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SHIELDING FACTORS FOR UNDERGROUND SHELTERS
OF VARIOUS GEOMETRIC SHAPES

Y-FO 11-05-329

Type C

by

J. C. LeDoux, L. K. Donovan

OBJECT OF TASK

To improve existing knowledge of gamma and neutron shielding properties of
shelters in order to fill gaps in nuclear shielding knowledge.

ABSTRACT

This study investigates the additional nuclear shielding from an isotropic (plane)
radioactive gamma source afforded by various shapes of underground curved-roof
shelters compared to the basic slab shield. This additional shielding is defined in
the form of a dimensionless Geometry Factor which is a function of the physical
dimensions and shape of the shelter.

Curves are presented from which the Geometry Factors for the underground
shelter shapes of spheres, horizontal cylinders, ellipsoids, and vertical cylinders or
silos can be obtained with minimum calculations using only the physical dimensions
of the shelter and the depth of material above the crown of the shelter.

The Geometry Factors thus obtained are independent of material and photon
energy except in the case of the silo and can be used as dimensionless factors once
the attenuation for a slab shield has been calculated for a particular set of radio-
logical conditions and materials.
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INTRODUCTION

The U. S. Naval Civil Engineering Laboratory is charged by the Bureau of
Yards and Docks with the responsibility of developing design principles for the
construction of atomic warfare shelters for use by the Naval Shore Establishment.

The simplest shielding configuration for nuclear radiation is a plane slab, and
this case has been taken as basic. Much work has been done for slabs with both
isotropic and plane collimated sources at varjous angles of incidence. Since actual
underground shelter geometry may be quite different from slab geometry, the shield-
ing effectiveness of other configurations needs to be known. This report is a study
of the effectiveness of underground structures of various curved roof shapes as shields.

BASIC ASSUMPTIONS

The following assumptions have been made:

1. The shelter is buried in a semi-infinite mass of earth so that the distance
from the crown of the structure to the surface of the ground is tm.

2. The source of radiation is a plane, equally distributed, isotropic source of
gamma photons located on the surface of the ground.

3. The surface of the ground is smooth and infinite in extent.

DESCRIPTION OF THE PROBLEM

It is assumed that there is a shelter buried below an infinite plane source of
gamma photons. Figure 1 is a sketch of the most general case considered. This
shape is a hemi-ellipsoid whose axis radii are h, b, and c. In all cases only the

dose to the central point, P, in the shelter will be considered. One method to
determine the total dose to point P from the entire infinite plane is to sum up the
contribution from all points in the plane.



Thus, the dose at point P from the differential area dA at point P2 in the source
plane will be:

Sf dA -a1•

D2 = Br e 
(1)

47r R2

where: D2 = dose received at P from P2 , r/hr
2

S =strength of the gamma source, photons/cm -sec

f = conversion factor, r/hr/photons/cm -sec

R = distance from source point to detector, cm

Br = build-up factor for geometry

u. = linear absorption coefficient for soil, cm-1

U• = linear absorption coefficient for air, cm-

a

t = thickness of soil between source point and detector, cm

R1 = distance from dose point to surface of shelter, cm

The dose, then, from the entire infinite plane would be:

D =.f O Bre dR (2)

2 fh+t r R
m

2

j



Referring to Figure 2, which is the plane section through P and P2/ it can be
seen that the shield mass con be considered in two parts: (1) a slab shield of thick-
ness tm and, (2) an additional mass bounded by the slab shield and the surface of the
shelter. The distance t of the exponential term of Equation 2 can be separated into
two terms, t1 and t2 . Regardless of the shape of the shelter, as long as it is concave
downward, the value of t1 can be expressed as a function of t and the central angle
Ssince it is symmetrical about the vertical axis, thus: m

t .t1 Msece (3)

By similar reasoning, the distance from the dose point, P, to the underside of
the slab shield would be: h seco. Converting to spherical coordinates, the distance
R1 (dose point to roof of shelter) would be:

[sin2 4cos2 o + sin2  sin 2  + (4)1=c2 b2 h2

the distance t in Equation 2 can now be expressed as:

t = tm sec + h sec - R1  (5)

3
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Figure 2. Plane section through points P and P2 of Figure 1.
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Since only concave downward cases will be considered in this report, the
special case of the uniform slab shield of infinite extent will provide the least
attenuation of the gamma radiation. The slab shield then will be the basic configu-
ration against which all other cases will be compared. The geometry factor, GF,
will be defined as:

D
G F gs (6)Ds

where: Dgs = gamma dose through shield of geometric shape being considered

Ds = gamma dose through slab shield of thickness tm

Thus, only the factor under the integral sign of Equation 2 need be considered
further, since Sf/2 will be common to all cases.

BUILD-UP FACTOR

The build-up factor is the most questionable quantity in the numerical computa-
tion of the geometry shielding factors for shelters of various shapes. It has been
defined as the ratio of some measurable property of the photon beam (i.e., inten-
sity, number of photons, energy-flux, or biological dose), when the effects of all
quanta are included, to the measurable property obtained when only the uncollided
flux is considered. Consequently, it is possible for the sake of mathematical devel-
opment to define the build-up factor in terms of the geometry being considered. A
mathematical formula has practical application only when numbers are substituted
in it to determine some real quantity. It was necessary therefore to utilize available
build-up factors for the numerical integration used in this report.

To arrive at the attenuation integral, an integration or numerical summation
over point isotropic sources was used. Consequently, the dose build-up factors for
point isotropic sources derived by the moments method were used. 1 These build-up
factors were derived from the assumption that the source and detector were located
in an infinite, homogeneous medium, and the error involved in applying these
build-up factors to finite and even specific geometries must be considered.
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in the actual situation being considered, where the detector is located deep
in a shelter cavity at some depth within a semi-infinite medium, using point iso-
tropic build-up factors for an infinite medium introduced little if any error. This
can be qualitatively explained as follows. The semi-infinite assumption should use
a smaller build-up factor than the infinite medium since we are neglecting the
photons which are emitted upward from the source and then are scattered back down
toward the detector. But since these photons have been scattered at large angles
and have been degraded in energy, they will be absorbed sooner than those photons
emitted downward toward the detector, and their contribution to the dose at the
detector for depths of two mean free paths (at the degraded energy) should be almost
negligible. The greatest error would result when a vacuum existed above the semi-
infinite medium. In an air-soil medium, photons will also be back-scattered from
the air, but the difference then between a soil-soil interface and an air-soil interface
should be negligible.

Berger and Doggett 2 have shown that the difference between a finite slab and
a semi-infinite slab is also very small. The difference between the two decreases as
the photon energy increases and as the thickness of the slab increases. For example,
the dose build-up factor for a slab of iron 2 mfp thick and for photon energy of I Mev
is only 10 percent less than for a semi-infinite medium; for 16 mfp and 10 Mev the
difference is only 2 percent.

The situation being considered approaches the semi-infinite medium more than
it does the finite slab case, since the soil medium continues below the shelter floor
and the minimum shield thickness is 2 mfp. Consequently, for slab geometry the
error in using the point isotropic build-up factor is considered to be less than 10 percent.
For the other shelter shapes studied, the concave downward geometry approaches the
semi-infinite case even more than slab geometry and is equal to the semi-infinite case
when the shelter radii equal zero.

Since the end result of this report is the geometry shielding factors obtained by
the division of two quantities containing these build-up factors, an inherent error
in them would tend to cancel out. Finally, Goldstein 3 indicates that the accuracy
of the attenuation coefficient, [L, is even more critical than the build-up factor.
He states, "An error of 2% in 4 means a 22% change in the unscattered dose at 10 mfp
and 50% change at 20 mfp. The uncertainties in the build-up factors are thus over-
shadowed by those of a."

6



BUILD-UP FACTOR APPROXIMATIONS

Goldstein and Wilkins 1 give a specific number for the build-up factors for
each photon energy, shield thickness (mfp), and shield material. These numbers
can be plotted to give curves of build-up versus energy or versus depth in mfp. In
order to handle these functions as part of the uncollided flux equation for gamma
photons, the curves must be represented by mathematical equations. If the build-
up factor is represented by an exponential equation, the manipulation of the basic
equation is simplified since it is also exponential in nature. Taylor 4 recognized
this when he postulated the following equation for the build-up function:

Br = A exp(-a 1 gix) + (1 - A) exp(-a 2 Ix) (7)

where A, a1, and a2 are parameters dependent upon energy and material; and Ix
is the shieli thickness (mfp). Table I lists the values of the parameters A, a,, and
a2, which Taylor assigned for concrete so that this equation would match the values
for the point isotropic build-up factors. Taylor's equation will yield values that are
within 5 percent of the values given by Goldstein and Wilkins.

Table 1. Values of A, al, and a2 for Concrete and a Point Isotropic Source for the
Taylor Build-up Function: -a 1 4x -a2/4x

Br = Ae + (!-A)e2

Photon
Energy, Mev 1 2

0.5 12.5 0.1110 0.0100
1.0 9.9 0.0880 0.0290
2.0 6.3 0.0680 0.0580
4.0 3.9 0.0590 0.0780
6.0 3.1 0.0585 0.0830
8.0 2.7 0.0570 0.0855

10.0 2.6 0.0500 0.0835
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Taylor's equation is cumbersome, however, when a numerical calculation
must be done. With over 5,000 separate calculations needed to obtain the results
of this report, the use of the Taylor equation would have increased this effoC• by a
factor of two.

Consequently, a simpler build-up factor function has been used:

B = B emt (8)r o

This appears to be an oversimplification, but, for depths of 2 to 20 mfp, it has proved
to furnish results within 3 percent of results computed by the Taylor formula. The
values of Bo and m were derived as shown in Figure 3. This figure indicates a build-
up curve for energy E versus depth in mfp. A straight line is drawn intersecting this
curve at 2 and 20 mfp. Bo then is the intersection of this straight line with the axis
and is always greater than 1. The slope of the line is m. Since Bo is a constant for
a particular energy photon, it can be factored out of the integral. The combination
of g and m results in an "effective" linear attenuation coefficient M.- Values of Ai
versus energy are given in Table 11. Using this simplified build-up factor formula,
all computations could be done on the basis of mean free paths and all data plotted
as a function of gt (mfp). Consequently, the photon energy is not required until an
actual problem is worked. The geometry shielding factors are valid then for both
fallout radiation or initial radiation. Table Ill is a comparison of the geometry fac-
tor for a sphere using the Taylor build-up factor formula and the simplified formula
used in this report. The largest error is less than 3 percent.

In view of the fact that the thickness of soil shield being considered will be
from a gt of 2 to 20 mean free paths, the attenuation of the gamma photons in the
few feet of air within the shelter will not be significant and will be neglected.

Before formulating the general problem, the following substitution will be
made:

i= j-m

h
p c

h
qpb

8
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Figure 3. Build-up factor versus material thickness for a
particular photon energy.
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Table II. Values of 14/p, g, lil/p, and f1 for Gamma Photon Energies
from 1 to 10 Mev for Soil Density of 1.7 g/cc

Photon 4/p g/cm2  / ft- 1  4./p g/cm2  Ali ft- 1

1.0 0.0635 3.28 0.0580 3.00
2.0 0.0445 2.30 0.0410 2.12
4.0 0.0317 1.64 0.0290 1.50
6.0 0.0268 1.28 0.0245 1.27
8.0 0.0243 1.25 0.0217 1.12

10.0 0.0229 1.18 0.0200 1.03

Table Ill. Comparison of B = Bo emt and B = Ae 1  + Be

E 4t gih GF GF Errors % Errors

1.00 2 10 0.225 0.220 -2.2
1.00 6 10 0.414 0.425 +2.1
1.00 10 10 0.524 0.540 +2.9
6.00 2 10 0.220 0.220 0
6.00 6 10 0.435 0.,425 -2.3
6.00 10 10 0.526 0.540 +2.6
1.00 2 15 0.167 0.165
1.00 2 20 0.132 0.130
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We will now define I as the integral portion of Equation 2. The SfBo/2 is
dropped since it is a common factor for all cases. Thus, the general case can be
represented by:

-= exp- 1• sec + gih ec (p2 sin2cos2 0h+ tm f

q2 sin 2  sIn 2  + cos2 ) -1/2 dR (9)

R

h 
R

Figure 4. Schematic section of shelter dimensions.

Using Figure 4, it can be shown that for small increments of d ¢ the following
identity holds:

dR
tan 0 d = dR (10)
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Letting F(O, 0) = p2 sin 2 0cos2 0 + q2 sin2 sin 2 0 + cos 2 0, Equation 9
becomes:

00

S= h + ~ Cexp 1 [ tm sec• + 4i h sec• - h F (0, 0) tanodo (11)

m

Specific Cases: Referring back to Figure 2, the values of t1 and t2 are:

ti = tm secO

t2 = h [sec 0 - F(O, 0)]

The various specific cases can now be generated by assigning specific values
to p and q. The cases considered in this report are:

(1) Slab: p q = 0

tI t sec1 m

t 02 0

(2) Sphere: p = q = 1

t = tm sec

t = h (sec• - 1)

12



(3) Horizontal
Cylinder: p = 0,q 1

t1 = tm sec

-1/2

t2 = h [sec - (sin 2 sin 2 0 + cos 2 •) ]

(4) Paraboloid: p = q 1 # 0

ti = t m sec

t2=h [sec( - (q2 sin2 + Cos? 1/2

(5) Ellipsoid: p q 1 0

t I tm sec 0

S2 h [sec - (p2  sin 2 k cos 2O

+ q2 sin 2t sin 2 O0 + cos2t)-1/2]

(6) Vertical Cylinder: See Appendix A.

SOLUTION OF THE PROBLEM

Numerical Integration

The solution of Equation 11 is desired for the various specific cases being
considered. An exact solution by integration is only possible for the simple slab
and spherical cases. For the others, numerical integration must be used. In order
to perform this integration the source plane will be divided into a number of con-
centric rings, centered over the dose point, P. Each of these rings will be determined

13



by the central angle • to account for the dependence of the equation on ). The
plane will be further divided into sectors to provide for the dependence on the
angle 0. This is illustrated by Figure 5. Each small area will then be considered
as a separate dose source area, as indicated in Figure 5, Area An- This area is
defined by the angles, On - On +l ; On - On+

For purposes of the numerical integration, equal angle increments of 5 degrees
for 0 were used up to 65 degrees (contributions no longer significant), and 15-
degree sectors were used for 0. The numerical integration was checked against the
exact integration (Table IV) for the slab and sphere cases to test the accuracy of
using the 5-degree increments. The error was less than one percent. This is suffi-
ciently accurate for the purpose of this study. Again the fact that the slab case is
used as a basis of comparison for all other cases would tend to cancel out any error
involved.

Table IV. Comparison of Exact and Numerical Integrations for
Slab and Sphere Cases

SLAB SPHERE
/t1m

Exact Numerical Exact Numerical

2 4.89 x 10-2 4.88 x 10-2 1.04 x 10-2 1.04 x 10-2
4 3.78 x 10-3 3.77 x 10-3 1.21 x 10-3 1.21 x 10-3
6 3.60 x 10- 4  3.58 x 10-4 1.47 x 10-4 1.45 x 10-4

8 3.76 x 10-5 3.74 x 10-5 1.76 x 10-5 1.75 x 10-5

10 4.16 x 10-6 4.13 x 10-6 2.16 x 10-6 2.14 x 10-6

14



Figure 5. Area division of slab source for integration purposes.
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Exact Integration

The integrations of the slab and sphere, based on the same general assumptions
which have been made for this study, have been done previously in NCEL Report
TR-025 by J. C. LeDoux, 5 and are merely presented below:

Sf B
D (Slab) = 2 E1 (Ii tin) (12)

Sf B h

D (Sphere) = e E1 (/J, Rm) (13)2 r

where E1 (pi tin) and E1 ("i Rm) are exponential integrals of the general form,

E1 (A~x) = r /00 -t dcn e d

and: Rm = h + t m

These solutions were used to check the numerical integrations for the same
cases in order to check the accuracy of the results and the choice of the 5-degree
increment. Table IV is a comparison of the exact integration and the numerical
integration. The constant factor SfBo/2 has not been included in either case. The
difference in all cases is less than one percent. Based on this comparison, it is
assumed that comparable accuracy is maintained for all other cases.

16



GEOMETRY FACTOR CURVES

The geometry factors (GF) for various shapes, semi-ellipsoid, horizontal
cylinders, and vertical cylinders are presented in the form of curves.

Ellipsoids

Figure 6 is a curve which fits the data for the ellipsoid-type shelter. It has
a maximum error of 10 percent and an average error of 1 .0 percent from the computed
data (Appendix A). The curve is a plot of GF vs t/(t + Fh), where t is the depth of
earth cover over the crown of the shelter arch, h is the height of the shelter, and
F is an empirical factor which depends on the ratio of the height of the shelter to
the major and minor axis radii of the floor ellipse. This function, t/(t + Fh), was
used since it produced the best grouping of the ellipsoid data on a single curve.
The derivation of this function is described in Appendix A.

F is obtained by entering the value of (p2 + q2)/2 in Figure 7.
_h

where: p c

h

q� b

and: c the major axis radius

b the minor axis radius

The curve (Figure 6) is also valid for a sphere or a slab, since F 1 for a
sphere, and F = 0 for a slab.

Horizontal Cylinders

Figure 8 is a curve of GF vs t/(t + Fh) for shelters of the horizontal cylinder
type. This horizontal cylinder does not have to have a uniform radius. F in this
case is:

F p2
2

since: q = 0

h
where: p = -c

and: h = height of shelter

c = horizontal distance from center of shelter floor to outside arch

17
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Figure 6. Geometry factors for ellipsoid type shelters vs t/(t + Fh),
where F = [(p2 + q2 )/2 ] from Figure 7.
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Figure 7. Factor F vs (p2 + ci2)/2.
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Vertical Cylinders

Figure 9 is a plot of the GF for vertical cylinders (silos) vs r A/h for various
values of jti t, where ro is the radius of the cylinder, h is the heig•lt of the cylinder,
and i. t is the mean free paths of soil above the roof of the silo. The vertical silo
case takes into account radiation coming from the roof and also from the sides.
Appendix A points out that if the roof contribution alone is considered as the contri-
buting source, the maximum error would be only 5 percent. Thus, the OCDM manual
for aboveground structures could be used for silos using only the roof contribution.

Examples

Some examples of geometry factors for various exact shapes using Figures 6,
8, and 9 are given in Appendix B.

CONCLUSIONS

The geometry factor, which has been derived in this report, can now be used
to determine the additional nuclear shielding provided by the physical shape of
concave downward underground structures as compared to a simple slab shield. The

-- its of one shape can be evaluated against that of another and the best one chosen
on the basis of its shielding, consistent with the blast design.

RECOMMENDATION

It is recommended that limited experiments be performed to verify the results
of this theoretical study.
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Appendix A

REDUCTION OF DATA

SPHERE, HORIZONTAL CYLINDER, AND ELLIPSOID DEVELOPMENTS

All of the machine calculations are presented in Tables V and VI. This is
merely the tabulation of the solution of Equation 11 for the various cases. This
data is then used to calculate geometry factors (Tables VII - IX) for the various
cases considered.

In order to make the results more useful, it would be advantageous if the
geometry factor could be plotted as some function of the various parameters upon
which it depends; i.e., h, tml p, q, and /t. The only cases which can be inte-
grated exactly are the slab and hemisphere. Consequently, an exact expression
for the geometry factor for a sphere can be obtained. Using Equations 12 and 13,
we find that the geometry factor for a sphere is:

xi-h
e E1 (E - Rm)

G F - E l (ui .tin

eXIfwe let: E1 (x) = - F(x)

then: GF L .i (14)
4i tm + /fh F(it tm)

F(tI R M)
since: m 1, the geometry factor for a sphere would be:

F (ji 1 tm)

(tm + h) (15)

This is the same geometry factor previously derived in Reference 5 for a sphere.
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It is assumed that the GF For other shapes would have a form similar to
Equation 15. The actual attenuation integral (Equation 11) is very complex so
that it is impossible to reduce the data to a simple mathematical equation such
as Equation 15.

We do know that Equation 15 very closely satisfies the GF for a sphere. The
GF for a slab is equal to one by definition. Equation 15 can be modified to satisfy
a slab by the introduction of a factor F, thus:

GF - t (16)(tm + Fh)

where: F = 0 for a slab, or 1 for a sphere

If we examine Equation 11 further we notice that it depends also on the factors
p 2 and q2 . F is actually some perturbation on the height of the shelter h and there-

fore should depend on the p2 and q2 values in some fashion. Let us try:

F (P2 + q 2 ) (17)
2

This satisfies the slab and sphere conditions since:

p = q = 0 for a slab

p = q = 1 for a sphere

Using Equation 17, a plot of GF versus t/(t + Fh), where t will now be used
for tmi shows that the computed data for horizontal cylinders is satisfied by this
function of F, since all points plot very close to a single line (Figure 10). The
best fit of these points has been used to produce Figure 8.

The data for the ellipsoid and silo cases scatters considerably from a single
line. In order to determine if F could be represented by some other function besides
Equation 17, a plot was made of Equation 16 choosing values of F ranging from 0.01
to 10 for a 4h of 10, and for various values of IJit. Figure 11 is this plot. Now if
the computed values of GF From Table VII are plotted on these curves, we find that
they plot as nearly horizontal lines. This means that there is some constant value
of F which satisfies the various ellipsoidal cases.
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This value of F was then plotted against the first guess, (p2 + q2)/2, and
yielded a straight line on log log graph paper, Figure 7. Using the values of F from
Figure 7 in Equation 16 brought the values for ellipsoidal shelters close to a straight
line, Figure 12. The best fit through these points is the curve of Figure 6. The best
fit has a maximum error of 10 percent and an average error of one percent from the
computed data.

Computed values of GF for a gih of 15 are listed in Table VIII.

VERTICAL SILO DEVELOPMENT

In the case of the vertical silo, it can be seen from Figure 13 that t2 = 0
when 0 <= 0c and that t2 = h sec - ro csc 0 when 0 is greater than 0c where

0lc arc tan ro/h.

Therefore, the integration for various values of ro and h was done in two parts.
Consider first when q0 _ (Pc and t2 = 0. Equation 11 is greatly simplified:

GoR
exp- (Ai tm sec0) R

h+ t
m

where: R = R1 + t1

R
from Figure 13: sect - h + tm

4zi tm

Now let: Uaj = h + t
J h~tm

Then Equation 18 becomes:

(h + t)sec 0 d (A.R)

T= h exp- (A. R) J (19)
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which is the form of the exponential integral. It can be easily shown then that:

1= E, [ t(h+t)]m - E1 (i. (h+tm)] sec• (20)

Substituting for the value of [L in Equation 20 we have:

I= E1 (P i tm) - E1 (4 i tm sect) (21)

Now let us consider when k > Oc" Equation 11 becomes:

co

(h'= ) sec exp [-4i (tm + h) sec• + 41; ro csc • ]• (22)
(h+ trn) sec

Now if we let dR/R = tan d as before, then Equation 22 becomes:

exp [--i (tin + h) sec + jLl ro csck]1 tan0 dl (23)

Equation 23 was numerically integrated by machine, using increments for • of 5 degrees
until the contribution was negligible. The sum of the results from Equation 23 and
Equation 21 for each case was divided by the slab case E1 (4Ji tm) in order to give
the geometry factors as defined above.
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Figure 13. Schematic of vertical silo configuration.

Table IX lists the geometry factors obtained for various values of ro, h, and
4i tm" Figure 9 graphically displays the results, plotting geometry factor versus
the ratio ro/h for various thicknesses of material in mfp. The last column of Table IX
is the geometry factor when only Equation 21 is used. It can be seen that the largest
variation is only 5 percent, occurring at one of the less important cases.

The value of Iii tm is calculated for the particular energy involved. Table I1

lists the values of gi/p, and Ji for soil of density 1.7 gm/cc versus photon energy.
Knowing the density of the soil to be used and multiplying 4i/P by this density,
[Li trn can be calculated in any appropriate units for use as input to Figure 9.
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Table IX. Geometry Factor for Silo Case

Jro 01h [Lit GF GF'

10 15 2 0.4404 0.4184
4 0.6421 0.6184
6 0.7675 0.7466

10 0.9002 0.8877
14 0.9566 0.9500
18 0.9809 0.9777

10 25 2 0.1945 0.1904
4 0.3157 0.3100
6 0.4167 0.4101

10 0.5748 0.5676
14 0.6893 0.6827
18 0.7727 0.7670

10 35 2 0.1047 0.1043
4 0.1763 0.1757
6 0.2410 0.2402

10 0.3544 0.3535
14 0.4505 0.4495
18 0.5322 0.5311

10 50 2 0.0532 0.0532
4 0.0914 0.0914
6 0.1273 0. 1273

10 0.1943 0.1943
14 0.2560 0.2560
18 0.3128 0.3128
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Table IX. (Continued)

(page 2 of 5 pages)

Aro  gh [Lt GF GP'

10 75 2 0.0246 0.0246
4 0.0426 0.0426
6 0.0600 0.0600

10 0.0936 0.0936
14 0.1258 0.1258
18 0.1568 0.1568

10 100 2 0.0137 0.0137
4 0.0239 0.0239
6 0.0339 0.0339

10 0.0531 0.0531
14 0.0720 0.0720
18 0.0904 0.0904

15 15 2 0.6837 0.6677
4 0.8692 0.8586
6 0.9448 0.9390

10 0.9898 0.9885
14 0.9981 0.9979
18 0.9992 0.9991

14 25 2 0.3704 0.3636

4 0.5569 0.5489
6 0.6859 0.6783

10 0.8409 0.8354
"14 0.9190 0.9156
18 0.9586 0.9567

15 35 2 0.2263 0.2250
4 0.3473 0.3454
6 -G0.4549 0.4528

10 0.6185 0.6163
14 0.7325 0.7306
18 0.8123 0.8107
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Table IX. (Continued)
(page 3 of 5 pages)

tro ih [J GF GF'

15 50 2 0.1141 0.1141
4 0.1915 0.1915
6 0.2609 0.2608

10 0.3812 0.3811
14 0.4815 0.4814
18 0.5656 0.5653

15 75 2 0.0532 0.0532
4 0.0914 0.0914
6 0.1273 0.1273

10 0.1943 0.1943
14 0.2559 0.2559
18 0.3128 0.3128

15 100 2 0.0305 0.0305
4 0.0528 0.0528
6 0.0741 0.0741

10 0.1165 0.1165
14 0.1540 0.1540
18 0.1912 0.1912

20 15 2 0.8320 0.8247
4 0.9582 0.9555
6 0.9893 0.9885

10 0.9993 0.9992
14 0.9999 0.9999
18 0.9999 0.9999

20 25 2 0.5367 0.5300
4 0.7427 0.7367
6 0.8555 0.8511

10 0.9538 0.9519
14 0.9851 0.9844
18 0.9952 0.9949
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Table IX. (Continued)
(page 4 of 5 pages)

Jiro jh t GF GF'

20 35 2 0.3407 0.3385
4 0.5196 0.5170
6 0.6493 0.6467

10 0o,8097 0.8077
14 0.8968 0.8955
18 0.9439 0.9431

20 50 2 0.1906 0.1904
4 0.3102 0.3100
6 0.4104 0.4101

10 .. ,..0.5680 0.5676
14 0.6830 0.6827
18 0.7,672 0.7670

20 75 2 0.0920 0.0920
4 0.1556 0.1556
6 0.2137 0.2137

10 0.3173 0.3173
14 0.4069 0.4069
18 0.4846 0.4846

20 100 2 0.0532 0.0532
4 0.0914 0.0914
6 0.1273 0.1273

10 0. 1943 0. 1943
14 0.2559 0.2559
18 0.3128 0.3128

25 15 2 0.9137 0.9113
4 0.9876 0.9872
6 0.9982 0.9981

10 0.9999 0.9999
14 0.9999 0.9999
18 0.9999 0.9999
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Table IX. (Continued)
(page 5 of 5 pages)

Ilro -h At GF GF'

25 25 2 0.6723 0.6677
4 0.8632 0.8586
6 0.9406 0.9390

10 0.9889 0.9885
14 0.9979 0.9979
18 0.9996 0.9996

25 35 2 0.4628 0.4605
4 0.6667 0.6643
6 0.7911 0.7891

10 0.9172 0.9162
14 0.9670 0.9666
18 0.9868 0.9866

25 50 2 0.2759 0. 2756
4 0.4332 0.4328
6 0.5543 0.5538

10 0.7232 0.7228
14 0.8278 0.8275
18 0.8927 0.8925

25 75 2 0.1383 0.1383
4 0.2298 0.2298
6 0.3102 0.3102

10 0.4452 0.4452
14 0.5358 0.5358
18 0.6408 0.6408

25 100 2 0.0814 0.0814
4 0.1383 0.1383
6 0.2000 0.2000

10 0.2932 0.2932
14 0.3753 0.3753
18 0.4419 0.4419
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Appendix B

EXAMPLES OF CONiUOUTED GEOMETRY FACTORS FOR VARIOUS SHELTERS

1. Horizontal Cylinder

h r
F-c r

P2

= 5feet 2 2

r 12 feet t 50.455
_t + Fh 5 + 1(12)

2

2. Sphere

h
p 

1
C

t 5 feet q 1

From Figure 7, F = 1

r 12 feet t 5 0.294

t + Fh 5 + 12

Thus, from Figure 6, GF = 0.348
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3. Ellipsoid

_ h _ 1 2
p =-- = 0"8

c 15

= h _ 12 = 0.48

q b 25

p +q 2  0.64+0.23
2 = 2 = 0.435

From Figure 7, F = 0.475

t 5
S 1 t 5 =0. 467

T + Fh 5 + (0.475)12

Thus, from Figure 6, GF 0.51
r = 15 feet

rb = 25 feet

b/

4. Cattle Pass

h
p - 0

C

h 8
t=5feet q 2.677

b 3

q2
3,56

h =8 feet 2
From Figure 7, F = 3

= 0.172
r b ~3 feet t + Fh 5 + 3(8)

From Figure 6, GF = 0.225
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5. Silo

r
0= -0.48
h

A. Fallout: E - 1.0 Mev

77= 5fetsoil: p 1.7 gm/cct= ,5 feet

From Table I: Ai = 3.00 ft- 1

41 t = 3(5) = 15
h 25 feet From Figure 9, GF = 0.825

B. Initial Radiation: E • 6.0 Mev
r= 12 feet

Soil: p = 1.7 gm/cc

From Table If: gi = 1.27ft-1

4 t = 1.27 (5) - 6.35

From Figure 9, GF = 0.565

(
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