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ABSTRACT 

An analytic investigation of one-dimensional shock wave propagation in bilinear 

hysteretic materials is described. Governing equations are solved by the method 

of characteristics, and solutions are obtained in the form of infinite series. 

The bilinear model is used to approximate the free-field response of a medium 

with curvilinear constitutive relationships. It is concluded that the bilinear 

model may be used with reasonable accuracy to approximate the response of soils 

subjected to airblast-type loading. 

(Distribution Limitation Statement No. 3) 
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SECTION I 

INTRODUCTION 

1. Background. 

As hardness requirements in protective construction have become more severe, 

so have requirements for free-field response calculations. These response studies 

are based on a varying number of assumptions, depending on the required accuracy 

of calculation. At present the most definitive studies which can be made reduce 

the problem to one of two spatial dimensions and time, and incorporate complex 

layering and constitutive relationships. These studies consider not only airblast 

effects but also direct-induced shocks. Less sophisticated studies further re¬ 

duce the problem to one spatial dimension (uniaxial strain) and time, and consider 

only airblast loading. Nonlinear constitutive relationships and layering may 

still be studied. Further simplification usually pertains to constitutive rela¬ 

tionships. Although the more sophisticated approaches are rewarding in teims of 

completeness and applicability, they burden the user with excessive costs. Several 

hours are required to process many of the large codes. Furthemore, obtaining 

suitably reliable constitutive relationships fron field samples is also very ex¬ 

pensive. Complex field sampling procedures and special laboratory apparatus are 

required. One-dimensional analyses reduce computer costs considerably, but the 

problems inherent in obtaining constitutive relationships remain. 

If further simplifications pertaining to the constitutive relationships are 

made, considerable savings result. Hie so-called bilinear model has received 

more attention than most of the nunerous simplified constitutive relationships 

that have been proposed. This model offers ease of representation but retains 

the essential hysteretic nature common to all soils. It has been considered by 

nunerous writers (refs. 1,2,3) and is the subject of this report. 

2. Objectives. 

The primary objective of this study was to evaluate the effectiveness of 

employing a bilinear constitutive relationship to represent a cuivilinear hyster¬ 

etic relationship. Of particular interest are comparisons of attenuation of peak 

particle velocity and peak pressure with depth. Also of interest are comparisons 
of wave shapes and residual displacements. 

A minor objective of this study was the evaluation of a plane one dimensional 

computer code called PLID, written by Air Force Weapons Laboratory (AFWL) peisonne1 
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(ref. 4). This code has been designed specifically for calculation of fiee-field 

response due to nuclear overpressures. The code admits a wide variety of consti¬ 

tutive relationships and layering. Of special importance in this evaluation are 

comparisons between analytic and PLID solutions for bilinear materials. 

2 

r 

/ 



SECTION II 

BILINEAR ANALYTIC SOLUTION 

1. Constitutive Relationships. 

For the purposes of this report, a bilinear material is defined as a material 

which obeys a stress-strain relationship, in uniaxial strain, of the form shown 

in figure 1. In figure 1, Mj and M2 denote the slopes of the two lines. In 

problems to be considered here, loading will always occur in the form of a 

shock, increasing the pressure from zero to some positive compressive stress. 

Thus for loading, the bilinear material obeys 

P = MjE (1) 

where 

_ * 
P = pressure 

Mj = loading modulus 

e = strain 

Any decrease in pressure, AP, will obey 

AP = M2Ae (2) 

where = unloading modulus. Reloading follows the unloading path until the 

loading curve is reached. 

For plane one-dimensional wave propagation (i.e., uniaxial strain), the 

velocity of propagation of a shock wave, denoted by U, in a bilinear material, 

is given by 

where initial mass density. The strain, e, at any point in the material, 

is related to the density, p, at that point by 

(4) 

l-— 

The terms pressure and stress will be used interchangeably in this report. 
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Figure 1. Bilinear Stress-strain Diagram 

The conservation of mass jump equation (ref. 5, p. 121) relates the conditions 

immediately in front of and immediately behind the shock. If u and p denote the 

particle velocity and density directly behind the shock, the conservation of mass 
jump equation gives 

p0U = p(U - u) (5) 

Here, the particle velocity in front of the shock is zero. Combining eqs. (4) 
and (5) gives 

u = Ue (6) 

Combining eqs. (1), (3), and (6) gives the conservation of momentum jump equation 

p s P0Uu (7) 

The tem, p0U, is frequently called the loading impedance, and will be denoted 
here by Zl 
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z, = P0u ^M, (8) 

where use of eq. (3) has been made. Thus eq. (7) can be written 

P = Zu (9) 

The local sound velocity is defined as (ref. 5, p. 5) 

c = ± dP 
¥ (10) 

Combining this relationship with eqs. (2) and (4) and simplifying will lead to 

c ±d - e) (ID 

This is the velocity relative to the material at which small disturbances will 

propagate after the shock has passed. The plus and minus signs denote waves 

propagating in the same direction and the opposite direction as the shock, re¬ 

spectively. Note that c varies linearly with strain. A common assumption in 

one-dimensional wave propagation in soil and rock is that c is a constant, c, 

taken to be (refs. 1,2,3,6) 

c (12) 

This assunption will be enployed in certain portions of the following derivation. 

2. Method of Characteristics. 

Only problems concerning plane one-dimensional airblast loading of a bilinear 

half-space will be considered here. The airblast or overpressure load function 

is applied at the material surface (x = 0). It is assumed to consist of a shock 

to a maximun pressure, Po, occurring at time, t = 0, followed by a monotonie de¬ 

crease in pressure until zero pressure is reached. The overpressure load function 
will be designated as Pf(t). 

Graphically, the problem is best represented in the x-t plane. A schematic 

representation is shown in figure 2. In zone I, the material is at rest. In 

zone II, the shock has passed, and the material is deformed and in motion. The 

slope of the shock trace in the x-t plane is the shock velocity, U, given by 

5 



Figure 2. Schematic Representation of 
Problem in x-t Plane 

eq. (3). In zone II, all disturbances, such as the pressure decay at the surface, 
propagate with velocity, c, given by eq. (11). 

In zone II, the material obeys the set of partial differential equations 
(ref. 5, p. 37) 

PUX ♦ upx ♦ pt = 0 

u + uu + — p = 0 
t X p ^x 

(13) 

(14) 
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where p, u, and c represent the density, particle velocity, and sound velocity 

at a point, and subscripts denote partial differentiation. Zone II is bounded 

above by the material surface, where the boundary condition 

P = pf(t) (15) 

must be satisfied. It is bounded below by the shock front trace where the jump 

condition [eq. (9)] must be satisfied. The pressure and particle velocity at 

any point in zone II may be obtained by solving eqs. (13) and (14) so that eqs. 
(9) and (15) are satisfied. 

To begin this solution, the differential eqs. (13) and (14), together with 

the differentials of the dependent variables, du and dp, are written in matrix 

form, as follows (ref. 7, secs. 4,5, chap. 3; ref. 8, sec. 6.3) 

u 1 

P 0 

dx dt 

0 0 

(16) 

The characteristic directions in the x-t plane are determined by setting the 

determinant of the coefficients equal to zero. This leads to 

dx 
3t = u ± c (17) 

The family of curves in zone II detemined by eq. (17) may be visualized as lines 

along which all changes in pressure or particle velocity will propagate. The 

characteristic directions corresponding to the plus sign in eq. (17) will be de¬ 

noted a characteristics. The characteristics corresponding to the minus sign 
will be denoted 8 characteristics. 

For the system of equations [eq. (16)] to possess any solution at all on the 
characteristics, it is necessary that the augmented matrix 

~ c2 1 
u 1 — 0 0 P 

P 0 u 1 0 

dx dt 0 0 du 

.0 0 dx dt dp_ 
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have at most a rank of three. Imposing this condition leads to two more differ¬ 

ential equations 

on a: dp + du = 0 (18) 

on ß: ^ dp - du = 0 (19) 

where use of eq. (17) has been made. These two differential equations relate 

the dependent variables on the characteristics. Note that the independent vari¬ 

ables, X and t, do not appear. 

Equations (18) and (19) may be simplified by noting that 

This equation is obtained by squaring both sides of eq. (10). Substituting eq. 

(20) into eqs. (18) and (19) gives 

on a: — + du = 0 (21) 

on ß: -- du = 0 (22) 

Canbining eqs. (4) and (11) results in 

(23) 

Substituting this relationship into eqs. (21) and (22) leads to 

on a: dP = -Z du (24) 

on ß: dP * +Z2du (25) 

where 

(26) 

The constant, Z2, is teimed the unloading impedance. 

Perfoming an indefinite integration of both sides of eqs. (24) and (25) 
gives 
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on a: P = -Z2u + 2r (27) 

on 3: P = +Z2u + 2s (28) 

where 2r and 2s = constants of integration called Riemann invariants . The values 

of 2r and 2s will be constant on any particular characteristic, but will change 

fron one characteristic to another. 

At this point, the problem consists of solving eq. (17) for the character¬ 

istic directions, plotting the characteristics, and then applying eqs. (27) and 

(28) on the characteristics. This must be done simultaneously, however, since 

the values of c and u in eq. (17) are not known until eqs. (27) and (28) have 

been solved. This task may be enormously simplified by the following two assump¬ 
tions 

|u| << c (29) 

e « 1 (30) 

Both of these assumptions are frequently used in calculations involving airblast 
loading of soil and rock. 

The assunption [eq. (29)] simplifies eq. (17) to 

dx 
3t ± c 

and the assumption [eq. (30)] further reduces this to 

dx 
3t = ± c (31) 

where c is defined by eq. (12). Thus the characteristics are assuned to be linear 

with slopes ±c, and are independent of P and u. It is now possible to obtain 

relatively simple solutions for various overpressure functions. 

3. Solution at an Arbitrary Point. 

Consider an arbitrary point Uo,to) in zone II of the x-t plane. One a 

characteristic and one 3 characteristic pass through this point (fig. 3). The 

Riemann invariants of these characteristics are denoted by 2r and 2s', respec¬ 
tively. Then from eqs. (27) and (28) 

2r = P + Zu 
0 2 (32) 

9 



Zone I 

Direction of ot Characteristic^ 

Direction of ß Characteristic f 

Figure 3. Characteristics Passing through Arbitrary Point (x ,t ) 
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(33) 

\ 

2s' = P - 2,11 o 2 

where P and u = the pressure and particle velocity at the point (x ,t ). P and 

u may be found by solving eqs. (32) and (33) simultaneously after r and s' are 
determined. ° 

The value of the Riemann invariant, rQ, may be found in the following manner. 

At the surface point marked tj in figure 3, the following equations apply 

2r„ = w * wv 

2=0 • w - wv 

where so - the Riemann invariant associated with the ß characteristic which inter¬ 

sects the surface at the point tj and u^t^ = the surface particle velocity at 
tj. Adding these two equations gives 

2ro = ‘ 2s0 (34) 

Next, at the point marked qj in figure 3, the following three equations apply 

2ri = Ps^i) + Z2UsK) 

2So = - Z2W 

Ps^i) = Z 1^^,) 

Here, Pgtqj) and ^(q^ denote the pressure and particle velocity immediately be¬ 

hind the shock at the point, qj. The Riemann invariant, rj, is associated with 

the a characteristic passing through q^ The third of these equations is the 

conservation of manentum jump equation [eq. (9)]. Combining these three equations 
to eliminate Ps(qj) and us(q¡) results in 

2so = -^2ri) (35) 

where 

c -z* 'z- 
Ç - Z . Z (31¾) 2 1 

11 



Substituting eq. (35) into eq. (34) gives 

2r0 = 2Pf(ti) + 2çr 

This procedure can be repeated for r1 to obtain 

2rt = 2Pf(t2) + 2cr, 

(37) 

and in general 

2ro = 2Pf^^ + 2^pf(t2) + + 2çn lP (t ) + 2çnr 
inn (38) 

Passing to the limit as n the last term vanishes 
bounded for all n. Thus 

r0 * Ê?m"Pf(0 

since ç < 1 and r is 
n 

m«i 
(39) 

A similar procedure can be carried out to find the other Riemann invariant, 
sq. It is found to be 

s'o--Z <>£(0 (40) 

Since the characteristics are assuned to be linear, it is an easy matter to 
express t and t* in tenns of x and t . First for t 

ul m 0 0 m 

and 

t = t - ~ 
1 0 c 

t = r't = ç“'1 m s i ^ 
X 

t --° 
0 c 

(41) 

Similarly, for t' 
m 

ti = ^ 

x 
t + ~ 

and 

t’ = = t +-° 
0 cl 

(42) 

12 
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Combining eqs. (32) and (33) with eqs. (39) and (40) gives 

and 

p(xo-v = ÊÍ?B"pf(g - m= 11 

U(W " ^ 

(43) 

(44) 

Replacing tm and in these two equations by eqs. (41) and (42) leacb to a com¬ 

plete solution of the problem for any point in zone II, involving only the ma¬ 

terial parameters, ç and Z2, and the overpressure load function, Pf(t). A short 

example will be given to illustrate the method of solution. 

Consider the linear overpressure function 

Pf(t) 

Let the material parameters be 

Po(l - t) 0 < t < 1 

1 < t 
(45) 

Z„ = 2000 lb sec 
-2 ftT ’ ït- 
ç = 1/3 

Then for an arbitrary point (x ,t ), eq. (43) gives 

P(x ,t ) = P 
O O O ir't-H 

m-i / x 

o It - ^ 

m m 
t + r=r 

0 c (46) 

«here it has been assured that the point (xo>to) lies above the shock front trace 
and that 

x 
t - -£ < 1 

o ^ 

13 



liquation (46) can be written 

p(W ‘pof¿ ( 
|^m=i L 

llml /l'm 

* E 
am 

t + — 
l) 

2m-2 

t (47) 

rhis expression can be simplified by cancellation of terms 

PCW = P0 1 

X 

t - 
c c 

+ 2^ Z 
c m*i 

2m 
(48) 

•Voting that 

m*i 
II2m 1 
3l “ 8 

obtains 

P(xo’V = Po 1 - t + 1.25 -=2. 
0 c / 

(49) 

The simplicity of this example is due to the very simple overpressure load 

tunction used. In general, for more ccmplex overpressures, closed solutions 

:annot be obtained. For this reason a brief computer program was written to 

valúate eqs. (43) and (44), taking only a finite number of teims. Both series 

onverge very rapidly, however, and computations can be carried out by hand if 
ecessary. 

Attenuation of Peak Pressure and Particle Velocity. 

The attenuation of peak pressure and particle velocity at the shock front 

s of particular interest in free-field calculations. 

Consider the point, q?, lying at the shock front, in figure 4. The pressure, 

,(qo), and particle velocity, ug(qo), immediately behind the shock at this point 
in be related by eqs. (9) and (27) 

W = W%> 

2ro = W * zACq0) 

(50) 

(51) 

14 
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Figure 4. Characteristic Passing through Point on Shock Front Trace 
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Once the Riemarm invariant, ro, associated with the a characteristic through the 

point, qo , is found, Ps and us may be detemined fron these two equations. An 

expression for rQ has already been determined. Rewriting eq. (39) 

(52) 

For the case considered here, the point, qo, will have coordinates in the x-t 

plane of xg, -^] , where xg denotes depth to the shock. Thus, referring to 
figure 4 

where 

Then as before 

Y - l\ s 
y I IT 

y = 
c z* tri; 

(53) 

(54) 

t m (55) 

Solving eqs. (50) and (51) for Pg gives 

Thin if Pf(t) is assuned to be of the form 

(56) 

pf(t) = P0gf(t) 

where Po is the maximum surface overpressure and gf(t) is assumed to be a mono- 

tonically decreasing function of time, the normalized peak pressure will be 

V 
8 « - « Ë cB‘Vo «•i r m (57) 

The maximun surface particle velocity, u , will occur simultaneously with 
Pq and will be 

16 
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(58) u 
o 

P 
o 

Thus the nonnalized peak particle velocity will be 

u s 
u 
3 

u 
o 

r o 
(59) 

Therefore, the attenuation rates for peak pressure and peak particle velocity 

are identical. For convenience, define an attenuation factor, A, as 

A particular overpressure load function will next be considered. 

The most frequently employed theoretical overpressure is the so-called Brode 

wave (ref. 9). Defining tD as the positive-phase duration of the overpressure 
and T as the ratio, t * t/tD, the Brode overpressure is given by 

pf(t) = Po(ae’“T + be"01 + ce"YT)(l - T) (61) 

for 0 < t < 1. For times t > tD, Pf is defined as identically zero. Tlie con¬ 

stants, a, b, c, a, B, and y, as well as tD, are given in reference 8 for various 

peak overpressures, Pq, and various weapon yields. For example, for a 1-megaton 
weapon and Pq = 1,000 psi, reference 8 gives 

Pf(t) = 1000(0.15e"2,9T + 0.30e~21T + 0.55s'13°T)(1 - t) 

Letting 

,m-1 

eq. (60) becomes for the Brode overpressure 

(62) 

A = (1 - O t ç“'1 (ae"aTm + be'0Tm + ce‘YT,nl (1 ' Tm| ^63) 
m=i 

Because of the very complex nature of the relationships between the constants, 

a, b, c, a, B, y, and tD, and the weapon yield and peak overpressure, a short' 

computer program was written to evaluate A for various conditions. This program 

17 



created plots of the attenuation factor, A, versus arrival time, x /U, for vari¬ 

ous values of y. Five such plots are shown in figures 5 through 9. All represent 

a Rrode overpressure due to a 1-megaton weapon yield. Peak overpressures of 100, 
500, 1,000, 5,000, and 10,000 psi are shown. It has been pointed out (ref. 10) 

that attenuation curves for any particular weapon yield can be extrapolated to 

other weapon yields by cube root scaling. Attenuation factors for yields other 

than 1 megaton may be obtained fron the figures in appendix I by multiplying 

the arrival time values, xs/U, by the factor, l/^fT, where Nff = weapon yield in 
megatons. 

One final case will be considered before the conclusion of this section. 

This is the case where the unloading modulus, M2, is infinite. It is particu¬ 

larly noteworthy since, for many overpressure functions, closed form solutions 

may be obtained. Specifically, overpressures of the form 

Pf = PQ(1 - t) exp(-nt) for t < 1 

Pf = 0 for t > 1 (64) 

will be considered. Generalization, to-more complex functions will be apparent. 

For the overpressure 1 unction [eq. (64)], the attenuation equation [eq. (60)] 
becomes 

oo 

A = (1 - O Ç1"’1 (1 - tm) exp(-ntm) (65) 

where tm is given by eq. (55). 

Combining eqs. (55) and (65) gives 

A = (1 - O i im~' (1 - exp(Kç"'') (66) 
m-i 

where f = -f (H-T-I) and < = -nÇ 

The exponential term of this equation can be expressed in series form 

» I m-1| n 
exp(<çmM) = £ KJ- 

n=o n- 

18 
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Weapon Yield « 1.0 NfT 
Peak Overpressure * 1,000 psi 

MU * y » c/U 

MU = 1.1 

0.2 0.3 0.4 

Arrival Time (x /U), sec 

Figure 7. Attenuation Curves for P * 1,000 psi 
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Substituting this expression into eq. (66) and rearranging terms will give the 
iterated series 

a=d - o ¿fz (£) 
m= i In® o' J (67) 

It is now convenient to reverse the order of summation. This step is legitimate 

if both of the single series over m and n converge and if the double series (not 
iterated) 

Z Ê|£) fe<-1 ><”♦ ■ >. îç<»-,)(„♦,)) 
m=i n=o / (68) 

converges (ref. 11, pp. 80-81). Convergence of the two single series is trivially 

shown. To establish convergence of the double series [eq. (68)], it suffices to 
consider 

oo 00 I n 

Z Zlh 
m=o n=o (69) 

The teims of this series are dominated by ~ çm v^iere K > |«|. 

series of dominating teims converges, consider the quantity 
nj V, „..wv « - |Fv|. To show that the 

ZÍ?\ 
m®o n=o ' 

where M and N are integers. Using the series representation for eK 
that 

and noting 

M 

Z 
m=o 

Ä n, 1 rM+1 

£.'■ ■ Vt- 

will obtain 

s = 
1 - ç 

n-° n=o n! 

Combining terms gives 

5=1] f ? K0 I n4. ^ ç 4 fn-1 
The first tern within the absolute value bars is simply the tail of the exponential 
series and it can be made arbitrarily small for sufficiently large N. Also since 
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K“ . K 
ç < 1 and is bounded by e , the second tem can be made small for suffi- 

n*o 

ciently large M. Hence the double series [eq. (69)] must converge, and the order 

of the iterated series in eq. (67) may be reversed. When this is done and the 

summation over m is carried out explicitly, the following expression for A results 

A (1 - 0 

= T — n! 

n r 

n=o 1 + Ç + Ç 1 + Ç + Ç ,n+i (70) 

The unload modulus, M2, being infinite, implies that ç must equal 1. 

Equation (70) converges unifomly, thus passing to the limit as ç -*• 1 gives 

A = 
n + (71) 

where A indicates the attenuation factor for ç = 1. For the special case where 

n = 0 [i.e., Pf = Pq(1 - t)], all of the terms of the above series, other than 

the first, must vanish. This gives 

A = 1 ‘ J £ (n = 0) 

Noting that M2 = <*> implies * 1; hence 

* ' 1 ' ar 

Next for n ^ 0, eq. (71) can be written 

(o = 0) (72) 

~ -i “ n 
” K11*1 _ d 1 f <“ 

(n + 1) ! ^ 3k K fn + n=o 

“ ^n+2 

JñTlJT 
n=o 

Both terms of this expression may be explicitly evaluated giving 

Ã = I (-1 - I ♦ e< 
t1 - ¢(1 ' ?]] 
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Figure 10. Carparison of PHD Solution with Analytic Solution 
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Replacing < by -n£¡ and Ç by (since = 1) results in 

C73) 

Using this technique, expressions for pressure and particle velocity at arbi¬ 

trary points may also be derived in closed form. 

5. Comparisons with FLIP. 

As the PLID computer code was extensively used in calculations concerning 

curvilinear constitutive relationships, several PLID runs were made using bilin¬ 

ear models. The results of these runs were then compared with solutions deter¬ 

mined from eqs. (43) and (44). In all cases, the PLID results were remarkably 

consistent with the analytic results. A typical example of this consistency is 

shown in figure 10. This figure shows particle velocity time histories for a 1- 

megaton, 500-psi Brode overpressure. The bilinear model parameters are M = 

20,000 psi and = 80,000 psi. Time histories at 0-, 50-, and 100-foot depths 

are shown. The solid and dashed lines depict the PLID and analytic solutions, 

respectively. These data were previously published in reference 12. 
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SECTION III 

BILINEAR MODEL APPROXIMATION OF FREE-FIELD RESPONSE 

1- Curvilinear Constitutive Relationships. 

Dynamic stress-strain relationships for soil in uniaxial strain are charac¬ 

terized by a cui*vilinear, hysteretic shape (ref. 13). A typical example of this 

characteristic shape is shown in figure 11. The dominant features of this curve 

are the positive curvature of the load curve above a certain pressure and the 

very steep initial unloading curve producing a hysteresis loop. 

All materials compressed in uniaxial strain exhibit stiffening at higher 

pressure levels. Soils, however, often show initial uniaxial strain yielding at 

lower pressures (not to be confused with the more commonly considered triaxial 

yielding). This yielding may occur to a varying extent in different soils. At 

low pressures (typically less than 100 psi) yielding will play an extreme?v impor¬ 

tent part in response calculations. As the pressure level of interest increases, 

however, the effects of yielding become overshadowed by higher level shocking ef¬ 
fects. 

Stress-strain relationships of the type shown in figure 11 are inherently 

complex and difficult to work with. At best, response calculations must be 

carried out numerically on a computer. The primary objective of this study was 

to examine the ramifications of replacing the curvilinear material description 

with a bilinear model. Ibis subject has yet to be carefully investigated. 'Ehe 

following assumptions, consistent with the theory developed in section II, apply: 

(1) All overpressures consist of a shock followed by a monotonie decay 
in pressure. 

(2) The overpressure is applied to a homogeneous semi-infinite half¬ 

space . 

(3) The overpressure at any instant is the same at all points of the 

surface of the haIf-space. 

It will be useful in this section to employ a pressure-particle velocity 

material description rather than stress-strain. Based on certain assump¬ 

tions, the pressure-particle velocity (P - u) relationships are easily derived 

once the stress-strain relationships are known. It is assumed that the stress- 

strain loading curve is a Hugoniot (i.e., a locus of all final states which may 
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Figure 11. Typical Stress-Strain Curve 

be attained by a single shock transition from the initial unstrained state). 

Furtheimore, it is assumed that unloading occurs isentropically. The validity 

of these two assumptions depends upon the manner in which the stress-strain con¬ 

stitutive relationship was found. 

The P - u Hugoniot is derived by combining eqs. (6) and (7) to eliminate the 

shock velocity, U. Solving for the particle velocity, u, gives 

Thus, given values of P and e, a corresponding value for u may be found. Once 

the P - u Hugoniot is known, a release isentrope may be constructed through any 

point (P'.u') lying on the Hugoniot (fig. 12). This is accomplished by noting that 

du (75) 
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Figure 12. Pressure-Particle Velocity Curve 

This equation is a restatement of eqs. (21) and (22) without the assumption that 

the release isentrope is linear. Equation (75) may also be viewed as the limit¬ 

ing case of eq. (7) where, in the limit, a very weak shock approaches an isen- 

tropic sound wave. A more complete discussion of this subject is contained in 
reference 14. 

Substituting for c in eq. (75) fron eq. (10) and integrating will give 

The density, p, may be eliminated fron this equation by use of eq. (4). The fol¬ 

lowing equation may be employed to obtain the P - u release isentrope through the 

point (P’.u') from the P - e isentrope through the point (P’, e') 

2. Selection of "Best" Bilinear Model. 

If the response of a curvilinear medium can be approximated by the bilinear 

model, then, in some sense, there should exist a particular bilinear model which 
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makes the best approximation. This particular model will be temed the "best" 

bilinear model. The definition of the "best" bilinear model can be arbitrarily 

made ii certain limitations are observedi First, both the curvilinear medium 

and the associated bilinear mediun should be subjected to the same overpressure 

function; that is, the approximating bilinear medium response should be due to 

the same boundary conditions for which the curvilinear medium response is desired. 

Also, since the bilinear model is completely specified by two parameters, only 

two characteristics of the curvilinear mediun response can be directly approxi¬ 

mated. If the resulting bilinear mediun response is then found to approximate 

other characteristics of the curvilinear medium response, the definition can be 
termed a success. 

The following definition for the best bilinear model was adopted. The best 

bilinear model is the one which, in the least square sense, best represents both 

the peak particle velocity attenuation with depth and the surface particle veloc¬ 

ity time history of the curvilinear medium. This definition was arbitrarily 

chosen with the hope that it would prove sufficient for the purposes of this study. 

3. Method of Selection. 

Implementation of the above definition can be easy or difficult depending 

on the shape of the overpressure function for which results are desired. For 

the present, it will be assumed that the overpressure is of the form 

yt) = pogf(t) 

where gf(t) is initially equal to 1 and decays monotonically for t > 0. 
1 

Let o^, i = 1, 2, •••, N represent N distinct peak particle velocity atten¬ 

uation measurements obtained by subjecting a given curvilinear mediun to a speci¬ 

fied overpressure. Let Uj,j=l, 2, «••, M represent measurements of surface 

particle velocity at M distinct times, for the same problem. Let x1, i » 1, 2, 

•••N, and tj, j = 1, 2, •••M be the depths and times at which the measurements 

ai and are taken. Then the problem of finding the best bilinear model reduces 
to simultaneously minimizing two functionals 

F« = £ (“t - A(V] (78) 

G(i) = £ - uf(tj)) (79) 
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Here A(xt) represents the attenuation factor given by eq. (60) evaluated at x ; 

UjCtj) represents the surface particle velocity of the bilinear model at time t ; 

and Y and $ represent the two parameters of the bilinear model to be varied. The 

surface particle velocity, u^, of the bilinear model can be determined as a spe¬ 
cial case of eq. (44) 

Sfto + 2 t *>% (ç"t) 
m-i 

(80) 

Letting 4> = Z2, the unloading impedance, eq. (79) may be minimized with respect 
to Z2, holding ç constant, to obtain 

>} 
In the light of this equation, the logical choice for f, the second bilinear model 
parameter, is ç. Thus using eqs. (57) and (60), eq. (78) becomes 

where 0, = P 
3 o 2 E 

m=i 

F(0 = a - o £ (82) 

where tm is defined by eq. (55). 

IF gf(t) is a relatively simple function, so that the inner series of eq. 

(82) may be summed explicitly, then minimization can be carried out after the 

summation. This is the case when gf(t) represents a linear decay. In this in¬ 

stance, minimization of eq. (82) results in an equation for ç which may be solved 

simultaneously with eq. (81) to completely determine the best bilinear model. 

For more complex (and interesting) overpressures, the inner series of eq. 

(82) cannot, in general, be explicitly sunmed. Tem-by-teim differentiation can 

be justified for any bounded function, gf; however, the resulting expression is 

extremely lengthy and contains multiples of infinite series. Simultaneous solu¬ 

tion of this resulting expression with eq. (81) can only be performed numerically. 

32 



For this reason, a direct search technique was employed. A short computer pro¬ 

gram was written which would alternately estimate ç and Z2. Initial estimates 

for the two parameters were given to the program; then with one parameter held 

fixed, the other parameter estimate was improved. Equation (81) was used for im¬ 

proving the Z2 estimate. A direct search routine was used to improve the ç esti¬ 

mate fron eq. (82). The estimates were alternately improved until convergence 

within specified tolerances occurred. The question of convergence was not con¬ 

sidered analytically; however, in the majority of cases considered, convergence 

did occur. Convergence rates were markedly improved by overrelaxation. 

Only overpressure functions of the form 

gf(t) = (1 - t) exp(-nt) (83) 

were considered in studies involving this program. The single-exponential fom 

was used rather than the three-exponential Brode foim to economize computer run 

time. It was felt that the single-exponential foim would still adequately repre¬ 

sent the class of problems of interest. Also, it can be shown that solutions 

to the single exponential loading can be superposed to obtain solutions to partic¬ 
ular Brode overpressures. 

Several simulated problems were run to test the effectiveness of the solu¬ 

tion method. In these problems, attenuation values, A(xi), and surface particle 

velocity values, uf(tj), were generated for a particular bilinear model and over¬ 

pressure function. These values were then corrupted according to the formulas 

a± = A(xt) + rjAtxpl (84) 

Uj = VV + r2lVVl (85) 

to obtain simulated measurements of attenuation values, , and surface particle 

velocities, u^. The numbers, rt and r2, were normally distributed pseudorandom 

numbers with zero mean and variable standard deviation. By varying the standard 

deviation, a variable noise level could be superposed on bilinear values to obtain 

the measured values. It was deemed essential that the selection method for the 

best bilinear model be capable of filtering at least moderate sound levels and 

reacquiring very nearly the input bilinear parameters. 

Simulation problems were run with input bilinear model parameters of 

Z2 = 6211.2 . and ç = 1/3. For a material density of 100 pcf, these 

values correspond to a shock velocity of U = 1,000 fps and a souind velocity of 

c - 2,000 fps. Simulation run results are summarized in tables I and II. 
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Table I 

NOISE LEVEL EFFECTS* 

Prob 
No. 

Standard Deviation of Computed 
u, 
fps 

Percent 
Error, 

U 

Computed 

fps 

Percent 
Error, 

c r! r2 

1 

2 

3 

0.0 

0.05 

0.10 

0.0 

0.05 

0.10 

999.998 

980.933 

954.763 

-0.0002 

-1.9067 

-4.5230 

1999.663 

1852.109 

1580.064 

-0.0166 

-7.3945 

-20.9968 
* 

N - M = 50 for all runs. 

Table II 

SAMPLE SIZE EFFECTS* 

Prob 
No. 

Number of Measured Values Confuted 
u, 
fps 

Percent 
Error, 

U 

Computed 
c, 
fps 

Percent 
Error, 

c 
N M 

4 

5 

6 

10 

50 

100 

10 

50 

100 

1108.475 

980.933 

1021.865 

+10.8457 

-1.9067 

+2.1865 

3901.230 

1852.109 

2137.978 

+95.0615 

-7.3945 

+6.8989 
* 

Standard deviation of both r, and r2 = 0.05 for all runs 

Table I reflects noise level effects. Table II shows the effect of the number of 

measurements, N and M, employed. All values in table I were obtained using fifty 

simulated attenuation measurements and fifty simulated surface particle velocity 

measurements. The error in reacquiring the initial bilinear parameters clearly 

increased with increasing noise level. Experience with PUD indicated that the 

actual noise level which would be encountered in curvilinear material solutions 

could be maintained at less than the noise level corresponding to the 0.05 stand¬ 

ard deviation results. The reacquisition accuracy at this level was considered 

adequate for the purposes of this study. 

Table II shows the effect of increasing sample size. Accuracy was greatly 

improved by increasing the nunber of measurements used fron ten to fifty A 

second increase from fifty to one hundred measurements produced no noticeable 
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change in accuracy. All simulation problems were run with the overpressure func¬ 
tion 

gf(t) * (1 - t) exp(-20t) 

and a maximun overpressure, pQ = 1,000 psi. Figure 13 shows the particle velocity 

time history at the surface for problem no. 2 in table I. The solid line repre¬ 

sents the given simulated data. The dashed line represents the response of the 

material using the reacquired bilinear parameters. The fit of computed to meas¬ 

ured values shown in figure 13is typical of all the simulation runs. The results 

of the simulation problems indicated that the method for selecting the best bi¬ 

linear model was apparently adequate for attacking problems involving curvilinear 
media. 

4. Peak Pressure Attenuation. 

A frequent complaint concerning use of the bilinear model is that identical 

attenuation rates for both peak pressure’and peak particle velocity are unreal¬ 

istic. This, of course, is borne out by field data where greatly different pres¬ 

sure and particle velocity attenuation rates are encountered. This difference 

is due to the typically curvilinear Hugoniot for soil. If, however, the actual 

soil Hugoniot is known, the bilinear model may be used to approximate either pres¬ 

sure or particle velocity attenuation, and the attenuation rate for the other var¬ 

iable may then be deduced. 

Suppose, for example, that attenuation of peak particle velocity with depth 

has been approximated for a particular soil and overpressure function. Both the 

peak pressure and the peak particle velocity always occur directly behind the 

shock front and are therefore related by the P - u Hugoniot for the soil. The 

Hugoniot is a unique function relating pressure and particle velocity, and thus 

it can be used to transfom the particle velocity attenuation curve into an 

associated pressure attenuation curve. The validity of the resulting pressure 

attenuation curve will, of course, depend on the accuracy of the original particle 

velocity approximation and on the validity of the Hugoniot for the soil. In this 

way, however, a major criticism of the bilinear model can be avoided. 

5. Results of Curvilinear Studies. 

a. Problems Considered. 

The derivation of the response equations for the bilinear model and the 

selection procedures for the determination of the best bilinear model which have 
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preceded this section are for the most part based on a rational mathematical de¬ 

velopment. In contrast to this development, the ranainder of this report will be 

entirely empirical. The intent of this section is to demonstrate that the bilin¬ 

ear model may be used to approximate the response of an actual curvilinear soil 

material and to derive what might be called a "recipe" to deteimine the best bi¬ 

linear model. This recipe will be based on a minimun of informatic ^ -nceming 
the curvilinear model. 

The PLID code was used to generate attenuation and surface particle ve¬ 

locity measurements for 80 problems. Of these, the PLID results for 69 problems 

produced best bilinear models in the direct search progran. The results from the 

remaining 11 PLID runs would not converge in the direct search program. 

The direct search computer program was called BIFIT. BIFIT was equipped 

with a plot routine which produced Calcomp plots for each of the convergent prob¬ 

lems. These plots are presented in the appendix. 

In the problems considered, both the peak overpressure and the overpres¬ 

sure shape were varied. Also varied were the shapes of the curvilinear load and 

unload curves, as well as the initial material density. Table III summarizes the 

primary features of the curvilinear models which were considered. In table III, 

the values in the colimns marked R and S are initial loading secant modulus values 

and the initial unloading tangent modulus values for the curvilinear model. Let¬ 

ting e denote the strain in the curvilinear model and et the curvilinear strain 

which occurs on loading to the peak overpressure Pq, the values of i? and 5 are 
given by 

P 
* = T (86) 

et 
and 

S 
e^, unloading 

(87) 

The column marked overpressure shape in table III refers to the Brode overpres¬ 

sure corresponding to the given overpressure for a l-NTT yield (ref. 7). The val¬ 

ues in colimns marked and Pq are the initial material density and peak over¬ 

pressure respectively. Although several problems in table III appear to be iden¬ 

tical (problems 1A and 1C for instance), the exact shapes of the curvilinear load 

ind unload curves were varied. Also note that two sets of problems were numbered 

11H, 12H, 13H, 14H. The only difference between these two problem sets was a 
change in the initial material density, po. 
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Table III (Concl'd) 

Problem 
Identifier V 

slugs/ft3 

R, 
psi 

5, 
psi 

Overpressure 
Shape 

Po’ 
psi 

8E 
9E 

IDE 

7F 
8F 
9F 

10F 

6H 
7H 
8H 
9H 
10H 

7J 
8J 
9J 
10J 

13C 
14C 
15C 

11H 
12H 
13H 
14H 

12J 
13J 
14J 
15J 

11H 
12H 
13H 
14H 

3.51 
3.51 
3.51 

3.51 
3.51 
3.51 
3.51 

3.51 
3.51 
3.51 
3.51 
3.51 

3.51 
3.51 
3.51 
3.51 

3.51 
3.51 
3.51 

3.51 
3.51 
3.51 
3.51 

3.51 
3.51 
3.51 
3.51 

5.00 
5.00 
5.00 
5.00 

33,333 
54,897 
94,300 

13,189 
20,000 
30,731 
52,393 

47,384 
64,979 

100,000 
149.240 
245,650 

5,963 
10,000 
15,929 
27,223 

53,500 
87,850 

152,150 

47,384 
64,979 

100,000 
142.240 

5,963 
10,000 
15,929 
27,223 

47,384 
64,979 

100,000 
142,240 

172,250 
283,690 
487,310 

113.590 
172.250 
264,680 
451.250 

322,210 
441,860 
680,000 

1,014,800 
1,470,600 

65,358 
109,610 
174.590 
298,380 

285,870 
469,420 
813,000 

194,100 
266,180 
409,640 
611,340 

101,370 
170,000 
270.790 
462.790 

194,100 
266,180 
409,640 
611,340 

500 
1000 
2000 

200 
500 

1000 
2000 

100 
200 
500 

1000 
2000 

200 
500 

1000 
2000 

500 
1000 
2000 

100 
200 
500 

1000 

200 
500 

1000 
2000 

100 
200 
500 

1000 

500 
1000 
2000 

200 
500 

1000 
2000 

100 
200 
500 

1000 
2000 

200 
500 

1000 
2000 

500 
1000 
2000 

100 
200 
500 

1000 

200 
500 

1000 
2000 

100 
200 
500 

1000 

b. Problem Results. 

The Calcomp plots displayed in the appendix contain the following infor¬ 

mation. At the top of the first page is the problem identification and the date 

that computer processing of the problem began. Directly below this, the number 
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of surface particle velocity data points, N, and the number of attenuation data 

points, M, are given. Then, to the right of the heading "material properties," 

the initial density, Pg, the bilinear shock velocity, U, the bilinear approximate 

seismic velocity, c, and the bilinear parameter, ç, are given. The material den¬ 

sity is given in slugs/ft3 and both velocities have units of ft/sec. Below these 

values is given a set of numbers called "fitting errors" denoted i = 1,2,..., 

8. The values of Ei for i = 1, 2, 3, and 4 provide a measure of the goodness of 

fit of the bilinear attenuation curve to the measured curvilinear attenuation 
data. These values of E are defined by 

E * 1 - E2 
2 1 

Here E¡ corresponds to the coefficient of correlation and E3 to the standard er¬ 

ror of estimate in the attenuation fit. The values of E for i - 5, 6, 7, and 8 

are analogous to those for i = 1, 2, 3, and 4 respectively, the only difference 

being that the surface particle velocity measurements are considered. Thus the 

fitting error E5 is defined the same as t1 except that M is replaced by N, is 
replaced by i^, and A(x1) is replaced by uf(ti). 

' Below the table of fitting errors, the curvilinear and bilinear displace¬ 

ments at five different depths are shown. These values provide the best measure 

of the goodness of fit of the bilinear approximation throughout the entire solu 

tion demain. Note that the problem results in the appendix are ordered identically 

to the entries in table III. That is, problem 1A is first, 1C is sixth, etc. The 

displacement results shown in the appendix may be separated into two groups. All 

displacement results up to and including problem 5F correspond to the displacement 

which occurred at the end of the positive-phase duration, In all problems 

following problem 5F, the displacements are those which occur after 200 msec. The 
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final entry on the first page of the Calconp plots is a plot of the surface parti¬ 

cle velocity time histories for both the curvilinear and bilinear models. The 

curvilinear data are shown by the solid line while the bilinear data appear as 

crosses. A similar plot of the curvilinear and bilinear attenuation data versus 

depth is shown on the second page of the Calcomp plots. The overpressure used to 

generate the problem is described below this plot. Also shown below the attenua¬ 

tion plot is the time in seconds at which the overpressure has decayed to one-half 

the peak value, and the value of this time noimalized by the positive-phase dura¬ 
tion, tD. 

Finally, the third page of the Calcomp plots shows stress-strain curves 

for both the curvilinear model and the best bilinear model. The two bilinear mod¬ 

uli, and M2, are given beneath this plot, as are the values of the curvilinear 

model Rayliegh line slope, R, the curvilinear Hugoniot nonlinearity factor, and 

the curvilinear maximun unload slope, S. The Hugoniot nonlinearity factor is de¬ 

fined as the ratio of the area between the Rayliegh line and the curvilinear 

Hugoniot to the total area beneath the Rayliegh line for the curvilinear model. 

The last entry on the third page, called zeta, is defined by the ratio R/S and 

should not be confused with the bilinear parameter, ç. 

Inspection of the plots in the appendix clearly shows in almost every 

case that the bilinear model solution provided an adequate approximation to the 

curvilinear model solution. This is especially evident when one compares the bi¬ 

linear and curvilinear displacements at various depths. The excellent agreement 

in displacement data indicates that the selection criteria for the best bilinear 

model was evidently good. While the best bilinear model results compare favorably 

with the curvilinear model results, it is also clear from the stress-strain plots 

in the appendix that there is often little if any resemblance between the two mod¬ 

els. Hence, some "recipe” is needed to select the best bilinear model for any 
particular curvilinear model. 

To be truly useful, the recipe for the best bilinear model should be 

founded on as little infoimation concerning the curvilinear model as possible. 

That is, a complete testing program should not be necessary to determine the best 

bilinear model for any particular soil. A great nunber of attempts were made to 

discover such a recipe. There is little infoimation to guide one in a search such 

as this but a representation which is felt adequate was finally found. The only 

necessary information concerning the curvilinear model are the two moduli, R and 

S. The recipe takes the form of two correlations. The first relates the residual 
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strain, of the bilinear model to what will be called the gross residual strain, 

er' of the curvilinear model. These two strains are defined by 

and 
(88) 

The second correlation relates the curvilinear secant modulus, R, to a function 

oi the bilinear unload modulus, , and the moduli ratio, y. This function will 
be called, C , and is defined as 

2 

M 

2 0.54(y2 - 1) + 0.054(y + 1) (90) 

\alues of er and er, as well as R and C2, are given for all problems in table IV. 

The problems which have been considered can be conveniently divided in¬ 

to two subgroups. All the problems in tables III and IV up to and including prob¬ 

lem 5G were run at a constant peak overpressure of 500 psi. This yielded the ob¬ 

vious advantage of isolating the effect of overpressure shape on the best bilinear 

model. All problems after problem 5G were run with a peak overpressure consistent 

with the overpressure shape used. In these problems, the curvilinear model changed 

for each overpressure considered. The first group of problems led to the discovery 

of the R - C2 relation. Examination of table IV shows that C is very nearly in¬ 

dependent of the overpressure shape. The same cannot be said2of the bilinear re¬ 

sidual strain, In fact, no combination of bilinear model parameters, other 

than C2, could be found which was essentially independent of the overpressure 

shape. It is only in the second group of problems, where the true Brode overpres¬ 

sures are used, that the er - er correlation is evident. Thus the best bilinear 

model recipe can only be applied to problems involving Brode overpressures. This 

does not seem too serious a restriction, however, since the Brode overpressure 

form is used in almost all ground-motion studies. 

The data in table IV are shown in figures 14 and 15. Figure 14 shows 

the er - 6:r data, and figure 15 shows the R - C2 data. In both figures, only 

those data from problems after problem 5G are shown. Both correlations are rea¬ 

sonably linear; however, log-log plots were used for figures 14 and 15 to display 

the data in more detail. The line in figure 14 is given by 

e = 0.941 e 
r r (91) 
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Table TV 

RELATED CURVILINEAR AND BILINEAR PARAMETERS 

Problem 
Identifier 

e 
r e 

r 
psi 

C2? 
psi 

1A 
2A 
3A 
4A 
5A 

1C 
2C 
3C 
4C 
5C 

ID 
2D 
3D 
4D 
5D 

IE 
2E 
3E 
4E 
5E 

IF 
2F 
3F 
4F 
5F 

1G 
2G 
3G 
4G 
5G 

7C 
8C 
9C 

IOC 

7D 
8D 
9D 

10D 

.00644 

.00644 

.00644 

.00644 

.00644 

.00644 

.00644 

.00644 

.00644 

.00644 

.01207 

.01207 

.01207 

.01207 

.01207 

.01210 

.01210 

.01210 

.01210 

.01210 

.02210 

.02210 

.02210 

.02210 

.02210 

.02210 

.02210 

.02210 

.02210 

.02210 

.00402 

.00644 

.00785 

.00906 

.00727 

.01210 

.01470 

.01686 

.00622 

.00574 

.00519 

.00491 

.00468 

.00605 

.00589 

.00570 

.00552 

.00535 

.01267 

.01219 

.01139 

.01100 

.01066 

.01235 

.01211 

.01187 

.01194 

.01178 

.02322 

.02220 

.0?035 

.01964 

.01920 

.02411 

.02400 

.02391 

.02340 

.02197 

.00413 

.00584 

.00670 

.00704 

.00720 

.01133 

.01414 

.01555 

53,500 
53,500 
53,500 
53,500 
53,500 

53,500 
53,500 
53,500 
53,500 
53,500 

33,333 
33,333 
33,333 
33,333 
33,333 

33,333 
33,333 
33,333 
33,333 
33,333 

20,000 
20,000 
20,000 
20,000 
20,000 

20,000 
20,000 
20,000 
20,000 
20,000 

34,323 
53,500 
87,850 

152,150 

22,187 
33,333 
54,855 
95,662 

135,690 
139,570 
140,350 
141.200 
140,180 

134,520 
135,630 
134,850 
139,880 
147,860 

68,079 
68,413 
68,059 
68,110 
68,137 

68,308 
68,209 
68,287 
69,640 
71.733 

37,386 
37,527 
37,198 
36.733 
36,023 

35,963 
35,858 
36,083 
37,348 
39,475 

89,097 
130,420 
207.200 
374,240 

47,222 
68,546 

102,830 
177,330 
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Table IV (Concl'd) 

Problem 
Identifier 

e 
r e 

r 7?, 
psi 

C2! 
psi 

8E 
9E 

10E 

7F 
8F 
9F 
10F 

6H 
7H 
8H 
9H 

10H 

7J 
8J 
9J 

10J 

13C 
14C 
15C 

11H 
12H 
13H 
14H 

12J 
13J 
14J 
15J 

11H* 
12H* 
13H* 
14H* 

.01210 

.01469 

.01711 

.01340 

.02210 

.02876 

.03374 

.00180 

.00263 

.00426 

.00572 

.00678 

.03048 

.04544 

.05705 

.06676 

.00760 

.00925 

.01068 

.00160 

.00233 

.00378 

.00506 

.03157 

.04706 

.05909 

.06915 

.00160 

.00233 

.00378 

.00506 

.01220 

.01381 

.01517 

.01346 

.01961 

.02716 

.02998 

.00192 

.00258 

.00396 

.00559 

.00721 

.03087 

.04021 

.05211 

.06587 

.00749 

.00891 

.00966 

.00156 

.00209 

.00324 

.00457 

.03286 

.04220 

.05503 

.06906 

.00156 

.00209 

.00318 

.00451 

33,333 
54,897 
94,300 

13,189 
20,000 
30,731 
52,393 

47,384 
64,979 
100,000 
149,240 
245,650 

5,963 
10,000 
15,929 
27,223 

53,500 
87,850 

152,150 

47,384 
64,979 
100,000 
149,240 

5,963 
10,000 
15,929 
27,223 

47,384 
64,979 
100,000 
149,240 

65,753 
103,520 
178.970 

24.992 
39,225 
54,440 
97,327 

89,345 
125,070 
190,350 
263,260 
390,990 

10,603 
17.992 
27,041 
39,519 

105,810 
162,440 
286,660 

104,540 
146.970 
223,040 
311,500 

10,097 
17,310 
25,745 
38,081 

104,400 
146,830 
226,840 
310,780 

* 

Problems where p = 5.0 slugs/ft3. 
0 
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Figure 14. e - e Correlation 
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In figure 15, the relation is given by 

C? = 1.908Ä (92) 

Slightly better fits can be obtained by using small constant terns in eqs. (91) 

and (92). This was not done however, based on the assumption that z -*• 0 as 

e 0, and M -► 0 as Æ -► 0. 

The definitions of er and C^, eqs. (88) and (90), can be combined to 

solve for the bilinear parameter, y [see eq. (54)]. 

0.054e C 

" ■ 1 * V -0.54e2¿ (93) 
o r 2 

After y has been obtained from this equation, the bilinear moduli, and , may 

be obtained from 

P 2 

M2 = -T (l1 - « (95) 

This completely defines the bilinear model which, henceforth, will be called the 

recipe model. 

Back calculating the recipe model using eqs. (91) through (95) for the 

problems in table III shows that in many cases the best bilinear model and the 

recipe model are dissimilar. Fortunately however, comparison of the model re¬ 

sponses show excellent agreement, even when the two models are apparently very 

different. To better illustrate the apparent model disagreement accompanied by 

response agreement, figure 16 shows the best bilinear and recipe models for prob- 

lan 7D. This problem is not typical of the dissimilar nature of the best bilin¬ 

ear and recipe models for all problems run, but is one of the most severe disa¬ 

greements encountered. Note that even though the two models are grossly differ¬ 

ent, the responses are in reasonably good agreement. Similar response comparisons 

were made for all problems following problem 5G. In no case did the recipe model 

response differ greatly from the best bilinear model response. Although no com¬ 

plete explanation for this serendipitous finding will be offered here, it can be 
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Figure 16. Comparison of Best Bilinear and Recipe Models for 
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attributed at least partially to two causes. First, both models are subject to 

the same overpressure function, and, second, the recipe and best bilinear models 

have nearly identical residual strains, er, in every case. Evidently the value 

of er is the single most important bilinear parameter. 

On balance, the recipe presented here appears to provide an adequate 

representation for aifblast-loaded soil. Its empirical nature must be stressed, 

however. The recipe is justified by nothing more than the quantity of problems 
which have been processed. 
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SECTION IV 

CONCLUSIONS 

Within the structure of assumptions made in any one-dimensional free-field 

investigation, it is concluded that the bilinear model can be used to obtain rea¬ 

sonably accurate approximations at relatively low cost. This conclusion bears 

primarily upon two facts. First, it is well known that the assumption of uniaxial 

strain, plus the lack of knowledge of material properties, geometries, and over¬ 

pressures, leaves considerable doubt in the results of any one-dimensional free- 

field study. Second, the results of section III indicate that the bilinear model 

incorporates the essential features necessary to approximate response of curvi¬ 

linear hysteretic media. 

The recipe presented in section III is relatively easy to use and requires 

very little infoimation pertaining to the curvilinear media. It offers a quick 

and inexpensive metí« ! ftr investigating the uniaxial response of any soil to a 

Brode overpressure lading. However, its use should be restricted to homogeneous 

geometries and all studies employing it should be considered semiconclusive at 

best. 



APPENDIX 

CALOOMP PLOTS FROM THE BIFIT CODE 

Problem Page Problem Page 

1A 
2A 
3A 
4A 
5A 
IC 
:c 
3C 
4C 
5C 
ID 
2D 
3D 
4D 
5D 
IE 
2E 
3E 
4E 
5E 
1F 
2F 
3F 
4F 
5F 
IG 
2G 
3G 
4G 
5G 
7C 
8C 
9C 

IOC 

52 
55 
58 
61 
64 
67 
70 
73 
76 
79 
82 
85 
88 
91 
94 
97 

100 
103 
106 
109 
112 
115 
118 
121 
124 
127 
130 
133 
136 
139 
142 
145 
148 
151 

7D 
8D 
9D 
10D 
8E 
9E 

10E 
7F 
8F 
9F 

10F 
6H 
7H 
8H 
9H 

10H 
7J 
8J 
9J 

10J 
13C 
14C 
15C 
11H 
12H 
13H 
14H 
12J 
13J 
14J 
15J 
11H 
12H 
13H 
14H 

154 
157 
160 
163 
166 
169 
172 
175 
178 
181 
184 
187 
190 
193 
196 
199 
202 
205 
208 
211 
214 
217 
220 
223 
226 
229 
232 
235 
238 
241 
244 
247 
250 
253 
256 
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BEST BILINEAR MODEL 

PROBLEM IA ÛTT0UA SAND OCT 1M. 1969 

NUMBER OF DATA POINTS. N= 90 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY ^ 
SOUND VELOCITY = 

ZETA = 

3.51000UE+00 
1.S79M04E+03 
3.197S63E+03 
3.387M20E-0] 

FITTING ERRORS 

il = 9.970M6GC-01 Ef - 
t3 = 2.12Û30OE-O4 E* = 
t6 = 9-9069H7E-O1 Ef = 
E7 = SB92009E-Q1 E¡ = 

FINAL DISPLACEMENTS. FEEt 
DEPTH 

Q 
25 
SÜ 
75 
1QQ 

MEASURED 
4.979 
4-942 
4.901 
4 059 
4.015 

5-0992565-03 
1-4561525-02 
2 -6009615-03 
7-67S942E-01 

COMPUTED 
5-474 

5-322 
5-174 

5-032 
4-095 

NORMALIZED TIfC 

SURFACE PARTICLE VELOCITY 
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PROBLEM IR DTTOUR SANO OCT IM. 1969 

PEAK PARTICLE VELOCITY ATTENUATION 
INPUT OVERPRESSURE HflS 100 PSI BRQOE FORM. PMRX IS 500 PSI. TO IS 

HALF LORO TIME = I.30H202E-01 SEC- 
NORMALIZED HALF LORO TIME = 1.196516E-01 
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PROBLEM Ifl OTTOWfl SflNO QCT 14. 1969 

600 

PRESSURE-STRAIN RELATIONS 

BILINEAR HCOEL- Kl (PSI 1 =6-08038^+04 

M2IPSI1 =2.492l99E+05 
CURVILINEAR MODEL- 

RATLIEGH LINE SLOPE(PSI) = 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

S-349940E+Q4 

2-74S097E-01 

1 • 722548E+Q5 

3.10S83QE-01 
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BEST BILIHERR MODEL 

PROBLEM 2fl OTTOHfl SflND OCT 19.1969 

NUMBER OF ORTA POINTS. N= 88 . M= 99 

MATERIAL PROPERTIES DENSITY = 3.510000E+Q0 
SHOCK VELOCITY = I.S0066SE+03 
SOUND \€L0CITY = 2.469060E+03 

ZETA = 2.439N50E-01 

FITTING ERRORS 

E1 = 9-9B6123E-Q1 E = 
Es = I.639006E-Q4 E, = 
E5 - 9.979310E-Q1 E, = 
E7 = 2-787797E-Q1 E, = 

FINAL DISPLACEMENTS. FEET 
DEPTH MEASURED 

Q 
25 
SO 
75 

100 

3-905 
3-868 
3-829 
3-791 
3-752 

2.773N79E-03 
l-2802375-02 
4.133751E-03 
5.279959E-01 

COMPUTED 
4-292 
4.153 
4-023 
3-900 
3-783 

SURFACE PARTICLE VELOCITY 
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PROBLEM 2fl OnOHfl SAND OCT 19.1969 

JEPTH. FEET 

PERK PARTICLE VELOCITY ATTENUATION 

INPUT OVERPRESSURE HflS 200 PSI BRODE FORM. PMBX IS 500 PSI. TO IS 
HALF LORD TIME = 7.7IO0O5E-O2 SEC. 
NORMALIZED HALF LOAD TIME = 7.07H22SE-02 
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PROBLEM 2fl OTTOHfl SAND OCT 19.1969 

PRESSURE-SIRRIN KELRTiONS 

BILINEAR NODEL- HKPSI) =5.4892HIE+QH 

M2IPSIJ =1.485963E+05 

CURVILINEAR MODEL- 

RRYLIEGH LINE SLOPE(PSI) = 

HU60NI0T NONLINEARITY TACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

S-349940E+04 

2-745097E-01 

1.722540E+O5 

3.1O503OE-Q1 
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BEST BILINEAR MODEL 

PROBLEM 3fl OTTOHfl SAND OCT 22. 1969 

NUMBER OF OATfl POINTS. N= 90 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.51000QE+00 
l. 3569^+03 

i.ssraggE+na 
USS^lHOE-Ol 

fitting errors 

Ej = 9-989563E-Q1 E = 
Ej = 1.9957HHE-QH E* = 
E6 = 9-969104E-Q1 e' = 
E7 = 5•038354E-02 e' = 

FINAL DISPLACEMENTSr FEET 
DEPTH 

0 
25 
SO 
75 

100 

MEASURED 
2.616 
2.5b 1 
2.546 
2.514 
2.482 

2.086251E-03 
l-4127086-02 
6 • 169605E-03 
2.244628E-01 

COMPUTED 
2.756 
2-636 
2-532 
2.440 
2-357 
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PROBLEM 3fl 3TTóWfi SAND OCT 22. 1969 

DEPTH. FEET 

PERK PRRTICLE VELOCITY RTTENURTIQN 
INPUT OVERPRESSURE HAS SOD PSI BROCE FORM. PMRX IS 500 PSI. TO IS l. 
HRLF LORD TIME = 2.531964E-02SEC. 
NORMALIZED HALF LORO TIME = 2.322903E-02 



PROBLEM 3fl aiTOWfl SAND OCT 22. 1969 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- Ml (PSD =4.48BlH5E+04 

M2! PSD =0.399610E+O4 
CURVILINEAR MOOEL- 

RAYLIEGH LINE SLOPE!PSD = 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA - 

5.349940E+04 

2.7H9097E-01 

1-722540E+O5 

3.1O503OE-O1 
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BEST BILINEAR MDOEI 

PROBLEM QTTOHfl BAND 

NUMBER OF DRTR POINTS. N= 85 . Mr 99 

MATERIAL PROPERTIES DENSITY = 3.51OOO0E+QO 

SHOCK ^VELOCITY = 1.30239SE+Q3 

SOUND VELOCITY = 1.S89M9SE+Q3 

2ETA r 1 .C.9303OE-O1 

FITTINR ERRORS 

Ek = 9-905955E-Q1 

Es = 3 • 124671E-0M 

68 - 9977172E-01 

E7 r 1.07725IE-02 

Ee = 2.0Q7lOIE-n3 

E, = 1.76767HE-02 

Ef = 4.560473E-Q3 

E# = 1.37OI20E-O1 

FINAL DISPLACEMENTS. FEET 

DEPTH MEASURED 

U 1-02M 
25 1-791 

5Ü 1-761 
75 1-732 

iQQ 1-706 

COMPUTED 

1-09M 

1 -7ö3 

1.695 

1-622 

1-559 

15 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEM OTTOWfl SflNO 

PERK PARTICLE VELOCITY ATTENUATION 

INP'JT OVERPRESSURE HRS-500- PS] BROOE FORM. PMflX ÍS 503 PSI. TD IS 
HALF LOAD TIME - l .285354E-Q2 SEC. 

NORMALIZED HALF LOAD TIME = 1.179224E-02 

62 



PROBLEM Hfl OTTOWfl SflNO 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- MUPSI) =4.13H569E+0H 

M2(PSI) =6-9575B5E+0H 

CURVILINEAR MOOEL- 

RAYLIEGH LINE SLOPE(PSI) = 

HUFONIOT NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE - 

ZETA = 

s-anggHOE+OH 

2.7450g7E-01 
1-72254^+05 
3-1O503OE 01 
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BEST BILINEAR MODE 

PROBLEM SA OTTAWA SAND OCT 23.1969 

NUMBER OF DATA POINTS. N= 79 . M= 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETA = 

3.510000E+00 
l .2^2^20+03 
l.5M7384E+03 

L.085900E-01 

FITTING ERRORS 

Et = 9.976685E-01 

Es = 5-252B71E-0H 

E# = 9.982077E-01 

E7 = 0.392275E-O3 

Ee = 4.657545E-03 

= 2.291914E-02 

E, = 3.S01357E-O3 

E, = 9•160936E-02 

FINAL DISPLACEMENTS» FEET 
DEPTH 

0 
25 
50 
75 

100 

MEASURED 

1-250 

1-220 
1-201 
1-178 

1-157 

COMPUTED 

1-293 

1-109 

1-117 

1-061 

1-016 

SURFACE PARTICLE VELOCITY 
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PROBLEM SA OTTOWA SAND OCT 23.1969 

INPUT OVERPRESSURE HAS 2000 PSI BRODE FORM PMRX IS 500 P6I TD=1-09 
HALF LORD TIME = 3-5311156-03SEC- 
NORMALIZED HALF LOAD TIME = 3.23gE65E-03 
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BEST BILINEAR MODE' 

PROBLEM 1C — 7 NOV 1909 

NUMBER OF CATfl POINTS. N=99 . M= 99 

MRTERIRL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETR = 

3.510000E+00 
l.499605E+03 
2.582630E+O3 
2.653035E-01 

FITTKiG ERRORS 

Ej = 9957359E-01 E = 
Es = 3-526022E-05 E = 
Ea = 9 966960E-01 E = 
E7 = 4.102132E-01 E = 

FINAL DISPLACEMENTS, FEET 
DEPTH MEASURED 

0 5*084 
25 5.0H6 
50 5-003 
75 4.959 
100 4.913 

8-5099355-03 
5- 9360325-03 
6- 597027E-03 
6.404769E-01 

COMPUTED 
5.529 
5.380 
5.236 
5-097 
4.962 

SURFACE PRRTICI E VELOCITY 
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3ROriLEM IC -- 7 NOV 1j69 

INPUT OVERPRESSURE HAS 100 PSI BRODE FORM PMRX=500 PSI 10=1.09 

HALF LORD TIME = 1.30H202E-01 SEC. 

NORMALIZED HAI F LOAD TIHE = 1.196516E-01 
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PROBLEM K ~ 7 MOV 1969 

PRtSSURc-STRRIN RclRTIONS 

BILINEAR MODEL- Hl(PSI) =5.4014856+0^ 
M2IPSI) =1.625017E+05 

CURVILINEAR MODEL- 
RRYLIEGH LINE SLOPE!PSI) = 

HU60NI0T NONLINEARITY FACTOR = 
MAXIHUM UNLOAD SLOPE = 

ZETA = 

5.349940E+04 
2.745101E-01 
1722548E+05 
3.1O503OE-O1 

69 



9ErT BILINEAR MODEL 

PROBLEM 2C — 7 NOV 1369 

N IMBER OF DATA POINTS. N= 99 . M= 99 

MATERIFL PROPERTIES DENSITY = 3.510000E+00 
SHOCK VELOCITY = l.47297ME+03 
SOUND VELOCITY = 2.390833E+O3 

ZETA = 2.39129FE-01 

FITTING ERRORS 

El = 9-980900E-01 
E3 = 3•390933E-05 
E8 = 9 9G3714E-01 
E7 = 3Í.43B37E-01 

E, = 3.01B41OE-O3 
E, = 5.Ö23172E-03 
E, = 7.244094E-03 
E, = 5.699469E-01 

FINAL DISPLACEMENTS, FEET 
DEPTH MEASURED 

0 3.949 
25 3.911 
SO 3.670 
75 3.630 
100 3-789 

COMPUTED 
4.356 
4.213 
4.080 
3-354 
3-334 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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‘»ROBLÉ* 2C ~ 7 NÛV 1969 

INPUT OVERPRESSURE HRS 200 PSI BRODE FORM PMflX=500 PSI [0=1.09 
HALF LOAD TIME = 7.710905E-02SEC. 
NORMALIZEÛ HALF LORO TIME = 7.0742256-72 
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PROBLEM 2C — 7 NOV 1969 

r'RESSUÆ-STfWlN REIRTIONS 

BILINERR HODEL- HKP5I) =5.2806¿5c»O‘t 

M2(PSI 1 =1.40P5*tlE*05 

CURVILINEAR HODEL- 

RRYLIEGH LINE SLOPEI PSI) = 

HUSONIOT NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

5.3499H0E^ 
2.7H5101E-01 

1-7225182+05 

3-1O503OE-O1 
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BEST BILINEAR MODE' 

PROBLEM 3C -- 7 NOV 1969 

NUMBER OF DflTR POINTS. Nr 95 . M= 99 

MATERIAL PROCHES DENSITY r 3.510000E+00 
SHOCK 'ÆL0CITY r l.N05726E*03 
SOUND VELOCITY r 2.O93039E+O3 

ZETA r 1.9662B0E-01 

FITTING ERRORS 

E, = 9.989717E-01 
Es = M.301951E-05 
E8 = 9.949362E-01 
E7 = I.BO9033E-O1 

E, = 2.05SB07E-03 
E, = 6.550926E-O3 
E| = 1.01OIB6E-O2 
E, = H.254213E-01 

FINAL DISPLACEMENTS. FEET 
DEPTH 

Ü 

25 
SO 
75 

100 

MEASURED 
2.462 
2.446 
2.410 
2.375 
2.341 

COMPUTED 
2.796 
2.665 
2.554 
2.456 
2.360 

15 

u 
» 
N. 

p 
U_ 

10 

5 - 

.4 .6 

NORMAL ItED TIÍC 

SURFACE PARTICLE VELXITY 
73 



PROBLEM 3C — 7 NOV 1969 

DEPTH. FEET 

PERK PRRn:iE VELOCITY ATTENUATION 

INPUT OVERPRESSURE HAS SOO PSI BRODE FORM PMRX=C30 PSI TD=1.09 

HRLF LORD TIME = 2.53196HE-02SEC. 

NORMALIZED HRLF LOAD TIME = 2.322903E-02 
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PROBLEM 3C — 7 NOV 1969 

PRESSURE-STRAIN RELATIONS 

BILINEAR HOOEL- HKPSII =4.616663E+0H 

M2IP5I) =1.068639E*05 
CURVILINEAR MODEL- 

RAYLIEGH LINE SLOPEIPSH = 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

5.349940E+04 

2-7M5101E-01 

1-TESStBE+OS 

31O503OE-O1 
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BEST BILINEAR MOJEl 

PROBLEM 4C — 7 NOV 19G9 

NUMBER OF DATA POINTS. Nr 97 . Mr 99 

MATERIAL PROPERTIES DENSITY =• 
SHOCK VELOCITY r 
SOUND 'ÆL0CITY r 

3ETA - 

3.5I000QE+00 
1 •'ÍB^SE+Oá 
2.1649S0E+O3 
2.0I29ÜÜE-01 

FITTING ERRORS 

E1 r 9 991677E-01 E r 
E3 = 5229563E-0S E¡ = 
E. = 9.957937E-U1 E = 
E“ -- 1 03dE3lE-01 E* - 

FINAL DISPLACEMENTS. FEET 

DEPTH MEASURED 
O 1-536 

c5 1-SOI 
5Ü 1-469 
75 1.440 

100 1-413 

l -663996E-03 
7.231572E-03 
3•394953E-03 
4.207926E-O1 

fOMPUTED 
1.062 
1-761 
1.060 
1-592 
1-527 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEM 4C — 7 NOV 1969 

DEPTH. FEET 

PEAK PARTICLE VELOCITY ATTENUATION 

INPUT OVERPRESSURE HRS 1000 PSI BROOE FORM PMfl/=SOü PS1 TO-1.09 
HALF LORO TIME - 1.2853S4E-02SEC. 
NORMALIZED HALF LOAD TIME ^ 1.179c24E-0c 
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PROBLEM 40 — 7 NJV 19G9 

PRESSJRE-STRfllN RELATIONS 

BILINEAR MOUEI." Ml (PSI) =5.0S03e7E^04 
MtlPSI) -1.142458E+05 

CURVILINEAR MOOEL- 
RAYLIEGH LINE SLOPE (PSi; = SÓ49340E+04 

HU60NI0T NONLINEARITY FACTOR - ¿.745I01E-01 
MAXIMUM UNLOAD SLOPE - ).7LE546E^a5 

iETA = 3.1O505OE-O1 
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BEfT BILINEAR MODEL 

PROBLEM SC — 7 NOV 1963 

NUMBER OF DRTR POINTS. N=99 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3*510000E+00 
1.S19937E+03 
2.91061IE+03 
2.266030E-01 

KITTING ERRORS 

E, = 9993203E-01 E = 
E, = 1.21BB87E-09 E = 
Ea = 9.978092E-01 Er 
E, = 1.549254E-01 Er 

FINAL DISPLACEMENTS, FEET 
DEPTH 

0 
25 
50 
75 

100 

MEASURED 
.909 
.8*76 
.846 
.826 
•807 

l.353002E-03 
l.104Q32E-02 
4.985314E-03 
3.9380566-01 

COMPUTED 
1.236 
1.125 
1-054 
.999 
•954 

SURFACE PARTICLE VELOCITY 
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PROBLEM SC — 7 NOV 1969 

-'■-i in. rue I 

PERK PRRTICLl VELOCITY ATTENUATION 

INPUT OVERPRESSURE HAS 2000 PSt BRIBE FORM 
HALF LORO TIKE = 3.S3IU5E-035EC 
NORMALIZED HRLF lord TIRE = 3.239SSSE-03 

PMRX=SÛO PSI TD=I.09 
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PROBLEM SC — 7 NOV 1969 

PrtESSURE-STRflIN RELATIONS 

BILINEAR MODEL- NKP5I) = 5-631IBSE+O* 

M21PSI) =1-H16443E*05 

CURVILINEAR MODEL- 

RAYLIEGH LINE SLOPE I PSD = 

HU60NI0T NONLINEARITY FACTOR - 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

5-3M99H0E+O‘f 

2.745101E-01 

l-7225^+05 
3.1O503OE-O1 
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BEST BILINEAR MODEL 

PROBLEM ID — LO NOV 1969 

NUMBER OF DATR POINTS. N= 99 . M= 99 

NflTLR[Rl PROPERTIES DENSITY = 3.5LOOO0E+OO 

SHOCK VELOCITY = 1.1526476+03 

SOUND VELOCITY = 2.7214106+03 

ZETR = 4.049MOSE-01 

fitting ERRORS 

F, = 9.931651E-01 E - 

t, = 9.643M25E-0S E* = 

t5 = 9.9B3980E-01 e’ = 

i1 - 1654526E-01 E* = 

FINRL DISPLACEMENTS. FEET 

d^fth MEASURED 

0 7.475 

¿5 7.306 

50 7.125 

75 6-945 

! 00 6.767 

I-6691065-03 

9-8200945-03 

3-201505E-03 

4.0675865-01 

COMPUTED 

7.703 

7.395 

7.102 

6.82H 

6.559 

30 

(_> 
UJ 
CO 

+- 

UJ 
UJ 
! I 

20 

NORMALIZED TIME 

SURFACE PRRTICLE VELOCITY 
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PROBLEM ID — 10 NOV 1969 

DEPTH . FEET 

PERK PRRTICLE VELOCITY RîJENUR^ION 

INPUT OVERPRESSURE HRS 100 PSI BRODE FORM PMflX=500 PS1 TD-l 09 
HALE LORD TIME = l -OO-fSOEE-Ül SEC- 
NORMALIZED HRLP LOAD TIME = 1.196516E-01 
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PROBLEM 10 -- 10 NOV 1969 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- MKPSI) = 3.238HS2E+04 
MSI PS I) -l .805230E+05 

CURVILINEAR MODEL* 
RAYLIEGH LINE SLOPE!PSIJ = 

HU60NI0T NONLINEARITY FACTOR = 
MAXIMUM UNLOAD SLOPE = 

ZETA = 

3 -333333E+04 
2.7HHM45E-01 
l.705140E+05 
l•954874E-01 
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BEST BILI HERR MODEL 

PROBLEM 2D — LO NOV 1969 

NUMBER OF DRTR POINTS. N= 99 . M= 99 

MRTEfUAL PROPERTIES DENSITY = 3.510000E+00 

SHOCK VELOCITY = 1.104762E+03 

SOUND VELOCITY _ 2.108362E+03 

‘¿ETfl - 3.123HHOE-0! 

FITTING ERRORS 

Ei = 9.995330E-01 E? = 

E3 = 6.602570E-05 = 

Es = 9.97B579E-01 E¡ = 

E7 = 8.S73019E-02 E¡ = 

F1NRL DISPLACEMENTS, FEET 
DEPTH 

0 
25 

50 
75 

100 

MEASURED 
5.96H 

5.798 

5-625 

5.459 

5.297 

9.337918E-0H 

8•125620E-03 

4.279631E-03 

2 -9) 'J845E-01 

COMPUTED 

6.100 
5.810 

5-546 

5-303 

5.076 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEM 2D — 10 NOV I960 

INPUT OVERPRESSURE HAS 200 PSI BRODE FORM PMflX=500 PS1 11)= 1.09 

HALF LORD TIME = 7.710905E-02 SEC- 
NORMALIZED HALF LOAD TIME = 7.07l4225E-02 
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PROBLEM 20 — 10 NOV I960 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- Ml (PSD = 2.97H966E+04 
M21 PSD ^ 1.08351SE*05 

CURVILINEAR MODEL- 
RAYLIEGH LINE SLOPElPSD = 

HUeONlOT NONl.NEARITY FACTOR = 
MAXIMUM UNLOAD SLOPE = 

ZETA = 

3 -333333E+04 

2.7M4MH5E-01 
l .7051HOE+05 
l •95487ME-01 
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best bilinear model 

PROBLEM 30 — 10 NOV 1969 

NUMBER OF ORTA POINTS. N= 99 . M= 99 

MBTE-RIHL PROPERTIES DENSITY = 3-SLOOOOEtOO 
SHOCK VELOCITY = 1.0074006+03 
SOUND VELOCITY = l .S24S38E+03 

ZETA = 2.042420E-01 

PITTING ERRORS 

Pj = 9-993909E-01 
P, = 7.02OOH3E-OS 
P, = 9.966889E-01 
P7 = 6.513693E-02 

E, = l-2177946-03 
É, = 6-8431016-03 
E, = 6.6U307E-03 
E, = 2-6521746-01 

PINAL DISPLACEMENTS. FEET 
DEPTH 

0 
26 
SO 
76 

100 

MEASURED 
3-951 
3-796 

3-648 
3.513 
3.387 

COMPUTED 
3-932 
3-679 
3-476 
3-302 
3-146 
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PROBLEM 30 — 10 NOV 1969 

INPUT OVERPRESSURE HAS SOO PSI BRODE FORM PMAXrSOO PSI 10=1.09 

HALF LORD TIME = 2.63196ME-02SEC. 

NORMAL12E0 HALF LOAD TIME = 2.322903E-02 
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BEST BILINEAR MODEL 

PROBLEM HO — 10 NOV 1969 

NUMBER OF DATA POINTS. N= 97 . M= 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCITY = 

SOUND VELOCITY r 

2ETA = 

3 -SlOOOOEtOO 

9.7l7317Ef02 

l.3827H3Ef03 

1.7HS660E-01 

FITTING ERRORS 

El = 9-989128E-01 Ef = 

E, = l•03806IE-OH E, r 

Eg = 9-967002E-01 E = 

E7 = H.37616HE-02 E = 

FINAL DISPLACEMENTS. FEET 

DEPTH 

0 
26 
SO 

76 

100 

MEASURED 
2-709 

2.566 

2.H39 

2-328 

2.228 

\ 

217322SE-03 

1.0188536-02 

6.S88796E-03 

2 091926E-01 

COMPUTED 

2.706 

2.476 

2-311 

2.179 

2.065 

SURFACE PARTICLE VELOCITY 
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PROBLEM HO — 10 NOV 1969 

DEPTH. FEET 

PEAK PARTICLE VELOCITY ATTENUATION 

INPUT OVERPRESSURE HAS 1000 PSI BRODE FORM PMflXsSOO PS1 T0=l.09 
HALF LORO TIME = 1.28635HE-02SEC. 
NORMALIZED HALF LORO TIME = 1.17922HE-02 
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BEST BILINEAR BOOEl 

PROBLEM SO — 10 NOV 1969 

NUMBER OF OfiTfi POINTS. N= 97 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SMOCK VELOCITY = 

SOUND VELOCITY = 
ZETA = 

3‘&L0030E+00 
9.M313HBE*02 
l.28G191E+03 
L.P3B525E-0l 

FITTING ERRORS 

Et = 9.9aO904E-Ol E, = 
E, = l-329663E-04 E, = 
E8 = 9 9664S3E-01 E, = 
E, = 2.6H83S4E-02 E, = 

FINAL DISPLACEMENTS. FEET 
DEPTH MEASURED 

0 1.700 
25 1 -652 
SO 1.660 
76 1.466 
IDO 1.390 

3.799611E-03 
l•163106E-02 
6.690OSSE-O3 
l.S96356E-01 

COMPUTED 
1.838 
1.628 
1.502 
1-408 
1.328 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEM SO — LO NOV 1969 

DEPTH. FEET 

PEAK PARTICLE VELOCITY ATTENUATION 

INPUT OVERPRESSURE HRS 2000 PSI BRODE FORM PMRX=SOO PS1 10=1.09 

HALF LORO TIME = 3.63U16E-03 8EC- 

N0RMRL1ZED HRLF LORO TIME = 3.2396SSE-03 
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BEST BILINEAR MODEL 

PROBLEM IE — 17 NOV 1969 

NUMBER OF DATA POINTS. N= 99 . M= 99 

MATERIAL PROPERTIES DENSITY = 3.510000E+00 
SHOCK VELOCITY = 1.120814E*03 
SOUND VELOCITY = 2.27099SE*03 

ZETA = 3.391055E-01 

FITTING ERRORS 

1.577076E-03 
6.M6973SE-03 
6.*T069lE-03 
4.047700E-01 

COMPUTED 
7.716 
7.H1H 
7.128 

6.055 
6.594 

[•: 

3 " 

E.= 

9-9921116-01 E s 
4.185746E-05 E, s 
9.967S94E-01 E = 
l -6383946-01 E = 

FINAL DISPLACEMENTS. FEET 
DEPTH 

0 
25 
SO 
75 

IDO 

MEASURED 
7.5S8 
7.307 

7.203 
7.019 
6.836 

SURFACE PARTICLE VELOCITY 
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PROBLEM IE — 17 NOV L9G9 

INPUT OVERPRESSURE HRS 100 PSI BRODE FORM PMRXrSOO PS1 TD=1.09 
HALF LORD TIME = 1.30H202E-01 SEC. 
NORMALIZED HALF LOAD TIME = 1.196S16E-01 
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PROBLEM IE — 17 NOV 1969 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- Ml(PSI) =3.062OH6E+OH 

M21PSI) =l.2S7l2lEt05 

CURVILINEAR MODEL- 

RAYL1EGH LINE SLOPE!PSD = 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

3.333333E+OH 

2.7MH967E-01 

l.723037E*O5 

l .933670E-01 
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BEST BILINEAR MODEL 

PROBLEM 2E — 17 NOV 1989 

NUMBER OF DATA POINTS. N= 99 . M= 99 

MATERIAL PROPERTIES DENSITY = 3.510000E*00 

SHOCK VELOCITY = 1.088937E+03 
SOUND VELOCITY = 1.987890E+03 

ZETA = 2.921690E-01 

fitting errors 

Ej - 9.995863E-01 
E, = I.669963E-0S 
E, = 9.956962E-01 
E7 = 1.710408E-01 

E, = 8.27278SE-0H 
E, = H.086S19E-03 
E, = 8.S891HBE-03 
E, = ‘Í.I3S708E-01 

FINAL DISPLACEMENTS. FEET 
DEPTH 

0 
25 
SO 
75 

IDO 

MEASURED 
S.9H0 
5.772 
S.59H 
5.422 
5.253 

COMPUTED 
6.117 

5.829 
5.566 
5.32H 
5.097 
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PROBLEM 2E — 17 NOV 1969 

DEPTH. FEET 

PERK PRRTICLE VELOCITY ATTENUATION 

INPUT OVERPRESSURE HRS 200 PSI BRODE FORM PMRX=SOO PS1 TD=1.09 

HALF LORO TIME = 7.71090SE-02SEC. 

NORMALIZED HALF LORO TIRE = 7.07H225E-02 
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PROBLEM 2E — 17 NOV 1989 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- HU PSD =2.8903H7E*0H 

M21PSI) =9.6322B7E+0H 

CURVILINEAR MODEL- 

RAYLIEGH LINE SL0PEIPS1) = 3.333333EiQH 

HU80NI0T NONLINEARITY FACTOR = 2.74H967E-01 

MAXIHUM UNLOAD SLOPE = 1.723837E+05 

ZETA = l•933670E-01 
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BEST BILINEAR MODE. 

PROBLEM 3E 24 NOV 1969 

NUMBER OF DATA POINTS. N= 98 . fte 99 

MATERIAL PROPERTIES DENSITY = o.SlOOOQEtQO 
SHOCK VELOCITY = l.364003EtQ3 
SOUND VELOCITY = l.ail803Et03 

ZETA s 2.60031SE-01 

FITTING ERRORS 

Et = 9.994465E-01 E = 
Es » 5.12660SE-OS 6* = 
Ea = 9.936373E-01 E = 
E7 = 2.4H91B4E-01 E = 

FINAL DISPLACEMENTS, FEET 
DEPTH MEASURED 

Q 
25 
SO 
75 

100 

3.623 
3.465 
3.311 
3.170 
3.040 

l•106736E-03 
7.159319E-03 
l 26flM9SE-02 
4.940924E-O1 

COMPUTED 
3.905 
3.644 
3.437 
3.261 
3.103 

NORMALIZED TtíC 

SURFACE PARTICLE VELOCITY 
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PROBLEM 3E 24 NOV 1969 

INPUT OVERPRESSURE HAS SOO PSI BRODE FORM PMRXsSOO PSI 70=1.09 

HALF LORO TIME = 2.S3196HE-02 5EC. 
NORMALIZED HALF LORO TINE = 2.322903E-02 
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PROBLEM 3E 24 NOV 1969 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- NUPSI) *2.7SSN99E*04 

N2(P5I) S0.OO1411E+O4 

CURVILINEAR NODEL- 

RAYLIEGH LINE SLOPE!PSD = 

HU6ONI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE - 

ZETA = 

3-333333E+04 

2.744967E-Q1 

l.723037EtOS 

1933670E-01 
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best bilinear nodel 

PROBLEM IE - 17 NOV 1969 

DUMBER OF DATA POINTS. N= 97 . Nz 99 

MATERIAL PROPERTIES DENSITY = 3.510000E+00 

SHOCK N€LOCITY ^ 1.1O90OIE+O3 

SOUND VELOCITY = 8.08S3B8Et03 

?ETA - 3.0S3300E-01 

FITTING ERRORS 

El * 9-9989516-01 E = 
E, = l • 978S38E-0'4 e] z 

= 9-9666926-01 6* = 
E, = 2.2068866-01 e’ = 

FINAL DISPLACEMENTS. FEET 

oepth MEASURED 
0 

26 

SO 
75 

100 

2.301 

2.153 

8.028 

1.918 

1.617 

I.4033886-03 
l-4044716-08 
6.6099796-03 
4.69S964E-01 

CONFUTED 

8.643 

2.408 

2.836 

2.108 

1.966 
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PROBLEM YE -- l7 NOV 1969 

INPUT TVEPPRESSURE HRS 1QQQ PSI BRODE FQRN PNRXsSOO P61 TD*1.09 

HALF LORD TINE - l•E06964E-QE SEC. 

NORMAL1ZED HALF LOAD TIME = 1.179e24E-0Z 
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PRÖBLEM 4E — 17 NOV ige9 

PRESSURE-STOPIN OElPTIONS 

BILINEAR MODEL- Ml(PSI] «O.OOElßSEtQH 
NZIPSI) =l.060030CtOS 

CURVILINEAR NODEl- 
RPYLIECH LINE SLOPE!PSI J s 

HU60NÍ0T NONLINEAR1TY FACTOR = 
MAXIMUM UNLOAD SLOPE = 

ZETA - 

3.333333EtQH 
E.7W«S7E-01 
l.723037EtO6 
1.933670E-Q1 
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BEST BILINEAR NOOEL 

PROBLEM 5E — 17 NOV 1969 

NUMBER OF DATA POINTS. N= 97 . N= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 

SOUND \€L0CITY = 

ZETA = 

3.SIOQOOE+QO 

l .15HBIE+03 

2.3SSNB6E+03 

3.43t330E-01 

FITTING ERRORS 

Et = 9.99B870E-01 E = 
E, = 2.3Q6278E-QH E, = 
E, = 9.90mi6E-Ol E = 
E7 = 1.3SB730E-01 Ef = 

PINAL DISPLACEMENTS. FEET 

DEPTH MEASURED 

O 1-169 

25 1-3E6 
SO 1.227 
76 1.182 

10Q 1-092 

3.44H376E-0M 

I.SIBB43E-02 

3.713270E-03 

3.6B609SE-01 

COHPUTED 

1.7S6 

1-544 

1.420 

1-326 

1-246 

NORMALIZED Ut€ 

SURFACE PARTICLE VELOCITY 
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PROBLEM SE — 17 NOV 1969 

INPUT OVERPRESSURE HRS 2000 PSI BRODE PORN PNRJtaSOO PSI TD=l 09 
HALF LORO TIME = 3.631116^-05SEC. 
NORMALIZED HALF LOAD TIME = 3.Z39EG6E-03 

110 



PR8BLEN SE — 17 NOV 1969 

PRE66UñE-6TIWlN RELATIONS 

^¿LINEAN MODEL- N1ÍP6I1 -S.ZJOElSEtO«* 

NE(TGI) =I.3S240eEt06 

CURVILINEAR MODEL- 

RAYLIECH LINE SLOrElTSU « 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD 6L0TE = 

ZETA = 

S.JSSSSSEtOH 

Z.7Wtg67E-01 

l.723637Et06 

1.933670E-01 
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BEST BILINEAR MODEL 

PROBLEM IF NOV 13. 1969 

NUMBER OF DATA POINTS. N= 99 . M= 99 

MATERIAL PROPERTIES DENSITY = 3.51OQO0E+QO 

SHOCK VELOCITY = 8.61581OE+02 

SOUND VELOCITY = 2.156211E+03 

ZETA = 4.289990E-01 

FITTING ERRORS 

E. = 

E7 = 

9.997031E-0I E = 

1.779350E-01! E* = 

g.ggoE'tBE-oi e" = 
6•7953^75-02 E# = 

FINAL DISPLACEMENTS, FEET 

DEPTH 

0 

25 

50 
75 

100 

MEASURED 

10-466 

10-075 

9-664 

9-267 

8-802 

5 -936263E-04 

I-333923E-02 

1-9494466-03 

2.606789E-01 

COMPUTED 

10-306 

9-826 

9-305 

8-818 

8-360 

30 r 

o 
UJ cn 
\ h~ 
1Ü 

20 - 

10 - 

•4 -6 

NORMALIZED TIf€ 

SURFACE PARTICLE VELOCITY 
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PROBLEM IF NOV 13. 1969 

DEPTH. FEET 

PEAK PARTICLE VELOCITY ATTENUATION 

rNPUT OVERPRESSURE HRS 100 PSI BROOE FORM PMflX^SOO PSI TO-1 09 
HALF LORD TIME = 1.30Y202E-01 SEC. 

NORMALIZED HALF LORO TIME = 1.196SI6E-01 
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PROBLEM IF NOV 13. 1969 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- MIIPSU = 1 -BOBHOSE+OH 
MBI^SI) -1•133253E*05 

CURVILINEAR MODEL- 
RAYLIEGH LINE SLQPE'PSI) = 

HU60NI0T NONLINEARITY FACTOR = 
MAXIMUM UNLOAD SLOPE = 

ZETA - 

2-OOOOOOE+OA 
2.745624E-01 
I•722S49E+05 
1•I61070E-01 
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BEST BILINEAR MODEI 

PROBLEM 2F NOV 13. 1969 

NUMBER OF DATA POINTS. N= 99 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.510000E+00 
8.16677GE+02 
I.SM7937E+03 
3.092SI0E-O1 

FITTING ERRORS 

= 9.990O72E-O1 E = 
E3 = L.2H9H7BE-QH e[ = 
E# = 9.982100E-01 E = 
E7 = 2.443322E-Q1 E = 

FINAL DISPLACEMENTS. FEET 
DEPTH 

Q 
25 
SO 
75 
10Q 

MEASURED 
0-499 
0-119 
7-734 
7-370 
7-024 

3U 

3.05639OE-O4 
I-1178015-02 
3- S76012E-O3 
4- 94299BE-01 

COMPUTED 
8-238 
7-719 
7-259 
6-841 
6-450 

LU 

1Ü 

NORMALIZED TÍME 

SURFACE PARTfCLE VELOCTTY 

IIS 



PROBLEM 2F NOV 13. 1969 

DEPTH. FEET 

PEAK PARTICLE VELOCITY ATTENUATION 

INPUT OVERPRESSURE HRS 200 PSI BRODE FORM PMflX=SOO PSI 10=1.09 

HALF LORD TIME = 7.71090SE-02SEC- 

NORMALIZED HALF LOAD TIME -- 7.07«+22St-02 
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PROBLEM 2F NOV 13. 1969 

PRE5SURE-5TRR1N RELATIONS 

BILINEAR MODEL- HIIPSÍJ =1-62572^+04 

M2IPSI) =5-04O516E+O4 

CURVILINEAR MODEL - 

RAYLIEGH LINE SLOPE!PSD = 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA - 

2-0000006-04 

2-7456246-01 

1-7225496-05 

1-161070E -01 
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BEST BILINEAR MOD 

PROBLEM 3F NOV 13. 1969 

NUMBER OF DATA POINTS. N= 99 . M= 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.5LOGOOE+QO 
7.260303EtQ2 
I.0510S7Et03 
l .82B9BSE-01 

FITTING ERRORS 

= 9.99SSS2E-Q1 E = 
E, » B.2S07BIE-QS e' . 
£b * 9.9Sßg33C-01 e' = 
E7 = S-1H22B9C-Q1 E* = 

FINAL DISPLACEMENTS. FEET 
DEPTH 

Q 
ES 

SO 
7S 

KiO 

NEASURED 
S-7S8 
S-HIH 
5.094 
4-Ö03 
4.532 

fl.893764E-04 
9.Q0337QE-O3 

O.33S903E-Q3 
7.170962E-01 

CONFUTED 
5.333 
4.895 
4.SS7 
4.272 
4.019 
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PRQBLEfl 3F NOV 13. 196J 

INPUT OVERPRESSURE HRS SOO PSI BRODE PORN PNflX=SOO PSI TD=1 09 

HflLP LORD TINE = 0 .S3196HE-Q2 SEC. 

N0RNRL1ZED HALF LORD TIRE - 2.322903E-0¿ 
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BEST BILINEAR MODEL 

PROBLEM NOV 13. 1969 

NUMBER OF DRIP POINTS. N= 99 . M= 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCrV _ 

SOUND VELOCITY - 

ZETA - 

a.siooooEtoo 

e.802SgGEtO2 

9.31036GE+02 

i.HgggßSE-o1 

FITTING ERRORS 

Et -• 9.9B6I12E-Q1 

c5 * 9.74SM2LE-Q5 

Et = 9.93B050C-01 

E7 = 3.399502E-Q1 

Ee = 2.77S6R5E-03 

E^ = 9.B71890E-03 

Ef = I.235ISNE-02 

Ef = S-830624E-Q1 

FINAL DISPLACEMENTS. FEET 

DEPTH 

0 

25 
50 

75 

10U 

MEASURED 

H.017 

3.70H 

3.H31 
3-192 

2.97H 

CONFUTED 
3.700 

3.306 

3-040 

2.528 
2.645 

NORMALIZED TI« 

SURFACE PARTICLE VELOCITY 
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PRBBLEM 4F NOV 13. 1969 

INPUT OVERPRESSURE HRS 1000 PSI BRODE PORN PNflX=SOO PS1 TD=1.09 
HALF LORD TINE - l .g053S4E-Q2 SEC- 
N0RNRLIZE3 HALF LOAD TIRE = 1.1T9284E-08 

122 



o 
$ 

«o 

è 

u. 
a- 

LU 

CD oa 
cc 
CL. 

I-1-1-1_I_L 

8 8 S g g g 
isd '3«nss3yd 

123 

1-
0 

1
-
6
 

C
-
Q
 

C
-
S
 

3
-
0
 

S
T
R
A
I
N
. 

r
E
R
C
E
N
T
 

P
R
E
S
S
U
R
E
-
S
T
R
A
I
N
 
R
E
L
A
T
I
O
N
0
 



BEST BILINEAR NQDEI 

PRQBLEM SF NOV 13. 1969 

NUMBER OF DflTF POINTS. N= 99 . M= 99 

MATERIAL PROPERTIES DENSITY = 3.SIOOQOE+QO 

SHOCK VELOCITY = G.S69932Et02 
SOUND VELOCITY = B.SL0704Et02 

ZETA = l.20695OE-O1 

FITTING ERRORS 

= 5.965026E-Q1 c 
E, = 1.876269E-04 e[ 
E, = 9.920037E-Q1 E* 
E7 = l-56B919E-Q1 e| 

PINAL DISPLACEMENTS. FEET 

DEPTH MEASURED 
0 

2S 
50 
75 

10Q 

¿.666 

¿.391 
¿.171 

1-905 
1-682 

6-0232092-03 
1 -3697702-02 
l-5926592-02 
3.96O950E-O1 

COMPUTED 
2.541 
2-107 
1-906 
1-639 
1-712 
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PRQ3LEM SF NOV 13. 1969 

INPUT OVERPRESSURE HAS 2000 PSI BRODE PORR PRflX=SOO PSI TD=1.09 

HALF LOAD TIRE = 3 .S3U16E-03 SEC. 

NORHflLlïED HALF LORD TIRE = 3.2395SSE-03 

125 



SI
L[
N
E
A
R
 
RO
DE
L-
 
RI
(
P
S
I
]
 
= 

I-
Q
5
2
L
2
3
E
*
Q
H
 

Li. 
m 
c 
ÜJ 
-I 
CO 
SD 
K. 
Q. 

126 

*-
0
 

1
-
6
 

C
-
Q
 

C
-
S
 

3
-
0
 

ST
RA
IN
. 

PE
RC
EN
T 

pr
es

s'
jr

e-
st

ra
:n
 r

el
at
io
js
 



BEST BILI NEAR M3i 

PROBLEM 1G -- lá NOV igßg 

NUMBER OF DATA POINTS. N=U7 . M= 99 

WTERIBL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.5IOO00E+OO 
8.K3H39SE402 
2.082727E+03 
.235192E-01 

FITTING ERRORS 

El = 5.27BEHIE^00 
E3 r S.166H72EtOO 
Ê8 = 9.9531B0E-01 
E7 = 2.57H269E-01 

Ee = 5.222080E+00 
E, = 5.U1HO0E+OO 
E, = 9.3420HÍE-03 
E, = 5.073725E-01 

FINAL DISPLACEMENTS. FEET 
DEPTH MEASURED 

0 
25 
50 
75 

100 

3.562 
3.057 
2.491 
1.930 
1.374 

COMPUTED 
1.943 
1 *441 
1-070 
.775 
.528 
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r./n 

PROBLEM IG -- 19 NOV 1969 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 100 PSI BRODE HAVE - PNflXsSOO. TD=1.09 

war LW TIME r {.30H202E-01 SEC. 

NORMRLIZEO HRLf LORD TIRE = 1.196S16E-01 
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PROBLEM IG — 19 NOV 1969 

BILINEAR MODEL- MUPSI) = l.73H014E+0M 
N21P5L) =1.0573^76+^ 

CURVILINEAR NODEL- 
RAYLIEGH LINE SL0PEIP51) = 2.OOOOOOC+DM 

HU60N10Í NONLINEAR1TY FACTOR = 2.7M5L90E-01 
MAXIMUM UNLOAD SLOPE = 1.7225H9E+05 

ZETA = l.161Q7OE-Ol 
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BEST aIL1NEAR MODE, 

PROBLEM 2r — 19 NOV 1963 

NUMBER DATA POINTS. N^19 . M= 99 

MflrEHIft. PROPERTIES DENSITY = 3.510000E+00 

SHOCK VELOCITY = 0.34OL54E+O2 
SOUND VELOCITY = l.933022E+03 

7ETR = 3.971780E-01 

FITTING ERRORS 

£i - 3.915BH7E+00 E = 
E, = 3.63S3H4E+00 E* = 
Es = 9.951443E-01 e' = 
t7 = 3.161300E-01 E* = 

FINAL DISPLACEMENTS. FEET 

oefth MEASURED 
0 

25 
50 
75 

100 

3.159 
2.657 

2.122 
1.599 
1.009 

3.0753912+00 
3.79S69SE+00 
9.687796C-03 
S.622543E-01 

COMPUTED 
1.539 
1.095 
.600 
.572 

.305 

8 
£ 

u. 
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n/n 

PROBLEM 2G — 19 NOV 1969 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 200 PSI BRODE HRVE - PHRX=SOO. TD=1.09 

HALF LORO TIRE - l .373662E-01 SEC. 

NORNPL12EO HALF LORO TIME = 1.26Œ31E-01 
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PR0B.EH 2G -- 19 NOV 1969 

SOO ^ 

PRESSURE-STRAIN RELATIONS 

01L1NEAR RODEL- RICPSIJ =1.69W6QE+0H 

NSIPSIj rg.iO7097E+O4 
CURVILINEAR MODE> 

RAYLiEGH UNE SLOPElPSI) = 2.0OOOOOE+OH 

HU60N10Í NONLINEARITY FACTOR = 2.74S190E-01 
NAXCRUH UNLOAD SLOPE - l-722549E+35 

^ETA - l.16107QE-0i 
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BEST BlLlNEPR MODEL 

PROBLEH 3G — 19 NOV 1963 

NUMBER OF DATA POINTS. N^2? . h= 99 

HflTERIflL PROPERTIES DENSITY = 3.5l0D0nE+00 
SHOCK VELOCITY = 8.39S33gE*02 
SOUND VELOCITY = L.QSTBTSE+OS 

ZETA = H .06m6HE-01 

FITTING ERRORS 

Et = 2.376252E+00 E = 
E3 = 2.320l7OEfOO E, s 
E# = 9.960S98E-O1 E = 
E7 = 3.037376E-01 E( = 

FINAL DISPLACEMENTS. FEET 
DEPTH MEASURED 

0 2.266 
2E 1.834 
SO 1.389 
75 .992 
100 .642 

2.352100E+00 
2.304459E400 
6.270467E-03 
5.5U240E-01 

COMPUTED 
.977 

.652 

.471 

.336 

.226 

SURFACE PARTICLE VELOCITY 
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P88BLEH 3G — 19 NOV 196J 

3VERPRESSURE IS SOO PSI BRODE MRVE - PNBXsSOO. TDsl.09 
HRir LORü TIME ^ Í.S45150E-01 SEC. 
NORHPLl2E0 HPLT LORO TIRE = 6.7S70l8E-01 
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PROBLEM 3G — 19 NOV 1969 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- M1CPSU s l .7l79B9EtOH 

M21P5I1 =9.632l38Et04 
CURVILINEAR MODEL- 

RAYL1E6H LINE SLOPEIPSIJ = 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

1 -OOOOO'IE+OH 

2.7M5190E-01 

l.722SH9E+05 

L.161070E-01 
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BEST BILINEPP MODE' 

PROBLEM MG ~ 19 NOV 1969 

NUMBER OF OPTA POINTS. Nd2S . M= 99 

MATER[R. PROPERTIEo DENSITY r 3.SlOnnrEiOO 

SHOCK VELOCITY = el.6899B3Et02 

SOUND VELOCITY = 2.3362?SE*03 

ZETA - H.STTBgeE-Ol 

FirilNG ERRORS 

El = I•5L5609C+0P Zf r 
E, = I.H83698E+0C E, s 
Zt - 9.90B579E-O1 E# = 

E, r 2.098780E-01 E, = 

FINAL DISPLACEMENTS. FEET 

DEPTH MEASURED 

7 i-677 

2C 
S3 
75 

100 

i.t79 
-9M5 

.678 

.HSH 

I .M99677Et00 

1.4679606+00 

7.282965E-03 

4.58I245E-01 

COMPUTED 
.657 

.410 

.292 

.208 

.142 
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PRO0LO1 HG — 19 NOV 1969 

OVERPRESSURE IS 1000 PSI BRODE WflVE - PHRX=SOO. 10=1.09 

HALF LOAD TIME = H.70H830E+00 SEC. 

NORMALIZED HALF LORO TIRE = H.3L6357E+00 
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PROBLEM MG - 19 NOV 1963 

PRE55URE~5TRfllN RELATIONS 

BILINEAR MODEL- MKPSI) = l .0HO698E+O4 

M21PSIJ =L.330H3EEt05 
CURVILINEAR MODEL- 

RAYLIEGH LINE SLOP^IPSI) = E.OOOOOOE+OM 

HU60NI0T NONLINEARITY FACTOR = E.7M5190E-01 

MAX 1MUM UNLOAD SLOPE = l•722SM9E+OS 

ZETA = 1.161070E-01 

138 
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BEST BILIHERR MODE! 

PROBLEM 56 — 19 NQV 1969 

NUMBER OF DRIP POINTS. N428 . Ms 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
rOUNO VELOCITY = 

ZETA = 

3'SlOOOOEtOO 
8.839971E+02 
2.18B662E<t03 
4.2M602SE-01 

FITTING ERRORS 

E, r 9.99H«36E-01 
E3 r l.2H6HN7E'0H 
E# = 9.990F60E-01 
E, = 1.12B7B6E-01 

E, = 
E,= 
E.= 

1.072420E-03 
l.116HH4E'02 
l.8670H9E-03 
33597HIE-01 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH 

0 
25 
SO 
75 

100 

MEASURED 
1.158 

.838 

.620 

.HSH 

.318 

COMPUTED 
1.162 
.816 
.617 
•H61 

.329 

30 r 

20 - 

lu u. 

10 

•H .6 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEH SC — 19 NOV 1969 

OVERPRESSURE IS 2000 PSI BRQOC HAVE - MRfeSOO. TD-1.09 
Har LORD TIME = 3-53111 SC-03 SEC. 
NORHaiZEO mS LORD TIPE s 3.239SSSE-03 
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PROBLEM 56 — 19 NOV 1969 

PoESSURE-STRfllN RELATIONS 

BILINEAR MODEL- HUPSU = i .9QH"B6E^OH 
N21PSII =1.16-761 OEtOS 

curvilinear NOOEL- 
RAYLIESH LIME SLOPEIPSI) = g.OOOOOOEnlH 

H'SONIOT NONLINEARITY FACTOR - 2.74S190E-01 
MAXIMUM UNLOAD SLOPE = l-722549E*05 

ZETA = 1.161070E-01 
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BEST BILINEAR MODE 

PROBLEM 7C — 17 FEB 1970 t. 

NUMBER OF DATA POINTS. N=89 . Mr 99 

MATERIR. PROPERTIES DENSITY = 
SHOCK VELOCITY r 
SOUND VELOCITY r 

ZETR r 

3.51000QE+00 
1. M06663E4Q3 
2. mt007E40H 
8.898S90E-01 

FITTING ERRORS 

Ev = 9.99HH09E-01 
E, = 1.811030E-05 
Eg = 9.995905E-O1 
E7 = 2.130902E-O1 

Ef r 1.117935E-Q3 
Es - S.266620E-03 
E| r 8.029066E-OH 
E| r 4.62H913E-01 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH MEASURED COMPUTED 

0 -600 .746 
26 .716 .649 
SO .626 .563 
76 -536 .484 
100 .446 .412 
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PROBLEM 7C - 17 FEB 1970 í. 

OVERPRESSURE IS 200 PSI BRODE MRVE 
HALF LORD TIME = 6•6M9772E-02 SEC • 
NORMALIZED HALF LORD TIME = 7.Q7H22SE-02 
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PROBLEM 7C — 17 PE0 1970 I. 

STRAIN. PERCENT 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- NUP5I1 =4.B?'t695E*04 

N21PSI1 =l.420N36E+07 
CURVILINEAR MODEL- 

RAYLIEGH LINE SLOPEIPSU = 3.432296E+04 

HU60NI0T NONLINEARITY FACTOR = 4.1Q6091E-02 

MAX INUN UNLOAD SLOPE = 1. IQSL16E+06 

ZETA = 3.1O503OE-O1 
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BEST BILINEAR HODEL 

PROBLEM 0C ~ 17 FEB 1970 t. 

NUMBER OF ORTfl POINTS. Ns 62 . M= 99 

MATER la. PROPERTIES DENSITY = 
SHOCK \€LOCITY = 
SOUND NRELOCITY = 

ZETA = 

3-510000E+00 
1.367M90E+03 
I.99896SE+03 
I.87S78SE-01 

FITTING ERRORS 

El = 9-989616E-01 
E, = H.397233E-05 
E# = 9.96V426E-01 
E, = M.709I7ME-02 

Ee = 2-Q95984E-03 
E% = 6.63116HE-03 
E, = 7.102426E-03 
E9 = 2•170063E-01 

DISPLACEMENTS AFTER 200 
DEPTH 

0 
26 
SO 
76 

100 

COMPUTED 
1.246 
1-094 
-961 
•840 

•772 .727 

MSEC. IN FEET 
MEASURED 
1-264 
1.163 
1.028 
.900 

NORMALIZED TIME 
SURFACE PARTICLE VelQCiTV 
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PROBLEM 8C — 17 FEB 1970 I. 

PEAK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 600 PS1 BROCE HAVE 

HALF LORD TIME = H.63196HE-02SEC. 
NORMALIZED HALF LOAD TIME = 2.322903E-02 
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PROBLEM 8C — 17 FEB 1970 I. 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- N1CPSII =4.566197E*0H 

M21P6II =9.73991OE+04 

CURVILINEAR NODEL- 

RAYLIE6H LINE SLOPEIPSIJ = 

HU60NI0T NONLINEARITY FACTOR = 

NAXIHUN UNLOAD SLOPE = 

ZETA = 

5-3499^04 
2.746101E-01 

l •722S40E+O6 

3.1OS03OE-O1 
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BEST BILINEAR MODEL 

PROBLEM 9C — 17 FEB 197C «.. 

NUMBER OF DATA POINTS. Ns 69 . M= 99 

MATERIAL PROPERTIES DENSITY s 
SHOCK VELOCITY = 

SOUND \€L0C1TY = 

ZETA = 

3*510Q0QE+Q0 
1.SB0S83E+03 

E.OS^eSEfOS 
1.3036SSE-01 

FITTING ERRORS 

El = 9.97BB22E-01 

E3 = 1.319095E-0H 
E, = 9-9366352-01 

E, = 4-3763446-01 

Ee = 4-630293E-03 

= 1-140610E-O2 
E, = l -2851496-02 

E# = 6-614636E-01 

OlSPLACEMtNTS AFTER 200 MSEC. IN FEET 

DEPTH MEASURED 
0 

25 

60 

76 
100 

1.641 

1-534 

1-403 
1-263 

1-116 

COMPUTED 
1-667 

1-414 
1-264 

1-129 

1-005 

Ë 

148 



PROBLEM 9C — Î7 FEß 1970 t. 

OVERPRESSURE IS 1000 PSI BRODE WAVE 
HALF LOAD TIME = 1 .‘US069E-02 SEC. 
NORMALIZED HALF LOAD TIME = 1.179224E-02 
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BEST BILINEAR HODlL 

PROBLEH IOC -- 17 FEB 1970 ¢. 

NUMBER OF DATA POINTS. N- 57 . N- 99 

ARTERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY - 

ZETA = 

3-510000E+00 
2.03ßl03E+03 

2 S JÛSG9E+Û3 

i.097M06E-01 

FU'ING ERRORS 

E, = 9.960O34E-O1 

E, = 2.302106E 04 

Eg = 9.939617E-01 

E7 - 2.407342E+00 

Ef = 6.302950E-O3 

E7 = l-5172692-02 

E, = 1.204023E-02 

£,= l • 5616612^00 

DISPLACEMENTS AFTuR 200 MSEC- IN FEET 

DEPTH MEASURED COMPUTED 

0 2.012 1.798 

26 1.J10 1.F22 
50 1.737 1.473 

76 1.660 1.343 

100 1.509 1.227 

I 
» 

SURFACE PARTICLE VELOCITY 
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PROBLEM IOC — 17 FEB 1970 $. 

OVERPRESSURE IS 2000 PSI BRODE WAVE 
HALF LORD TIME = 4.1790260-03SEC- 
NORMALIZED HALF LOAD TIME = 3.239SSSE-03 
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BEST BILINEAR MODEL 

PROBLEM *70 — 1G DEC 19G9 

NUMBER OF DATO POINTS. N= 86 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY t 
SOUND VELOCITY = 

ZETA = 

3.510000E*00 
9.mN798E+Q2 
1.990O32E+Q3 
3.59H312E-01 

FITTING ERRORS 

El = 9.996630E-01 
E3 = H.5H0794E-O5 
E5 = 9.991165E-01 
E, = L.561310E-O2 

Et = 6.338156E-04 

E, = 6.74447^-03 
E6 = 1.766120E-03 
E, = 1.2M9627E-01 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 
DEPTH MEASURED 

0 1.066 
25 .911 
SO .750 
75 .595 
100 .H45 

SURFACE PARTICLE VELOCITY 

COMPUTED 
1.065 
•885 
.724 

-576 
.438 
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PROBLEM 7D ~ 16 OEC 1969 

PERK PARTICLE VELOCITY ATTENUATION 

INPUT OVERPRESSURE IS 200 PSI BRODE HAVE 

HALF LORD TIME = 6.649772E 02SEC. 
NORMALIZED HALF LOAD TIME = 7.074225E-02 
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PROBLEM 7D - 16 DEC '969 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- Ml (PSD =2.16066IE+0H 

MSI PS I) =9.730823E+0,f 

CURVILINEAR MODEL- 

RAYLIEGH LINE SLOPE I PSD = 

HU60NI0T NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

2.SI067SEfOH 

1.387057E-01 

1.14663LE+05 

L.935L16E-01 
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BEST BILINEAR MODEL 

PROBLEH 8D — IS DEC 1969 

NUMBER OF DATA POINTS. N= 82 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA r 

3-510000E+00 
l.0L3H^8E+Q3 
I.540663E*03 
2.064183E-01 

FITTING ERRORS 

Et = 9.993938E-01 
E3 = 7.782300E-05 
E6 = 9.979969E-01 
E7 = 1.3820O8E-O1 

Ef = 1.212036E-03 
E, = 0.821735E-O3 
E# = H.002128E-03 
E, = 3.7I0613E-O1 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 
DEPTH MEASURED COMPUTED 

0 1.693 1.702 
25 1.H61 1.421 
50 1.225 1.185 
75 1.000 .972 
100 .784 .773 

SURFACE PARTICLE VELOCITY 
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PROBLEM BD -- 16 DEC 1969 

INPUT OVERPRESSURE IS 500 PSI BRODE MRVE 

HALF LORD TINE = 9.545L50E-01 5EC. 

NORMALIZED Hfl F LORD TIME = 8.7S7O10E-O1 
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BEST BILINEAR MODEL 

PROBLEM 90 -- 16 ObC 1969 

NUMBER OF DATR »OINTS. N= 69 . M= 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETA = 

3-5100O0E4Q0 

I.1S9T796E403 

l.S83515E+03 

I.S4955LE-01 

FITTING ERRORS 

^ = 

E3 

E3 = 

E7 ~ 

9 909699E-O1 

I.OMS317E-OH 

9-923332E-01 

l.390913E+00 

Et = 

E, = 

E. - 

E.= 

2.0590H6E-03 

l-OSaNOBE-OS 
I.527486E-02 

l•179370E+00 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH 

0 

25 
SO 
75 

100 

MEASURED 
2.271 

2.007 

1.722 

1-444 

1.173 

COMPUTED 

2.218 

1.876 

1.598 

1-355 

1-133 

o 

£ 
1Ü 
u. 

1-0 

SURFACE PARTICLE VELXITY 
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PROBLEM 90 - 16 DEC 1969 

PEAK PRRTICLE VELOCITY RTTENURT10N 

INPUT OVERPRESSURE IS 1000 PS1 BRODE HOVE 

HALF LORD TINE = M .207066E+00SEC. 

NORMALIZED HALF LORD TIME = 3.SOS608E+OO 
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BEST BILINEAR ilODEl 

PROBLEM 10D — 16 DEC 19^9 

NUMBER OF DBTR POINTS. N= S6 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.510000E+00 
1.4S3719E+0? 
l.8776S2E*03 
l.272S50E-01 

FITTING ERRORS 

Ej = 9.97001 IE-01 
E3 = 2.97a0H7E-OH 
E8 = 9.932535E-01 
E7 = 6.3O0164E+OO 

Er = 4.393035E-03 
E, = 1.72H19SE-02 
E# = 1.3H4739E-02 
E, = 2.SU606E+00 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH MEASURED COMPUTED 

O 2.07H 2-579 
?5 2.596 2.215 
50 2.288 1.930 
75 1.977 1.692 
100 1.666 1.482 

SURFACE PARTICLE VELOCITY 
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PROBLEM 100 — 16 DEC 1969 

INPUT OVERPRESSURE IS 2000 PSI BROOE MflVE 
HALF LOAD TINE = l.383998E«01 SEC. 
NORMALIZED HALF LOAD TIME = l.07aB67E*01 
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BEST BILI NEAP MODEL 

PROBLEM BE — 2 JAN 1970 

NUMBER OF DATA POINTS. N= BM . M= 99 

MATERIAL PROPERTIES DENSITY = 3.5I0000E+00 
SHOCK VELOCITY = 1.031202E403 
SOUND VELOCITY = l.70mi0E+03 

FITTING ERRORS 

= 9.99H33SE-01 
E3 = S.OEHHBBE-OS 
E8 = 9.95B324E-01 
E7 = l.Q2902OE-O1 

ZETA = 2.4S2629E-01 

Et = l•132584E-Q3 
= 7.Q8B361E-03 

E| = 8.317B05E-03 
E> = 3.2O9O01E-O1 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 

DEPTH MEASURED COMPUTED 
0 1-717 1.709 

25 1.481 1.418 
SO 1.235 1-177 
75 .990 .964 
100 .771 .766 

NORMALIZED TIf€ 

SURFACE PARTICLE VELOCITY 
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n/n 

PROBLEM BE — 2 JRN 1970 

PERK PARTICLE VELOCITY RTTENURTION 

OVERPRESSURE IS SOO PSI BRODE HRVE 
HfilF LORD TIME = 2.531964E-02 SEC. 

NORMALIZED HRLF LORD TIME = 2.322903E-02 
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PROBLEM SE — 2 JPN 1970 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- MICPSIJ =2.S91ABIE+0H 
H2(PSI) =7.056064E+OH 

CURVILINEAR MODEL- 
RAYLIEGH LINE SLOPE!PSD = 

HU60NI0T NONLINEARITY FACTOR = 
MAXIMUM UNLOAD SLOPE = 

ZETA = 

3.333333E+04 
2.745I43E-01 
l -7225465+05 
1.935116E-01 
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BEST BILIMEPR MODEL 

PROBLEM 9E — 2 JfiN 1970 

NUMBER OF OflTR POINTS. N= 69 . Ms 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.5IOOO0E+OO 
l.145513E+03 
1.S32943E+03 
l.44ff467E-01 

FITTING ERRORS 

El = 9.98953SE-01 

E3 = 7.9809685-05 
Es = 9.903H6HE-01 
E, = 1-6647755+00 

Ee = 

= 

E, = 
E. = 

2.091975E-03 
8.933626E-Q3 
l-921403E-02 
l-2902625400 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH 

0 
25 
SO 
75 

100 

MEASURED 
2.287 
2.023 
1.738 
1-456 
1-178 

COMPUTED 
2.224 
1.885 
1.607 
1-364 
1-139 

u 
UJ 
to 

ft 

NORMALIZED Tift 

SURFACE PARTICLE VELOCITY 
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PROBLEM 9E — 2 JRN 1970 

PERK PRRTICLE VELOCITY RTTENURTION 
OVERPRESSURE IS 1000 BRODE URVE 
HALF LOAD TIRE = 1.4IS069E-02 SEC. 
NORMALIZED HALF LOAD TIME = 1.1792242-02 

170 



P
R
O
B
L
E
M
 
9
E
 
—
 

2 
J
P
N
 
19
70
 

I 

171 

-6
 

-8
 

1
.
0
 

l
.
e
 

l
.
H
 

1
.
6
 

i
^
 

e
.
o
 

S
T
R
A
I
N
.
 
P
E
R
C
E
N
T
 

P
R
E
S
S
U
R
E
-
S
T
R
A
I
N
 
R
E
L
A
T
I
O
N
S
 



BEST BILINEPR HQDEL 

PRQBLEH 10E — 2 JPN 1970 

NUHBER OF DRIB POINTS. N= 59 . H= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.51OOO0E+QO 
1.9m76BE*03 
l.837309E+03 
l.2Q6356E-01 

FITTING ERRORS 

Ex = 9.973951E-01 
E3 = 4-OlOSSOE-QH 
E5 = 9.S3B848E-Q1 

E7 = 6.926H74E+00 

Et = S.202958E-03 
E, = 2.0O2638E-Q2 
E< = l-2193062-02 
E| = 2.631819E+00 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH 

0 
25 
SO 
75 

100 

HERSURED 
2.881 
2.600 
2.292 
1.982 
1.672 

COMPUTED 
2.579 
2.220 
1.937 
1.699 
1.488 

u tu 
<o 

Üj 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEM lOE — 2 JPN 1970 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 2000 BRODE MRVE 

HALF LOAD TIME = 4.179026E-03 SEC. 

NORMALIZED HALF LOAD TIME = 3.239S5SE-03 

173 



o 
o> 

OJ 

ë 

X. 
LU 

Ot 
Q. 

I¡!l¡¡i88P8§l 
isj '^nss^ 

174 

l-
° 

1-
5 

C
-
0
 

e
-
5
 

S
T
R
A
I
N
.
 
P
E
R
C
E
N
T
 

P
R
E
S
S
U
R
E
-
S
T
R
A
I
N
 
R
E
L
A
T
I
O
N
S
 



BEST BILINEAR MODEL 

PROBLEM 7F — 17 FEB 1970 i. 

NUMBER OF DATA POINTS. N= 81 . M= 99 

MATERIAL PROPERTIES DENSITY = 3.5IOOO0E+OO 
SHOCK VELOCITY = 6.749238E+02 
SOUND VELOCITY = 1.342317E+03 

FITTING ERRORS 

Ej = 9.9972B5E-01 
E3 = l■477666E-05 
Eb = 9.901IB9E-01 
E7 = 4.728071E-02 

ZETA = 3.30B445E-01 

Ez = 5 -420772E-O4 
Eh = 3 •844042E-Q3 
E6 = 3.7SB571E-03 
Ee = 2.174413E-01 

DISPLACEMENTS AFTER 20C MSEC- IN FEET 

DEPTH MEASURED COMPUTED 
0 1-443 1.474 

25 1-155 1.140 
50 .063 .846 
75 .587 .579 

100 -325 .330 

SURFACE PARTICLE VELOCITY 
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PROBLEM 7F 17 FEB 1970 $. 

OVERPRESSURE IS 200 PSI BRODE WAVE 

HRLF LOAD TIME = 6.649772E-Q2 SEC • 

NORMALIZED HALF LOAD TIME = 7.07'4225E-02 
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PRQBLtM 7F — 17 FEB 1970 Í. 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- Ml (PSD = l • 110335E+0H 

M2IPSI) .391922E+0H 

CURVILINEAR MODEL- 

RAYLIEGH LINE SLOPEIPSI) = 1-3189^04 

HUGONIOT NONLINEARITY FACTOR = 2.OS3H90E-O1 

MAXIMUM UNLOAD SLOPE = 1-1359^+05 

ZETA = 1-161070E-01 
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BEST BILINEAR MODEL 

PROBLEM 8F — 17 FEB 1970 { 

NUMBER OF DATA POINTS. N= 79 . M- 99 

MATERIAL PROPERTIES DENSITY = 3.5lOOnOE*00 

SHOCK VELOCITY = 7.S83318E+02 

SOUND VELOCITY = 1.129969E+03 

FITTING ERRORS 

E, = 9.99581BE-01 

E3 = 7.7469B0E-O5 

E5 - 9.9595H6E-01 

E7 = 9.727S75E-Q1 

ZETA = I.96810PE-01 

= e-seisgeE-QH 
E, = Ö.0O1690E-O3 

E# = 0.0743396-03 

E,, = 9.0626H7E-O1 
D 

DISPLRCEMENTS AFTER 200 MSEC- IN FEET 

DEPTH MEASURED COMPUTED 

0 2.242 2-260 
25 1.022 1.704 

50 1-417 1.390 

T5 1.04Q 1.034 

100 -602 .695 

SURFACE PARTICLE VELOCITY 
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PROBLEM 8F — 17 FEB 1970 $. 

DEPTH. FEET 

PERK PRRTICLE VELOCITY RTTENURTIQN 

OVERPRESSURE IS 500 PSI BRODE WRVE 

HRLF LORD TIME = 2.53196HE-Q2 SEC • 
NORMALIZED HALF LORO TIME = 2.322903E-02 
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PROBLEM 8F — 17 FEB 1970 $. 

to 
Q_ 

LU 
<£ 
à 
LO 
LU 
O' 
a. 

1.0 1.6 

STRAIN, PERCENT 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- Ml (PSD = 1-401726E+0^ 

M21PSI) =3-112275E+0H 

CURVILINEAR MOOEL- 

RAYLIEGH LINE SLOPE!PSD = 2.000000E+OH 

HU60NI0T NONLINEARITY FACTOR = 2.74562SE-01 

MAXIMUM UNLOAD SLOPE = 1.722549E+05 

ZEFA = 1 •161070E-01 
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BEST BILINEAR MODEL 

PROBLEM 9F — 17 FEB 1970 i. 

NUMBER OF DflTR POINTS. N= 60 . M= 99 

MATERIAL PROPERTIES DEN5ITY = 
SHOCK VELOCITY = 

SOUND VELOCITY r 

ZETA = 

3-SlOOOOE+OO 
8.57727IE+02 

1.197651E+03 

I.65382SE-01 

FITTING ERRORS 

Ei = 9.909S76E-O1 

e3 = i.HBseaiE-OH 

E6 = 9.941750E-01 

E7 = 3.041167E+00 

Ee = 2.083749E-03 

E, = 1.220504E-02 

E8 = I•16161 IE-02 

E. = I.743094E+OO 
D 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 

DEPTH MEASURED COMPUTED 

0 3-062 3-029 

25 2-524 2-407 

SO 2-007 1-928 

75 1-535 1-511 

100 1-091 1-121 

u 
ÜJ 
CO 
N. 
t— 
UJ 
lu 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEM 9F — 17 FEB 1970 $. 

OVER°RESSURE IS 1000 PSI BRODE WAVE 

HALF LOAD TIME = 1 .H15069E-02 SEC- 

NORMALIZED HALF LOAD TIME = 1-179224E-Ü2 
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BEST BILINEAR MODEL 

PROBLEM 10F — 17 FEB 197C S. 

NUMBER OF DATR POINTS 

MATERIAL PROPERTIES 

= 54 . M= 99 

DENSITY = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETA - 

3 - SlOOOCiE+OO 

I • 131898E+03 

l .S51965E+03 

l. 565160E-01 

FITTING ERRORS 

E3 = 

E6 = 

E 7 = 

9•902S63E-O1 

2.701559E-O4 

9•72OI20E-O1 

1.99171SE+01 

Ee = 
E* = 
ES = 
E. = 

3.404393E-O3 

I.6670OIE-O2 

5-51910SE-Q2 

4•462064E+OO 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 

DEPTH 

0 

25 

SO 

75 

100 

MEASURED 

3.970 

3-355 

2.736 

2.163 

1-624 

COMPUTED 

3.423 

2.770 

2.316 • 

1 -941 

1.607 

w 
t— 
LU 
Lu 

NORMALIZED TlfC 

SURFACE PARTICLE VELOCITY 
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PR03LEM 10F — 17 FEB 1970 i. 

_ MEASURED VRLUES - 
BILI NEAR APPROX * «■ ♦ ♦ 

--1-1-1-1_I i i i 
0 W 00 120 160 

DEPTH. FEET 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 2000 PSI BRODE WAVE 

HALF LORD TIME = H. 17902BE-Q3 SEC • 
NORMALIZED HALF LOAD TIME = 3.239S5SE-03 
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BEST BILINEAR MODEL 

PROBLEM GH — 23 APRIL 1970 

NUMBER OF DATR POINTS. N462 . M= 99 

MBTERIRL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETR = 

3.5IOOOOE+QO 
l .310215E+03 
2.953g39E+03 
3.B5H750E-01 

FITTING ERRORS 

El - 9.98755BE-Q1 
E3 = 3.16B5B8E-05 
Ea = e.SDKLBSE-Ql 
E7 = B.77951iE-OT 

Et = 2.486812E-Q3 
E, = 5.62902LE-03 
EB = 1.16061BE-Q3 
E = 2.963024E-02 

D 

DISPLACEMENTS RFTER 200 MSEC- IN FEET 
DEPTH MEASURED COMPUTED 

0 .441 .446 
25 .397 .396 
50 .351 -348 
75 .306 .301 
100 -261 .257 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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n/n 

PROBLEM GH 23 APRIL 197J 

OVERPRESSURE IS 100 PSI BRODE WAVE 

HALF LOAD TIME = 1 .07B664E-Q1 SEC- 

NORMALIZED HRLr LOAD TIME = 1.196S16E-01 
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PROBLEM GH 23 APR II 13 70 

STRR1N. PERCENT 

PRE5SURE-5TRRIN RELATIONS 

B1LINERR MODEL- MKP5I) =3.18^36^+04 
M21PSI) =E•126903E+05 

CURVILINEAR MODEL- 
RR/LIEGH LINE SLOPElPSII = '1.738436E+04 

HUGONIOT NONLINEARITY FACTOR = 2.1205B6E-01 
MAXIMUM UNLOAD SLOPE = 3.222i30E+Q5 

ZETA -- 1 .470586E-01 
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BEST BILINEAR MODEL 

PSQBLtM 7H — 2B APRIL 1370 

NUMBER OF DPTfl POINTS. N4S5 . Mz GO 

mrterirl properties DENSITY - 
SHOCK VELOCITY _ 
SOUND VELOCITY z 

ZETR .- 

3.SI0ü00t+Qü 

1.42ß2G3E+Q3 

2.3Ö143GE+Q3 

2.5ü:a70E-01 

FITTING ERRORS 

E z i 
E, - 
E5 = 
F = 
7 

9-992735E-01 

L-762504E-Q5 

9.986Q2QE-Q1 

2.3G6808E-Q2 

E, = 
E6 = 

EB ^ 

L-452553E-Q3 

'1 • 198219E-Q3 

E-YSHISSE-QS 

L-519S03E-Q1 

DISPLACEMENT 
DEPTH 

Q 
25 

50 
75 

100 

AFTER 200 MSEC- IN FEET 

MEASURED COMPUTED 

•665 .677 

•604 .606 

•540 .540 

•478 .477 

•418 .416 

F 
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PRQBLZM 7H 23 APRIL 197Ü 

PERK PRRTICLE VELOCITY RTTENURTION 

OVERPRESSURE IS 200 PSI BRODE WAVE 

HALF LORD TIME = 6.649772E-02 SEC. 
NORMALIZED HALF LOAD TIME = 7.074225E-02 
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PROBLEM 7H 23 APRIL 1970 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- Ml (PSD =4.9723^+04 

M21PSI) =1.382368E+05 

CURVILINEAR MODEL- 

RAYL1EGH LINE SLOPE (PSD = 6.497937Ë+Q4 

HUGONIOT NONLINEARITY FACTOR = 2.67739ÜE-01 

MAXIMUM UNLOAD SLOPE = 4.41B597E+Q5 

ZETA = Í.470566E-01 
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BEST BILINEAR MODE’ 

PROBLEM 8H -- 23 APRIL 1970 

NUMBER OF DflTR POINTS. N=i53 . M= 30 

MRTERIRL PROPERTIES DENSITY = 
SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETR = 

3.51000QE+00 
1.637644E+03 
¿.SBBGHSE+OS 
L.BQSRNOc-O] 

FITTING ERRORS 

E1 = 9-99051 EE-01 
E3 = 5-QI1073E-05 
E6 = 9-97B064E-01 
E7 = I-826509E-01 

E? = 1.89672EE-Q3 
- 7.078693E-03 

Eb = 4.761397E-03 
E = 4.E73768E-01 

0 

DISPLRCEMENTS RFTER 200 MSEC- IN FEET 

DEPTH MEASURED COMPUTED 
0 1-0E9 1.035 

25 .939 .930 
50 -847 .636 
75 .781 .750 
100 -678 .669 

SURFACE PARTICLE VELOCITY 
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PROBLEM 8H 23 APRIL 197Ü 

OVERPRESSURE IS 500 PSI BR30E WAVE 

HRLF LOAD TIME = 2.531964E-02 SEC• 
NORHflLIZED HALF LORD TIME - 2.322903E-02 

194 
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BEST BILINEAR MODEL 

PROBLEM 9H — 23 APRIL 1970 

NUMBER OF DATR POINTS. N42J . M= 93 

MRTERIflL PROPERTIES DENSITY = 
SHOCK VELOCITY ^ 

SOUND VELOCITY = 

ZETR = 

3.51OQ00E+OO 
1.875949Ë+Q3 
¿.599350E+03 
I.6Í6H30E-Ü1 

F1TTINP ERRORS 

E, = 9-9790D6E-DÎ 
E3 = l-SSTSBHE-OR 
E3 = D.967HR3E-Q1 
E7 = 5.52Æ23E-01 

Ef = 4•016792E-Q3 
E3 = L.165L5HE-Q2 
Eb = 6.500655E-Q3 
Eß = ".431435E-Q1 

JISPLñCEMENTS AFTER 200 
DEPTH 

0 
25 
50 
75 

100 

MSEC- IN FEET 
MEASURED 
1 .ROO 
1-285 
1-166 
1-058 
-954 

COMPUTED 
1-380 
1 -240 
1-120 
1-013 
-916 

NORMALIZED TIf€ 

SURFACE PARTICLE VELOCITY 
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r/n
 

PROBLEM 9'H 2.1 APRIL 1G7Ü 

DEPTH. FEET 

PERK PARTICLE VELOCITY ATTENUATION 
3VERPRESSURE IS IOOQ PSI BROOE WAVE 

HALF LORD TIME = 1.4I5069E-02SEC. 

NORMALIZED HALF LOAD TIME = 1.17922^-02 
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BEST BILINEAR MODEL 

PROBLEM 10'H — 23 APRIL 197Ü 

NUMBER OF DATR POINTS. NdOI . M= 99 

MPTERIRL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

rETfl = 

3.5IOOOOE+QO 
2.19V920E+03 
2.agæa6E+03 
l .371r5BDE-01 

FITTING ERRORS 

EI = 9.9635^-01 
e3 = L.BOæSSE-OH 
Eg = 9.9293^-01 
E, = L-0943^15+00 

E? = 7.2^59166-03 
E, = Í.61S437E-02 
Eb = I-4000586-02 
E. = 1.37635IE+00 

D 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 
DEPTH MERSURCD COMPUTED 

0 1-82L 1-726 
25 3-605 3-552 
50 1-546 1-408 
75 1-414 1-264 
100 3-209 1-175 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLtM lOH 23 APRIL 197J 

OVERPRESSURE IS 2000 PSI BRODE WAVE 
HALF LORD TIME = 4.179026E-03 SEC • 
NORMALIZED HALF LOAD TIME - 3.239S55E-03 
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BEST BILINEAR MODEL 

PROBLEM 7J — 23 APRIL 1970 

NUMBER OF DATA POINTS. N= 56 . M= 99 

material properties density = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETA = 

3.510000E+00 

4.24363^+02 

7.474220E+02 

2.756970E-01 

PITTING ERRORC 

E 
i 

E3 = 

E5 = 

= 

9.211962E-01 

5.957471E-03 

9.985677E-01 

6.926704E-01 

= 
E = e 

EB = 

I-5139768-01 

7.7184658-02 

2.8626428-03 

8.3226888-01 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 

DEPTH 

0 

25 

SO 
75 

100 

MEASURED 

2-193 

1-543 

.886 
•261 

.000 

COMPUTED 
2.301 

1-529 

.860 

.239 

0. 

o 
LU 
CO 
\ 
h- 

LU 
lu 
U_ 
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problem 7j 23 APRIL 1970 

DEPTH. FEET 

PERK PARTICLa VELOCITY ATTENUATION 

OVERPRESSURE IS 200 PSI BRODE WAVE 

HRLF LORD TIME = 6.649772E-02 SEC • 
NORMALIZED HALF LORD TIME = 7.074225E-02 

203 
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BEST BILINEAR MODE! 

PROBLEM 8J — 83 APRIL 1970 

NUMBER OF DATA POINTS. N= 57 . M= 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETA = 

3.SIOOO0E+OO 

4.836168E+02 

6.576mOE+Q2 

1 .SSHS'ISE-Ql 

FITTIN6 ERRORS 

Ej - 9.9963^-01 

Ej = 8.6I1315E-06 

E, = 9.979035E-01 

E7 = 3.37U99E+Q0 

E, = 7.3I6678E-0t 

E% = 9.279717E-03 

E, = 4.180S24E-O3 

E, = 1.036O82E+OO 

DISPLACEMENTS AFTER 200 

DEPTH 

0 
25 
SO 
76 

100 

COMPUTED 

3.428 

2-421 

1-573 

.753 
•052 o. 

MSEC. IN FEET 

MEASURED 

3.280 

2.410 

1.572 

.793 
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PROBLEM 0J 23 APRIL 1970 

OVERPRESSURE IS SúO PSI BRODE HAVE 
HALF LOAD TIME - 2.531964E-02SEC. 
NORMALISED HALF LOAD TIME = 2.322903E-02 

206 
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BEST BILINEAR MADE 

PROBLEM 9J — 23 APRIL lEtfQ 

NUMBER OF OATfl POINTS. N= 51 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

3.5IOOOOE+00 
S.781802E+Q2 
7.622M16E+Q2 
1.373160E-01 

FITTING ERRORS 

= 

E,= 

E6 = 

E7 = 

9.987377E-01 
1.5017^-09 
9.953670E-01 
1.QH520BE+O1 

Ee = 

E, = E,s E,= 
2.522935E-03 
1.22W5BE-02 
9.2HH625E-03 
3.233091E+00 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 
DEPTH 

0 
25 
50 
75 

100 

MEASURED 
H.395 
3-321 
2-305 
1-375 
-499 

COMPUTED 
4-373 
3-188 
2-276 
1-439 
-582 

u 
tu 
to 

IORMRLIZED TIf€ 

SURFACE PARTICLE VELOCITY 
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PROBLEM gj 23 APRIL 1970 

0 ^PRESSURE rS lOOQ PSI BRODE HAVE 

HALF LOAD TIME - 1-415J69E-02 SEC. 

NORMALIZED HALF LOAD TIME = 1.179224t-02 

209 
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BEST BILINEAR MODEL 

PR0BLEM 1ÍLI — 23 APRIL 1970 

NUMBER OF DRIP POINTS. N= i+0 . M= 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETA = 

3-SIDQOOE+QO 

6.56HS54E+02 

8.1I6g3gE+Q2 
I.057375E-01 

FITTING ERRORS 

E,= 

E3 = 

E5 = 

E7 ~ 

9.96517QE-Q1 

4-450674E-QH 

9-927103E-Q1 

2.550450E+Q1 

E< = 

E, = 

E. = 

E, = 

6 -953616E-Q3 

2.1Q9709E-Q2 

L.452629E-Q2 

5-050198E+QO 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 
DEPTH 

0 

25 

SO 
75 

100 

MEASURED 

5-658 

4.408 

3-215 

2-120 
1-093 

COMPUTED 

5-551 

4-124 

3-105 
2-207 

1-299 

D 
LU 
to 
N. 

tü 
u. 

NORMALIZED Tift 

SURFACE PARTICLE VELOCITY 
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PROBLEM lOJ 23 APRIL 1970 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 2000 PSI BRODE HAVE 

HPLF LORD TIME = 4.179026E-03 SEC- 

NORMALIZED HRLF LOAD TIME = 3.239555E-03 

212 
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best bilinear model 

PROBLEM 13C — 6 APRIL 1970 

NUMBER OF OPTR POINTS. N=105 . Mr 99 

mrferlrl properties density = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

2ETR = 

3.510000E+QO 

I.288919E+03 

2.055L51E+03 

2.291315E-0I 

FITTING ERRORS 

E = i 

E3 = 

E8 = 

E7 ~ 

s-ggieioE-oi 
2.27777IE-05 
9 -96126LE-01 

9 -44BH2LE-Q2 

DISPLACEMENTS AFTER 200 MSEC 
DEPTH 

0 

25 

E* = 

E, = 

E 6 = 

E,= 

I.QI7770E-03 

4.772600E-03 

7.732720E-03 

3.Q7362BE-01 

- IN FEET 

50 

75 

100 

MEASURED 

1 -361 

1-212 
1-056 

-906 

-761 

COMPUTED 
1-356 
1-171 

1-013 

-871 

-739 

SURFACE PARTICLE VELOCITY 
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PROBLEM 13C — 6 APRIL 1970 

DEPTH. FEET 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 500 PSI BRODE HRVE 

HALF LORD TIME = 2.531964E-02SEC. 
NORMRLIZEO HALF LORD TIME = 2.322S03E-02 

215 



PROBLEM 13C — G APRIL I97D 

500 

400 _ 

(O 
CL 

LU 
an 
S 
LO 
LJ 
ÛC 
a. 

300 

eoo _ 

ICC _ 

.4 .6 .8 

STRAIN, PERCENT 

PRESSURE-STRAIN RELATIONS 

01LINEAR MODEL- MlCPSI) =4-OHSAtBE+OH 

MPI PSI 1 = I-Q29513E+05 

CURVILINEAR MOOEL- 

RAYLIE6H LINE SLOPEI PSI) = 

HUGONLOT NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

5.349940E+04 
2.745L0LE-01 
2.8SÉ695Et05 
1.37146EE-01 
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BEST BILINEAR MODEL 

PROBLEM 14C — 6 APRIL 1970 

NUMBER OF DATA POINTS. N= 86 . Mr 99 

MATERIAL PROPERTIES DENSITY = 

SHOCK VELOCITY = 
SOUND VELOCITY = 

2ETA = 

3-510000E+00 
1-MS2081E+03 
1-97260BE+03 
1.5igg25E-01 

FITTING ERRORS 

Ej = g.gBTTNSE-Ol 
E, = 7.B15599E-05 
Eg = 9-9U574E-01 
E7 = l-0305178+00 

Ee = 2.5B9275E-03 
E% = ß•7267H0E-Q3 
Eb = 1.760693E-02 
EB = I-019076E+00 

DISPLACEMENTS AFTER 200 
DEPTH 

0 
25 
SO 
75 

100 

MSEC. IN FEET 
MEASURED 
1-819 

1-650 
1-460 

1-280 
1-112 

COMPUTED 
1-767 
1-546 
1-360 
1-196 
1-047 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 
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PROBLEM IMG — 6 fiPRIL 1970 

.2- 

_ MEASURED VALUES 

BILINEAR RPPROX* ^ ♦ ♦ 

-1-1_1_L 
0 40 60 120 160 

DEPTH. FEET 

PERK PARTICLE VELOCITY ATTENUATION- 

OVERPRESSURE IS LOQO P5I BRODE ARVE 

HALF LOAD TIME = l .4L90ßgE-Q2 SEC. 
NORMALIZED HALF LORD TIME = 1.17g224E-02 

218 
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BEST 01L1NERR MODEL 

PRaBLEM 15C — 6 APRIL 1970 

NUMBER OE DPTF POINTS. N= 70 . M= 99 

MATER[R_ PROPERTIES DENSITY = 3.5IOOO0E+OO 
SHOCK VELOCITY = 1 .BEZÖGE+03 
SOUND VELOCITY = 2.403,437E+a3 

FITTING ERRORS 

El = 9.97139BE-Q1 
E3 = 2.4L0239E-04 
E8 = 9.80B7B9E-O1 
E7 = 4.956790E+00 

ZETA = 1-289750E-01 

= S.7I214IE-Q3 
E, = I-5524946-02 
Ee = 2.211056E-O2 
Eb = 2.2263B5E+00 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH 

0 
25 
SO 
75 

100 

MEASURED 
2.295 
2.116 
1-921 
1-724 
1-527 

COMPUTED 
2.026 
1 -794 

1-605 
1-445 
1-304 

!_> 
Uj 
to 
»— 
UJ 
Uj 
U_ 

J-L 
-0 1-0 

SURFACE PARTICLE VELOCITY 
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PROBLEM 15C - ß RPRIL 1970 

OVERPRESSURE IS 2000 PSI BRODE RAVE 

HALF LORD TIME = 4.179026E-G3 SEC • 

NORMAL1ZED HRLF LORD TIME = 3.2395SSE-03 

221 
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BFS! BILINEAR model 

PROBLEM 11H -- : MflV 197C 

NUMBER CF DATA POINTS. N=12S . M= 99 

WERlft. PROPERHEC DENS 1 TV = 3.S.OOCOE.OO 

SHOCK VELOCITY = 1.329ME7Et03 
SOUND VELOCITY = 2.32ß237Et03 

ZETR = 2.-726G50F-01 

PITT INS ERRORS 

^ = 3.979H3LE-01 

E, = P-gi^lSE-OS 
E3 = 9-990203E-01 

E7 = 6.H3HMH8E-G4 

Ef = 4.in95l3E-a3 
E, = S.39B35IE-Q3 
Ej = l-958333^-03 
E6 = ?.5366clE"02 

DISPLACEMENTS AFTER 800 
DEPTH 

0 
25 
SO 
75 

100 

MSEC. IN FEET 
MEASURED 

.486 

.387 

• 345 
• 303 
• 262 

COMPUTED 
.487 

• 383 
.340 
.298 
• 257 

223 



|_ MEASURED VPuUES — 

BiuINEflR APPROX » t t i 

J_ 
90 

_I_ 
IPO 

DEPTH. FEET 

PERK PRRTiZLE VELOCITY PTTENURT: ON 

OVERPRESSURE IS ;C0 PSI BRODE HAVE 

HPlF LORD TIPIE = L -0763640-01 EEC . 

NORWLIZEJ HPLF LOAD TI^E ^ l • iy6SlßE-0i 

POO 
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PROBLEM UH — 1 MPY 1970 

31LINEPP RODEL- MUPSIJ = H.308l76Et04 

R21PSI) - I-3190240+05 

CURVILINEAR flODEL- 

RPYL1EGH clNE SLOPE I PSD = 

HU60N10T NONLINEARITY FACTOR = 

pipxiriun UNLCPD slope = 

ZETP = 

S .730M36EtOH 

2.120586E-01 

l.9HiOH7EiOS 

2.HMU76E-0Í 

225 



BEST BlLlNEBR MCDEL 

PROBLEM 12H — 1 MAY 1970 

NUMBER DPTB PRINTS. N-=122 . M= BB 

material rropertíec density = 
SHOCK VELOCITY = 

SOUND VELOCITY = 

3.5[OOOOE+OO 

l.46S692E+03 

2.17B224E+03 

2ETA = 1.9SSM00E-01 

Fir TINS ERRORS 

E1 = 3.9Ö707ME-Q1 

= j.7SE0H9E-0S 

Ea = 9.98317LE-Q1 

E7 - 3.973L7GE-03 

Ef = 2.H23712F-03 

e' = 6.127ÖMDE-03 

Et = 3.3628920-03 

E. = 9.986576E-C2 
0 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 

DEPTH 
0 

2S 
SO 
75 
ICO 

MEASURED 
-C3C 

-53H 

.527 

.472 

.416 

COMPUTED 
.642 

•531 
.523 

.4G6 

.411 

-L 
■6 

NORMALIZED TIME 

SURFACE PARTíClE VEI.OCITV 

.8 
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PROBLEM ]2H — 1 Mflv l97n 

OVERPRESSURE 1£ 200 PSI SPOOE WRVE 
HALF LOAD TIME = 6.6H9772E-02SEC. 
NORMALIZED HALF LORD TIME = 7.07422SE-02 

227 
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PROBLEM 12H -- i Mfl\ 1970 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- MUPSU = S .E3C33CBE+C4 

nSiPSi) = l • iSGSiOE+OS 
curvilinear model- 

RAYulEGH LINE SLOPElPS I ) = 
HU30NI0T NONlINEBRITY FRC10R = 

MAXIMUM UNLOAP EcOPE = 
ZETA = 

6•497937E+0H 

2.677390E-01 
2.661805Et05 
2 .HH1L76E-QI 
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BEET BILINEAR MODEL 

PROBLEM 13H - - 1 MAY 1970 

NUMBER OF DATA POINTS. N=119 . M= 99 

MRTERIRL PR0oERT[E5 DENSITY = 3.5L000CE+00 
SHOCK VELOCITY = 1.6997SLE+03 
SOUND VELOCITY = i? .30S950E+03 

FITTING ERRORS 

Ei = 9.9aEHSDE-Ci 
E3 = 6.65O092E-O5 
Es = ¿I.97B6BEE-01 
E7 ^ 1.00591ME-01 

ZETP = L.5L33H0E-G1 

Ef = 3.CC68H9E-03 
E, = 3.P7701PE-03 
£( - H.PL8H93E-03 
E, = 3•171615E-0I 

DISPLACEMENTS AFTER 800 
DEPTH 

0 

25 
50 

75 
100 

COMPUTED 
.974 

.885 
.821 .803 
•745 .726 
•671 .654 

MSEC. IN FEET 
MEASURED 

.974 

.899 
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n/n 

PROBLEM 13H -- 1 MflY 1970 

DEPTH. FEET 

PEAK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 500 PSI BRODE WAVE 

HALF load TIME = 2.53196HE-0ESEC. 

NORMALIZED HALF LOAD TIME - 2.322903E-02 

230 



PROBLEM 13H — 1 MAY 1 ¡370 

c/i 
a. 

Uj 
a: 

i/j 
LU 
cc 
CL 

STRAIN. PERCENT 

PRESSURE-STRAIN RELATIONS 

BILINEAR MODEL- MllPSIJ =7 .Q4e3i2Et04 

H21PSIJ =1 .?96L17EtOS 
curvilinear MODEL- 

RPYLIE6H LINE SLOPE!PSD = 

HiSON IOT NONLINEARITY FACTOR = 

PIR^IMUH UNLOAD SLOPE = 

ZETA = 

1 .OQOOOOEtQS 

3.QOOOOOE-01 

4.O96306EtOE 
2 .S41L76E-Q1 

231 



0e:st bilinear model 

PROBLEM 1MH — 1 may 1970 

NUMBER OF DRIP POiNTS. N=iOl . M= 99 

MB:ER[RL prcpeptles density = 3.siooooe*oo 
SHOCK VELOCITY = l.97924SEt03 
SOUND VELOCITY = 2.63S96lEi03 

2ETP = I.H229HOE-01 

FITTING ERRORS 

E = 9.37EH61E-01 
E3 = l.S5284dE-04 
E, = 3JS062SE-O: 
E, = 3.S7S361E-0I 

E = 
c 

E, = 

E. = 
E. = 

5.5C0204E-03 
l. 205342E-02 
8.257974E-03 
S.979N33E-01 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH 

0 
25 
SO 
75 

100 

MEASURED 
1 -309 
1.213 
1..22 
1-029 
.939 

COMPUTED 
1.284 
1.166 
1.063 
.909 
.884 

+ 

NORMALIZED TIME 

5URFPCE PRRTICLE VELOCITY 
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PROBLEM IMM -- 1 MflY 1970 

OVERPRESSURE ¡S .000 PSI BRODE WRVE 

HALF LORD TIME = l .ML5069E-02 SEC. 
NORMALI2EÜ HALF LOAD TIME = l.179224E-02 
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BEST BILINEAR MODEL 

PiTOB^EB :2J — ; MPY 19VQ 

NUMBER OF 3ATH POINTE. N= 69 . 99 

MAiE^lHL PROPERTIES DENSITY = 

SHOCK VELOCITY = 

sound vEl.oc:ty = 

ZETP = 

3.E.000GE+C0 

M .21.3099E+C2 

7.B3H291E+C2 

3 .OOS79CE-01 

FITTING ERRORS 

E = 
i 

E,= 

E, = 

= 

9.17627KE-01 

D-7C6251E-C3 

39075K8E-O1 

7.90B220E-G1 

E = t 
E = 

= 

l 575920E-GÍ 

3•19039IE-C3 

E.M0B919E-O3 

6-8920180-01 

DiCPLñCE,MENTE RFIER 200 MSEC. IN FEET 
DEPTH 

0 

26 

SO 

75 

100 

MEASURED 

2.£_22 

1-E49 

• 873 

.249 

-000 

COMPUTED 

2.339 

1 .536 

.851 

.224 

0- 

u 
Lu 
Vj 
\ 
UJ 
OJ 
u. 

NORMPLlZED TIME 

SURFACE PPRIIFLE VELOCITY 

1 -C 
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PROELES ¡2j — i Mflv 1970 

DEPTH. FEET 

PEAK PARTICLE VE_aClT> ATTENUATION 

OVERPRESSURE ¡S 200 ,JS[ BRODE WAVE 

HRuF uOPD TINE = 6.6H977?E-02 SEC . 
NORNALÏZED HRLF load TIRE = 1.07H225E-02 
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5EST 3ILINEHR MHJEL 

PROBLEM 13J — 1 MpY 1970 

NUMBER OF DRIB POINTS. Nr 72 . M= 39 

MBÍERIBL PROPERTIES DENcITY = 
SHflCR VELOCITY r 
SOUND VELOCITY = 

ZETfl = 

3 .SlOOCOEtOO 

^.lacsgsEtOS 
6.SG7IC4E+02 

L . S74S40E-O1 

FITTING ERRORS 

íí = 3.9967CÜE-C1 

E, = 7.66ECdEE-0E 

E5 = 9.973965E-C1 

E- = 3•9H27?5E+00 

E? = 6.5863d3E-04 

Eh = 8.06853OE-O3 

E, = S•20027GE-03 

E. = 1.985630E+0C 

DISPLACEMENTS AFTER 200 MSEC. iN FEET 
DEPTH MEASURED 

0 3-328 
25 2.42? 

CO 1 -565 
75 .777 

ICO .036 

COMPUTED 
3.483 

2.441 

1-569 
.728 

0- 

u 
UJ l/j 

lu 
lu 

+ 

-i-1-1-1-1-J_i I 
•o .2 .4 .6 .8 

NORMALIZED TIME 

SURFACE PARTICLE VELOCITY 

1-0 
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PROBLEM 13J — 1 MAY 1970 

OVERPRESSURE IS EOO PSI BRODE WPVE 

HALF LORD TIME = E.5319GHE-02SE:. 
N8RMRL1ZED half LORD TIME = 2.322903E-02 
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BEST BILINEAR MODEL 

PROBuEh 1MJ — 1 MflV 1970 

NUMBER OF DATA POINTS. N= 62 . Mr 99 

MATER [RL PROPERTIEC DENSITY 

SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA r 

3.5lOOOOE*CO 
5.e68270EtO2 
?.:iH33EEt02 
I .MOCNOSE-Ol 

PirilNS ERRORS 

t = 3-90Ö251E-O: 
, = l-339906E-n4 
5 = 9 358492E-01 

- I • 1 IS583E-»01 

Er = 2.3HBMc’9E-03 
= 1.103176E-O? 

E, = 0-C04316E-Q3 
E. = 3.3H0C34E^00 

31CPLRCEMENTS RFTER 2C0 MSEC. IN FEET 
depth measured 

O 
25 
SC 
75 
100 

4.470 

3.3'I3 
2-298 
1 -353 
.475 

COMPUTED 
4.473 

3-233 
2.205 
1.414 

-510 

SURFACE PARTICLE VELOCITY 
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PROBLEM IM J -- 1 WY 1370 

_ MEASURED VALUES - 

BILINEAR APPROX .t r t t 

--1-L-1-1-1-L— 1_1_ 
0 40 30 120 160 

DEPTH. FEET 

PERK PARTICLE VEJ3C[TV flTTENUflTIQN 

OVERPRESSURE IS .000 PSI BRODE WAVE 

HALF LORD TIME = 1 .lUS0G9E-02SEC. 

NORMALIZED HPlF LOAD TIME =. 1.17922AE-02 
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BEF! BILINEAR MODE1 

PROBLEM 15J — 1 MAY 1970 

NUMBER OF DATA) POINTS. N=5l . M= 99 

MRTERIRL PROPERTIES DENSITY = 

SHOCK VELOCITY = 
SOUND VELOCITY ^ 

ZETR = 

3.51Ü00QE+00 
6.4925005+02 
S.082870E+02 
I.091lBSE-01 

FITTING ERRORS 

Ej = 9-9660685-01 

E3 = 4.136198E-04 

E5 = 9.9143615-01 

= 2.876307E+0I 

Ez = 6-7749515-03 
E, = 2.0342S6E-OE 
E8 = l-705M54E-02 
E, = 5.3649B6E+00 

DI5PLRCEMENTS AFTER 200 MSEC- IN FEET 

DEfJTH MEASURED COMPUTED 
0 5-769 5-639 

25 4.446 4.162 
50 3.210 3.116 
75 2.092 2-197 
1Û0 1.056 1.265 
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n/n 

PROBLEM 15J — 1 MAY 1970 

DEPTH. FEET 

PERK PARTICLE VELOCITY RTTENURTIÜN 

OVERPRESSURE IS 2000 PSI BRODE WAVE 

HBLF LORD TIME = 4.179026E-03 SEC. 

NORMALIZED HALF LOAD TIME = 3.239555E-03 
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BEST BILINEAR MODEL 

PROBLEM 11H — 1 MAY 197J 

NUMBER OF DflTfi POINTS. N=i07 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK NtLOCITY = 
SOUND VELOCITY = 

ZETA = 

5-QQOQOOE+QO 
I•1ICH62E+03 
1.9296S0E+O3 
a.egtsgsE-oi 

FITTING ERRORS 

E3 = 
E8 = 
E7 = 

9.982372E-Q1 
S.SeHS'fßE-QS 
9.992262E-01 
s.gNaggsE-o1} 

Er = 
E,= 
E.= 
E.= 

3.5225BIE-Q3 
S.730836E-03 
L-5469775-03 
L -9857785-02 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 
DEPTH 

0 
25 
SO 
75 

100 

MERSURED 
-356 
-318 
-276 
-234 
-193 

COMPUTED 
.359 
-314 
-272 
-230 
• 109 

SURFACE ARTICLE VELOCITY 
247 



n/n 

PROBLEM UH — 1 MAY 197J 

PERK PARTICLE VELOLITY RTTENURT10N 
OVERPRESSURE IS 100 PS[ BRODE HRVE 
HRLP LORD TIME = I.Q76664E-01 SEC. 
NORMALIZED HRLF LORD TIME = 1.196S16E-Q1 
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PROBLEM HH — 1 MAY 197Û 

.4 

BILINEAR MODEL- Mi(PSI) =4.2016^+01} 

M2IPSI) =1.2920986+05 
CURVILINEAR MCDEL- 

RAYLIEGH LINE SLOPElPSI) 
HU60NIÖT NONLINEARITY FACTOR : 

MAXIMUM UNLOAD SLOPE 

ZETA 

4.738H38E+04 
2.120566E-01 
1.9M10H7E+05 
2-441L76E-01 
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BEST BILINEAR MODEL 

PROBLEM 12H -- 1 MRY 197J 

NUMBER OF DATA POINTS. N=L03 . M= 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

5.QOOOOQE+QO 
1.22S203E+03 
l.8i«W22E+03 
1.9397B5E-01 

FITTING ERRORS 

Ej = 9.966H71E-01 
E3 = 4.4E«+675E-05 
Ea = 9.98064QE-Q1 
E7 = 7.119933E-03 

Ee = 2.3043B5E-03 
= 6-651973E-03 

Eb = 3.82S344E-03 
Eb = B.437970E-02 

DISPLACEMENTS AFTER 200 MSEC- IN FEET 

DEPTH MEASURED COMPUTED 
0 .532 .539 

25 .480 .478 
50 .424 .420 
75 .368 .364 
100 -313 .310 

NORMALIZED TIÆ 

SURFACE PARTICLE VELOCITY 
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PROBLEM 12H — 1 MAY 1970 

.6 

. MEASURED VRLUES- 

BILINEAR APPROX* * * ♦ 

--1-1-1-1 i I i i 
0 40 BO 120 160 

DEPTH. FEET 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 200 PSI BRODE WAVE 

HALF LOAD TIME = 6-649772E-02 SEC- 

NORMALIZED HALF LOAD TIME = 7.07«f22SE-02 
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PROBLEM 12H — ] MflY 1970 

BILINEAR MODEL- MKPSI) rS-SiSSOE+OY 

H2(PSI) =1 • 143730E+05 
CURVILINEAR MODEL- 

RAYLIEGH LINE SLOPE!PSI ) = 
HUGONIOT NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

6.497937E+0Y 
2.677390E-01 
2.661805E+05 
2*441I76E-01 
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BEST BILINEAR MODEL 

PROBLEM 13H — 1 MAY 1970 

NUMBER OF OflTR POINTS. N=10L . Mr 99 

MATERIAL PROPERTIES DENSITY = 
SHOCK VELOCITY = 
SOUND VELOCITY = 

ZETA = 

5-OOOOOOE+OO 
1.43U68E+03 
l.932827E+03 
L .491260E-01 

FITTING ERRORS 

El = 9.9B4614E-01 
E3 = 6.956S52E-05 
E8 = 9.959436E-01 
E7 = 9.22B900E-02 

Ee = 3-0947392-03 
E, r 8.3H0595E-03 
Eb = 8.096252E-O3 
E§ = 3.037910E-01 

DISPLACEMENTS AFTER 200 MSEC. IN FEET 
DEPTH MEASURED COMPUTED 

0 *815 .811 
25 .741 .723 
50 .663 .644 
75 .588 .571 
100 .514 .502 
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PROBLEM 13H — 1 MHY 1970 

PERK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS 500 PS[ BRODE WAVE 

HALF LORD TIME = 2.531964E-02SEC. 
NORMALIZED HALF LOAD TIME = 2.322903E-02 
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PROBLEM 13H ~ 1 MRY 1970 

PRESSURE-STRAIN RELATIONS 

DiutnuTi nuucL- nur&lJ =7.11 IBSEE+O^ 

M2(PSÜ =1.297I60E+05 
CURVILINEAR MODEL- 

RAYLIEGH LINE SLOPE(PSI) = 

HUBONIOT NONLINEARITY FACTOR = 

MAXIMUM UNLOAD SLOPE = 

ZETA = 

l.OOOOOOE+05 
3.QOOOO0E-O1 

4.096366E+05 

2-441176E-01 
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BEST BILINEAR MODE' 

PROBLEM IMH — 1 >riY 1970 

NUMBER OF DATA POINTS. N= B7 . M= 99 

fiflTERIRL PROPERTIES DENSITY = 

SHOCK VELOCITY = 

SOUND VELOCITY = 

ZETR = 

S.QQOOOQE+OO 
l.635817E+03 

2.1467B4E+03 

1-350835E-01 

FITTING ERRORS 

E! = 

E5 = 

E7 = 

9.971475E-01 

I.TS^LEIE-OH 
9.970H1HE-01 

E.asagfQE-oi 

Ez = 

E, = 

E. = 

E, = 

5.696769E-Q3 

I-3I305BE-Q2 

5 • 90B375E-03 

4.770O12E-O1 

D1SPLRŒPENTS HFTER 200 MSEC- IN FEET 
DEP'H 

0 

25 

50 

75 
¿00 

MEASURED 

1-095 

1-005 

-910 

.818 

.729 

COMPUTED 

1-082 

-966 

.866 

.776 

.693 

15 r 

o 
UJ 
to 

ti 
u_ 
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PROBLEM 14H — 1 MflY 1970 

DEPTH. FEET 

PEAK PARTICLE VELOCITY ATTENUATION 

OVERPRESSURE IS LOGO PSI BRODE WAVE 

HALF LORD TIME = 1.4IS069E-02SEC. 

NORMALIZED HALF LOAD TIME = 1.179224E-02 

257 
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