrum of typical soil-rock environments. CENSE 1 site
was a hard, strong, thick sandstone rock; CENSE 2 site was a two b
layered soil medium: CENSE 3 site was a layer of weak soil backfill over -4
a thick sandstone formation. Based on these calculations, we conclude
that predictions of velocity waveforms using the Cagniard formulation
of the elastic theory and the localized airblast source model can be
expected to be accurate within the scatter of explosive tests measure-
ments for times up to about one cycle of the low frequency motion and for
airblast overpressure levels at the gage range up to approximately k4O '
psi for explosions over weak soils and over 100 psi for strong rocks. p7
At pressure levels in the range of 40 to 100 psi for explosions over
soil, the elastic theory still predicts the general character of the
motion but overestimates the peak velocities and underestimates the
large initial downward and outward displacements.

The simple localized airblast source model linearized around the
directly transmitted shear wave may be a major contribution to failure
of the calculations at higher pressures and at late time on waveforms.
Future work should be directed at improving the source formulation,

but any model other than a single point source would greatly increase

the computer time costs of the calculations.
The linear wave propagation model can produce motion waveforms

for homogeneous sites such as the CENSE 1 sandstone fur very small oom-

puter costs. But because of the rapidly increasing effort required to
calculate the late time portion of waveforms for layered media, routine
calculations to times greater than about three shear wave transit times
of the layer appear to be more expensive than comparable linear finite
difference methods or normal modes techniques. Calculations with the

Cagniard theory for more than two s0il layers appear to be quite
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sxpensive except for early time moticn or special cases where reflections

in one layer cun be neglected or modeled by a few rays. Our incompletc
calculations have indicated that three solid-layer cases such as present
at the Dial Pack site where a shallow water table exists with a much
deeper rock layer can be effectively medeled by the Cagniard method
using; only a few curefully selected rays in the thin surface layer. ,

The primary applications ot the CAGGS code for computing motion

waveforms in layercd media appear to be early time motions up to about
two shear wave transit times. These cases require relatively low com-
puting costs and minimal effort to change code inputs. Runs to later
times and for more than three layers are practical but are considerably
more expeusive.  Sinee the theory follows rays, the composite waveforms
can be disrected to study the contributions of individual arrivals.
i "hils property of the method makes it ideal for studying the basic char-
acterictics and effects of the controulling parameters of wave propaga-
tims in layered media. The CAGGS code developed in this study appears
to be an ideal to.l for performing detailed parametric studies of ground
shock at intermedizte ranges where the airblast pressure is from $ to SO

psi in weuk 50ils ana to hundreds of psi for strong rock.
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