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A SUMMARY OF SHIELDING CONSTANTS FOR CONCRETE 

by 

R. L. Walker and M. Grotenhuis 

ABSTRACT 

This r epor t is intended to fulfill the need to consol­
idate, classify, and rev ise the p resen t knowledge of the 
shielding constants of conc re t e s . The dens i t i es , e lementa l 
composi t ions, and mixes , where available, a r e given for a 
wide range of concre tes . F r o m these data, var ious constants 
useful for shielding calculat ions have been computed. These 
constants include the remova l c r o s s sect ions, total c r o s s 
sect ions , average t h e r m a l n e u t r o n absorpt ion c r o s s sect ions, 
t he rma l neutron diffusion coefficients, r ec ip roca l t he rma l 
neutron diffusion lengths, total gamma ray l inear attenuation 
coefficients, g a m m a - r a y energy absorpt ion l inear attenuation 
coefficients, the effective atomic numbers for the d e t e r m i ­
nation of buildup fac tors , and the capture g a m m a - r a y spec t ra . 
Exper imenta l r esu l t s a r e included where avai lable . 

INTRODUCTION 

Extensive work has been done on the shielding of mobile r e a c t o r s , 
especia l ly in the submar ine and a i rc ra f t propulsion p r o g r a m s . Not near ly 
as much attention was devoted to the shielding of power and r e s e a r c h 
r e a c t o r s , which have shields which a r e composed, at l eas t in par t , of con­
c r e t e . As a resul t , the computation methods and constants for concre te 
shields a r e not quite as well developed as those used in the shielding of 
mobile r e a c t o r s . The shields for s ta t ionary r e a c t o r s a r e not so demand­
ing as those of the mobile plants , but they do r e p r e s e n t an economical 
factor . It is believed, therefore , that additional effort should be expended 
in improving the technology for the type of shields they r equ i r e . This 
work has been undertaken with that objective in mind. This r epo r t r e p ­
r e s e n t s an up- to-da te expanded ve r s ion of a s imi la r effort which has been 
previously r epor t ed .^ ' ^ 

The object of this r epo r t is to consolidate, classify, and rev ise 
cer ta in shielding constants of var ious conc re t e s . The revis ion was n e c e s ­
si tated by the publication of new and rev i sed data upon which these constants 

•'•Grotenhuis, M., Lec ture Notes on Reactor Shielding, ANL-6000 
(March 1959). 

^Reactor Phys ics Constants , ANL-5800. 
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a r e b a s e d . T h e s e r e v i s e d c o n s t a n t s a r e su i t ab l e for s h i e l d d e s i g n w o r k or 
r e - e v a l u a t i o n of p r e s e n t s h i e l d s . The c o m p i l a t i o n p r e s e n t e d is r e p r e s e n ­
t a t i ve of a l l of the known t y p e s of c o n c r e t e s u s e d for sh i e ld ing p u r p o s e s . 
A sh i e ld d e s i g n e r m a y u s e t h i s c o l l e c t i o n to c o m p a r e the c o n c r e t e s b e s t 
su i t ed for h i s p a r t i c u l a r s p e c i f i c a t i o n s . 

• 



PRINCIPLES OF RADIATION SHIELDING 

The p r i m a r y value of this r epor t is in the data . A brief review of 
the pr inc ip les involved in shielding r eac to r radia t ions is given for those 
who may find it useful. 

Types of Radiation 

Radiation is a genera l t e r m applied to nuclear pa r t i c l e s or e l e c t r o ­
magnet ic waves, which are a d i rec t or indi rec t r e su l t of radioact ive decay 
and f iss ion. This radia t ion p r e sen t s a dangerous environment for human 
act ivi t ies and a lso affects m a t e r i a l s and i n s t r u m e n t s . In o rder for a r eac to r 
to be used proper ly , it is n e c e s s a r y to predic t and control the radiat ion 
fluxe s. 

There a r e seve ra l types of radiat ion emit ted from a nuclear r eac to r : 
f ission f ragments , alpha pa r t i c l e s , beta pa r t i c l e s , neut rons , and gamma r a y s 
F i s s ion f ragments , alpha pa r t i c l e s , and beta pa r t i c l e s al l c a r r y a c h a r g e . 
F i s s ion f ragments and alpha par t i c les a r e quite m a s s i v e when considered on 
a nuclear s ca l e . The ranges of these pa r t i c l e s a r e , therefore , quite shor t 
and a r e not usually considered in r eac to r shielding p r o b l e m s . 

Neut rons . The neutron is an e lec t r i ca l ly neu t ra l par t ic le with a 
m a s s of 1.00897 amu (atomic m a s s uni t s ) . Because it is uncharged, it does 
not exper ience a repuls ive force as it approaches a nuc leus . Consequently, 
a neutron loses energy or slows down only if it coll ides -with other p a r t i c l e s . 
The range of a neutron is dependent upon i ts init ial energy and the number 
and type of col l is ions it undergoes . 

F i s s ion neut rons , those which a r e the product of the f ission p r o c e s s , 
may have kinetic energy from 0.025 evto the o rde r of 15 Mev. When they 
escape the r eac to r core , they become a ve ry impor tan t pa r t of the radiat ion 
p rob lem. Any neutron having energy of over one Mev is called a fast neu­
t ron . F a s t neutrons will be slowed down by coll is ions with nucle i . As these 
col l is ions occur, a neutron will lose speed until i ts average kinetic energy 
is the same as that of the medium in which it is located. A neutron which 
is in t h e r m a l equi l ibr ium with a medium is called a t he rma l neut ron . 

Gamma R a y s . Gamma rays differ f rom X rays only in that gamma 
rays a r e nuclear in origin whereas X rays a re a tomic in or ig in . The t e r m 
"photon" is applied to e i ther X rays or gamma r a y s . In a nuclear r eac to r 
there a r e two types of gamma r a y s . P r i m a r y gamma rays or iginate from 
the fission p r o c e s s or a r e given off in the radioact ive decay of the fission 
p roduc t s . Secondary gamma rays originate from the in teract ion of neu­
t rons with m a t t e r . One kind of secondary gamma ray, commonly called a 
capture gamma ray , is given off when a nucleus cap tures a neu t ron . The 
number and energ ies of these gamma rays that a re emit ted per neutron 
capture a r e ve ry impor tant factors in shielding cons ide ra t ions . Secondary 



g a m m a r a y s a r e a l s o g iven off by i n e l a s t i c s c a t t e r i n g of fas t n e u t r o n s wi th 
v a r i o u s n u c l e i . The da t a on the i n e l a s t i c s c a t t e r i n g g a m m a r a y s is not a s 
c o m p l e t e a s i s t ha t on the c a p t u r e g a m m a r a y s . 

R a d i a t i o n A t t enua t i on 

The p r i m a r y ob jec t ive of the s h i e l d e r is to be ab le to p r e d i c t the 
r a d i a t i o n l e v e l s t ha t e x i s t in and a r o u n d the r e a c t o r . Th i s knowledge m u s t 
be app l i ed to the d e s i g n of the r e a c t o r . A knowledge of the r a d i a t i o n l e v e l s 
in the m a t e r i a l s s u r r o u n d i n g the r e a c t o r wi l l be r e q u i r e d in o r d e r to p r o ­
vide the n e c e s s a r y cool ing , to d e t e r m i n e r a d i a t i o n e f fec t s , to d e s i g n n u c l e a r 
i n s t r u m e n t s wi th the p r o p e r r a n g e s , a s we l l a s to s a t i s fy the m o r e obvious 
r e q u i r e m e n t of d e t e r m i n i n g the b i o l o g i c a l s h i e l d t h i c k n e s s . 

N e u t r o n A t t e n u a t i o n . F a s t n e u t r o n s i n t e r a c t wi th n u c l e i a l m o s t e x ­
c l u s i v e l y by s c a t t e r i n g . T h e r e a r e two t y p e s of s c a t t e r i n g . E l a s t i c s c a t t e r ­
ing i s s a id to have o c c u r r e d when only k i n e t i c e n e r g y is t r a n s f e r r e d . Th i s 
r e a c t i o n is i m p o r t a n t wi th l ight n u c l e i wh ich can a b s o r b a l a r g e f r a c t i o n of 
the n e u t r o n k i n e t i c e n e r g y . An i n e l a s t i c s c a t t e r t a k e s p l a c e when the n e u ­
t r o n and n u c l e u s c o a l e s c e to f o r m a c o m p o u n d n u c l e u s , fo l lowed by e m i s s i o n 
of a n e u t r o n a t a l ower e n e r g y . B e c a u s e of the s t a t e of e x c i t a t i o n of the n u ­
c l e u s , it a l s o e m i t s a g a m m a r a y . Th i s is m o r e p r e v a l e n t for the h e a v y 
n u c l e i b e c a u s e of t h e i r n u m e r o u s e n e r g y l e v e l s wh ich p e r m i t t h i s type of 
i n t e r a c t i o n . 

An eff ic ient n e u t r o n sh i e ld r e q u i r e s a b a l a n c e d m i x t u r e of l ight and 
h e a v y n u c l e i . Both s c a t t e r i n g p r o c e s s e s m a y then t a k e p l a c e s i m u l t a n e o u s l y 
The ne t r e s u l t is tha t the s lowing down of fas t n e u t r o n s f r o m high e n e r g y to 
i n t e r m e d i a t e e n e r g y is done m o s t l y by i n e l a s t i c s c a t t e r s wi th h e a v y n u c l e i . 
The s lowing down f r o m i n t e r m e d i a t e e n e r g y to t h e r m a l is a c c o m p l i s h e d 
p r e d o m i n a n t l y by e l a s t i c s c a t t e r s wi th l ight n u c l e i . The p r o c e s s of a t t e n u ­
a t ion i s c o m p l e t e d by the a b s o r p t i o n of the n e u t r o n a t t h e r m a l or n e a r t h e r ­
m a l e n e r g y . At th i s e n e r g y , a b s o r p t i o n b e c o m e s an i m p o r t a n t p r o c e s s . A 
c o n c r e t e sh ie ld , though not the m o s t ef f ic ient , i s an ef f ic ient way to inc lude 
both l ight and heavy n u c l e i in a s ing le m a t e r i a l . It h a s the a d d i t i o n a l f e a ­
t u r e of e c o n o m y r e q u i r e d of n u c l e a r p o w e r p lan t s h i e l d s . 

The a t t e n u a t i o n of f i s s i o n n e u t r o n s in m a t e r i a l s m a y be c o m p u t e d 
by a d a p t a t i o n of the B o l t z m a n n T r a n s p o r t E q u a t i o n . The l o w - e n e r g y 
n e u t r o n s m a y be t r e a t e d by diffusion t h e o r y if the s o u r c e t e r m is a p p r o ­
p r i a t e for l o n g - d i s t a n c e a t t e n u a t i o n . The h i g h - e n e r g y n e u t r o n s m a y be 
t r e a t e d by the T r a n s p o r t Equa t ion , by m e a n s of e i t h e r the M o m e n t s Method, 
Monte C a r l o a p p l i c a t i o n s , o r d i r e c t i n t e g r a t i o n (NIOBE) . In h y d r o g e n o u s 
s h i e l d s the p h e n o m e n o l o g i c a l R e m o v a l T h e o r y m a y be a p p l i e d . Th i s l a t t e r 
a p p r o a c h m a k e s u s e of the n e a r l y e x p o n e n t i a l c h a r a c t e r of fas t n e u t r o n 
a t t e n u a t i o n . 



G a m m a - r a y Attenuation. The attenuation of gamma rays is a ccom­
plished by the in teract ion of gamma rays with m a t t e r . There a r e seve ra l 
ways in which this may occur . The th ree main p r o c e s s e s a r e the photo­
e l ec t r i c effect, Compton sca t te r ing , and pair product ion. The photo­
e lec t r i c effect, in which a photon may collide with an orbi ta l e lect ron, is 
mos t important at low energy . The kinetic energy of the photon is t r a n s ­
fe r red to the e lec t ron which is ejected from its orb i t . As the energy of 
the photon i n c r e a s e s , the collision with an e lec t ron becomes m o r e e las t ic 
and the photon is sca t t e red r a the r than absorbed, although it does give up 
some kinetic energy. This is r e f e r r ed to as Compton sca t t e r ing . If the 
energy of the photon is high enough while it is in the Coulomb field of a 
nucleus or charged par t ic le , it can c rea te a posi t ron and e lec t ron (pair p r o ­
duction). Only 1.02 Mev is requ i red for the formation of the pa i r . Any ex­
cess energy would be t r a n s f e r r e d as kinetic energy to the two pa r t i c l e s 
genera ted . 

The total c r o s s section for gamma r a y s , or the l inear attenuation 
coefficient, is the sum of the individual c r o s s sect ions for the photo­
e lec t r i c effect, Compton sca t te r ing , and pair product ion. The energy-
absorpt ion c ro s s section is the total c r o s s section l e s s that for Compton 
sca t t e r ing . The extents of the photoelectr ic effect and Compton sca t te r ing 
d e c r e a s e with an inc rease in g a m m a - r a y energy, whereas pai r production 
i n c r e a s e s . This means that the total c r o s s section will have a min imum 
value at some energy, and gamma rays at that energy will s t r e a m through 
the m a t e r i a l in g rea t e r numbers than those of other ene rg ie s , e i ther higher 
or lower . 

In genera l , gamma rays a r e at tenuated in proport ion to the atomic 
m a s s of the m a t e r i a l . It is thus advantageous to make a g a m m a - r a y shield 
of the mos t dense m a t e r i a l economical ly feas ib le . 

The basic cha rac t e r of g a m m a - r a y attenuation is exponential in 
n a t u r e . A simple exponential attenuation according to the total c r o s s s e c ­
tion would r e p r e s e n t the uncollided flux. This would a lso be the total flux 
if absorpt ion were the only in terac t ion taking p lace . However, the flux at 
any point is a combination of uncollided and sca t t e red flux. Therefore , a 
cor rec t ion factor, called the buildup factor mus t be applied to the uncol­
lided flux. Buildup factors have been computed and tabulated as a function 
of a tomic number , g a m m a - r a y energy, and the number of re laxat ion lengths 
t r a v e r s e d . 

Shield Design 

An impor tant aspect of the shield design p r o c e s s is to se lec t the 
m a t e r i a l or m a t e r i a l s to be used . In making this select ion, the physical 
p r o c e s s e s of attenuation mus t be kept in mind, as well as the engineering 
p rob lems assoc ia ted . Fo r s ta t ionary plants this select ion becomes s trongly 
dependent on economical cons idera t ions . 



M a t e r i a l S e l e c t i o n . The s e l e c t i o n of a m a t e r i a l for a r e a c t o r s h i e l d 
r e q u i r e s t ha t t h e r e be heavy a t o m s and l ight a t o m s m i x e d in the p r o p e r 
r a t i o . T h i s wi l l i n s u r e t ha t the n e u t r o n s m a y be s c a t t e r e d e l a s t i c a l l y and 
i n e l a s t i c a l l y , and tha t t h e r e wi l l a l s o be p r o p e r a t t e n u a t i o n of the s e c o n d a r y 
g a m m a r a y s . The m o s t e f f ic ient c o m b i n a t i o n of e l e m e n t s i s not a v a i l a b l e in 
an i n t i m a t e m i x t u r e in the p r o p e r r a t i o e x c e p t at c o s t s g r e a t e r t han t h o s e 
u s u a l l y p e r m i t t e d in s t a t i o n a r y r e a c t o r s h i e l d s . A l t e r n a t e s l a b s of the p r o p ­
e r m a t e r i a l s a r e qu i te ef f ic ient but s t i l l too e x p e n s i v e . C o n c r e t e is thus 
an e c o n o m i c a l c o m p r o m i s e . 

C o n c r e t e Sh i e ld ing . C o n c r e t e is an e x c e l l e n t s h i e l d i n g m a t e r i a l b e ­
c a u s e it con t a in s both h y d r o g e n and h e a v y e l e m e n t s . The fact t ha t i t s c o m ­
pos i t i on can be v a r i e d m a k e s i t a v e r s a t i l e sh i e ld m a t e r i a l in t h a t i t c a n be 
a l t e r e d to m e e t d i f f e ren t s i t u a t i o n s . It h a s good m e c h a n i c a l s t r e n g t h , n e e d s 
l i t t l e m a i n t e n a n c e , and i s a v a i l a b l e at r e a s o n a b l e c o s t . 

While c o n c r e t e s a r e r e l a t i v e l y h e a t r e s i s t a n t , e x c e s s i v e t e m p e r a ­
t u r e s m a y c a u s e l o s s of w a t e r and, c o n s e q u e n t l y , of s o m e s h i e l d i n g a b i l i t y . 
It m a y , t h e r e f o r e , have to be coo led in o r d e r to i n s u r e c o n s t a n t sh i e ld ing 
v a l u e . 

The e f f ic iency of a c o n c r e t e s h i e ld m a y be i m p r o v e d by i n t r o d u c i n g 
h e a v y e l e m e n t s . Th i s can be done by u t i l i z i ng s p e c i a l a g g r e g a t e s o r by 
add ing m e t a l punch ings o r bo th . It m a y a l s o be i m p r o v e d by the i n t r o d u c ­
t ion of m a t e r i a l s t ha t have h igh n e u t r o n c r o s s s e c t i o n s wi th l i t t l e o r no 
c a p t u r e g a m m a p r o d u c t i o n . Th i s can be done by inc lud ing b o r o n in the 
a g g r e g a t e o r by a r r a n g i n g b o r o n l a y e r s in e f fec t ive p l a c e s t h r o u g h o u t the 
s h i e l d . 



CALCULATION OF CONCRETE CONSTANTS 

In performing shielding calculat ions it is n e c e s s a r y to know the 
composit ion of the shield as accura te ly as poss ib le . Of cou r se , t he re is 
no problem in determining the composit ion of lead and steel sh ie lds , but 
the re is some difficulty concerning concre te sh ie lds . The re ta ined water 
content of var ious concre te shields is an uncer ta in ty; this is a ve ry signif­
icant factor because the water is the a lmost exclusive source of hydrogen 
in the shield. The exact e lementa l composit ion of the concre te is a lso dif­
ficult to pred ic t . It i s , t he re fo re , useful to have a compilat ion of seve ra l 
concre tes of each type so that the effect of changes in e lementa l composit ion 
on the per t inent nuclear constants may be observed . 

Types of Concrete 

Many types of concre tes have been used for shielding pu rposes . 
They vary from ord inary port land cement concre tes to heavy concre tes 
using i ron ore and s teel punchings as an aggrega te . 

Ordinary Concre te . There a r e many different types of o rd inary 
conc re t e . The differences a r e due to a var ia t ion in the mix propor t ions 
and e lemental composit ion of the cement , sand, grave l , and wate r . The 
density of o rd inary concre te va r i e s from about 2.2 to 2.4 g / c m . Some 
l ight-weight concre tes using boron-containing aggrega tes have been devel­
oped recent ly which weigh only about 1.30 g/cm^. 

Heavy Concre te . The composit ions of heavy concre tes a r e m o r e 
va r i ed than those of o rd inary concre tes since many different o res a r e used 
as aggrega tes for the heavy conc re t e s . Some of the i r on -bea r ing aggrega tes used 
a r e the na tu ra l i ron o r e s , magnet i te and l imonite along •with fe r rophosphorus , 
a by-product of a p roces s used to obtain e lementa l phosphorus from phos­
pha tes . Ba ry t e s , a ba r ium o r e , and i lmeni te , a t i tanium o r e , have also been 
used as heavy aggrega te s . In addition, meta l punchings may be included in 
the aggrega te . The densi t ies of these concre tes va ry radica l ly from 2.5 to 
4.5 g/cm^ depending upon the aggregate used . 

Special Conc re t e s . Concre tes a r e a lso inade for special pu rposes , 
ft Q A 

such as h igh-neut ron absorpt ion with low capture g a m m a - r a y production.--''^ 
This is done by including boron in the aggregate or as a specia l addit ive. 
Concre tes may also be designed to hold water at elevated t e m p e r a t u r e s 

3 Hungerford, H. E. , et a l . . New Shielding Mater ia l s for High-
t e m p e r a t u r e Application, Nuclear Science and Engineer ing, 6_, 401-444 
(Nov 1959). 

^ G a l l a h e r , R. B. , and A. S. Ki tzes , Summary Report on Por t land Cement 
Concre tes for Shielding, ORNL-1414 (March 2, 1953). 
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C o n c r e t e C o n s t i t u e n t s 

It i s not e a s y , and m o r e i m p o r t a n t l y , not e c o n o m i c a l , to spec i fy the 
e x a c t e l e m e n t a l c o n s t i t u e n t s of the c o n c r e t e d e s i r e d . It i s t h e r e f o r e usefu l 
to have an idea of the r a n g e of v a r i a t i o n of the e l e m e n t s in a g iven type of 
c o n c r e t e . It i s even m o r e i m p o r t a n t to know the effect of such v a r i a t i o n s 
on the sh i e ld ing p r o p e r t i e s of the c o n c r e t e . A s u m m a r y of s h i e l d i n g c o n s t a n t s 
for s e v e r a l m i x e s of a g iven type of c o n c r e t e wi l l t hen be a gu ide for s e t t i ng 
s p e c i f i c a t i o n s for a c o n c r e t e s h i e l d . 

E l e m e n t a l C o m p o s i t i o n s . The c o m p o s i t i o n s of c o n c r e t e s u s e d for 
sh i e ld ing a r e not a l w a y s r e p o r t e d in the l i t e r a t u r e in a c o n s i s t e n t m a n n e r . 
Some d e s i g n e r s r e p o r t e d only the m i x u s e d , w h e r e a s o t h e r s p e r f o r m e d 
c h e m i c a l a n a l y s e s on the f in i shed p r o d u c t s . Th i s l e a d s to an u n c e r t a i n t y 
a s to the a m o u n t s of the c o n s t i t u e n t e l e m e n t s . In s o m e c a s e s , such a s the 
b a r y t e s c o n c r e t e , the c h e m i c a l a n a l y s i s of the o r e i s i n c o m p l e t e . To r e s o l v e 
the u n c e r t a i n t y for the p u r p o s e of t h i s r e p o r t , the p e r c e n t a g e not r e p o r t e d 
for the a g g r e g a t e w a s a s s u m e d to be oxygen . It i s r e a s o n a b l e to b e l i e v e tha t 
t h i s i s not a bad a s s u m p t i o n to nnake. F i r s t , i t i s l i k e l y tha t s o m e oxygen 
w a s l o s t and not r e p o r t e d in the a n a l y s i s , and s e c o n d , t h i s i n c r e a s e in oxygen 
con ten t -will be s m a l l p e r c e n t a g e w i s e for t h i s e l e m e n t , s i n c e it i s one of the 
m o s t p r e d o m i n a n t in t h e s e e l e m e n t a l c o m p o s i t i o n s . 

W a t e r Con ten t . T h e r e a r e s o m e c a s e s , p a r t i c u l a r l y t h o s e for which 
the c o m p o s i t i o n i s b a s e d on r e p o r t e d m i x e s , for which the w a t e r con ten t i s 
v e r y m u c h in q u e s t i o n . F o r i n s t a n c e , m a g n e t i t e a g g r e g a t e i s r e p o r t e d to 
con ta in f r ee m o s i t u r e . It m a y be p o s s i b l e tha t t he c o n c r e t e w a s m i x e d with 
e i t h e r a wet or d r y o r e , depend ing upon the a t m o s p h e r i c c o n d i t i o n s w h e r e v e r 
the o r e w a s s t o c k p i l e d . F u r t h e r m o r e , once the c o n c r e t e h a s s e t and c u r e d , 
one canno t be s u r e wi thout a c h e m i c a l a n a l y s i s how m u c h of the w a t e r added 
whi le m i x i n g was r e t a i n e d . 

As a r e s u l t , t h r e e d i f fe ren t c a s e s a r e c o n s i d e r e d to d e m o n s t r a t e the 
effect of w a t e r l o s s . The f i r s t c a s e c o n s i d e r s the o r e to be d r y and the l o s s 
of m i x w a t e r to be z e r o . The s e c o n d c a s e a l s o c o n s i d e r s the o r e to be d r y , 
but the m i x w a t e r l o s s i s a r b i t r a r i l y c h o s e n to be 50 p e r c e n t . Th i s c h o i c e 
i s not b a s e d on any e x p e r i m e n t a l d a t a , but i s m e r e l y the m e a n v a l u e of the 
e x t r e m e c a s e s . The t h i r d c a s e c o n s i d e r s the o r e to be wet and the t o t a l 
w a t e r l o s s to be z e r o . Th i s c a s e s e r v e s to i l l u s t r a t e the effect of m a x i m u m 
w a t e r c o n t e n t . 
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At Hanford , c o n s i d e r a b l e w o r k h a s been done on the t e m p e r a t u r e 
effect on v a r i o u s c o n c r e t e s . Th i s w o r k h a s been r e p o r t e d h e r e by the con ­
c r e t e s y m b o l s H W l , HW2, and HW3 for the a s c u r e d , h e a t e d to 100° C , and 
h e a t e d to 320°C s t a t e s , r e s p e c t i v e l y . R e s u l t s i n d i c a t e the r e l a t i v e l o s s of 
sh i e ld ing va lue of the c o n c r e t e due to the l o s s of w a t e r by h e a t i n g . 

Me thods of C a l c u l a t i o n of C o n s t a n t s 

In the c a l c u l a t i o n s of the m a c r o s c o p i c c r o s s s e c t i o n s f r o m m i c r o ­
s cop i c c r o s s s e c t i o n s , the c o n c r e t e w a s c o n s i d e r e d to be h o m o g e n e o u s . The 
e l e m e n t a l c r o s s s e c t i o n s w e r e c o n s i d e r e d to be add i t i ve to ob ta in the to t a l 
c r o s s s e c t i o n for the c o n c r e t e . E x p e r i m e n t a l da t a s e e m to s u p p o r t t h i s p r o ­
c e d u r e qui te w e l l . 

N e u t r o n C r o s s S e c t i o n s . The a b s o r p t i o n , s c a t t e r i n g , and to t a l m i c r o ­
s cop i c n e u t r o n c r o s s s e c t i o n s of the e l e m e n t s w e r e t aken f r o m the c o m p i l a t i o n 
by Hughes and S c h w a r t z . ' ' The to t a l c r o s s s e c t i o n s w e r e e s t i m a t e d f r o m the 
da ta p lo t t ed b e t w e e n 1 Mev and 10 Mev . The r e m o v a l c r o s s s e c t i o n s w e r e 
ob t a ined fronn da t a p u b l i s h e d by C h a p m a n and S t o r r s ^ O with l a t e r r e v i -
sions-*-^ "-̂  ̂  ( s ee Tab le l ) . Some of t h e s e c r o s s s e c t i o n s have b e e n d e t e r m i n e d 
e x p e r i m e n t a l l y , w h e r e a s the o t h e r s w e r e ob ta ined f r o m the e m p i r i c a l c u r v e 
p lo t t ed in F i g u r e 1 . 

^ Bunch, W. L., Attenuation Properties of High Density Portland Cement Concretes as a Function of 
Temperature, HW-54656 (Jan 22, 1958), p. 39. 

Peterson, E. G., Shielding Properties of Ferrophosphorus Concrete as a Function of Temperature, 
HW-64774 (July 5, 1960), pp. 43-44, 62. 

7 
Petersqn, E, G., Shielding Properties of Ordinary Concrete as a Function of Temperature, HW-65572 
(Aug 2, 1960), p. 24. 

o 

Wood, D. E., The Effect of Temperature on the Neutron Attenuation of Magnetite Concrete, 
HW-58497 (Dec 11, 1958). p. 16. 

Hughes, D. J., and R. B. Schwartz, Neutron Cross Sections, BNL-325 (July 1, 1958), 2"*̂  Edition. 

I''Chapman, G. T., and C. L. Storrs, Effective Neutron Removal Cross Sections for Shielding, 
AECD-3978 (ORNL-1843) (Sept 19, 1955). 

Trubey, D. K., and G. T. Chapman, Effective Neutron Removal Cross Sections for Carbon and 
Oxygen in Continuous Mediums. ORNL-2197 (Sept 19, 1958). 

Miller, 
p. 168. 

19 
Miller, J. M.. Effective Neutron Removal Cross Section of Zirconium, ORNL-2842 (Sept 1, 1959), 

13 
Miller, J. M., Effective Neutron Removal Cross Section of Tungsten, ORNL-2389 (Sept 1, 1957), 
p. 187. 



Table 1 

R E M O V A L CROSS SECTIONS FOR VARIOUS M A T E R I A L S ^ 

No (at 20°C) 

M a t e r i a l 

H y d r o g e n 
D e u t e r i u m 
L i t h i u m 
B e r y l l i u m 
B o r o n 
C a r b o n (Gra 
Oxygen" 
F l u o r i n e 
A l u m i n u m 
C h l o r i n e 
I ron 
Nicke l 
Coppe r 
Z i r c o n i u m C 
T u n g s t e n ^ 
L e a d 
B i s m u t h 
U r a n i u m 
B o r i c Oxide 
B o r o n Carb i 
F l u o r o t h e n e 

phi te 

(B2O 
de (B 
(C2F 

)b 

3) 
4C) 
3CI) 

Heavy W a t e r (D2O) 
L i t h i u m F l u o r i d e 
Oil (CH2) 
P a r a f f i n (C30H62) 
P e r f l u o r o h e p tane 

(L iF) 

(C7F16) 

( b a r n s ) 

1.00 t 0.05 
0.92 
1.01 
1.07 
0.97 
0.72 
0.92 
1.29 
1.31 
1.2 

1.98 
1.89 
2.04 
2.36 
3.13 
3.53 
3.49 
3.6 
4.30 
5.1 
6.66 
2.76 
2.43 
2.84 

80.5 
26.3 

+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 

0.10 
0.04 
0.06 
0.10 
0.05 
0.05 
0.05 
0.05 
0 . 8 

0.08 
0.10 
0.11 
0.12 
0.25 
0.30 
0.35 
0 . 4 
0.41 
0 . 4 

± 0.8 
+ 
1 
+ 
+ 

+ 

0.11 
0.34 
0.11 
5 .2 
0 . 8 

(x l024) 

( computed f r o m 
0.0460 
0.120 
0.139 
0.0803 

0.0603 

0.0848 
0.0913 
0.0846 
0.0423 
0.0631 
0.0330 
0.0282 
0.0473 

( c m - i ) 

D2O-O) 
0.046 
0.128 
0.135 
0.058 

0.079 

0.168 
0.173 
0.173 
0.10 
0.198 
0.116 
0.098 
0.17 

^ C h a p m a n , G. T . , and C. L . S t o r r s , Ef fec t ive N e u t r o n R e m o v a l C r o s s 
Sec t ions for Sh ie ld ing , A E C D - 3 9 7 8 (ORNL-1 843) (Sept 19, 1955) . 

^ T r u b e y , D. K., and C h a p m a n , G. T . , Ef fec t ive N e u t r o n R e m o v a l C r o s s 
Sec t ions for C a r b o n and Oxygen in Con t inuous M e d i u m s , O R N L - 2 1 9 7 
(Sept 19, 1958). 

*= M i l l e r , J . M. , Effec t ive N e u t r o n R e m o v a l C r o s s Sec t ion of Z i r c o n i u m , 
O R N L - 2 8 4 2 (Sept 1, 1959), p . 168. 

•i M i l l e r , J . M. , Effec t ive N e u t r o n R e m o v a l C r o s s Sec t ion of T u n g s t e n , 
O R N L - 2 3 8 9 (Sept 1, 1957), p . 187. 
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Chapman, G. T . , and C. L. Storrs, Effective Neutron Cross Sections for Shielding. AECD-3978 
(ORNL-1843) (Sept 19, 1955). 

The macroscop ic c ro s s sections of the concre tes were deterrained 
by the addition of the individual c ro s s sections weighted by the percentage 
of each element compris ing the concre te , that i s . 

n 
a- (cm-^) 

i=l 
c m • ' ) 

The average absorpt ion c r o s s section of t he rma l neutrons is the value used 
in the shielding calculations.-' '^ To obtain this value, the 2200-m/sec c r o s s 
section is co r rec t ed for l / v absorpt ion in a Maxwellian distr ibution at 20°C 
by multiplying by 0.8862: 

a"a (cm"^) = 0.8862 O3, (cm"M 

G a m m a - r a y Spectra . The g a m m a - r a y spec t ra of the e lements were 
obtained from the compilation by Troubetzkoy and Goldstein.-'5 The spec t ra 
a r e repor ted as the number of photons of an energy emit ted per 100 neutrons 
absorpt ions by an e lement . 

^^Glass tone , S., Pr inc ip les of Nuclear Reactor Engineering, D. Van 
Nostrand Company, Inc. , Pr inceton, New J e r s e y (1955), p . 98. 

15 Troubetzkoy, E . , and H. Goldstein, A Compilation of Information on 
Gamma Ray Spectra Resulting from Thermal Neutron Capture , 
ORNL-2904 (Jan 18, 196l); Gamma Rays from Thermal Neutron 
Capture , Nucleonics, 18 ( l l ) p . 171, (Nov I960). 
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The n u m b e r of pho tons e m i t t e d p e r a b s o r p t i o n of a t h e r m a l n e u t r o n 
in c o n c r e t e i s ob ta ined by a we igh ted a v e r a g e of tha t for e a c h of the p o s s i b l e 
23 e l e m e n t s for each of the s e v e n e n e r g y l i n e s . T h i s i s done in the folio-wing 
m a n n e r : 

23 
2 ^ iNi(E) 

^(^) = '^\oO ol • 

H e r e NJ^(E) i s the n u m b e r of pho tons e m i t t e d p e r 100 n e u t r o n a b s o r p t i o n s 
and O ^^ the a v e r a g e m a c r o s c o p i c t h e r m a l n e u t r o n a b s o r p t i o n c r o s s s e c t i o n 
for e a c h e l e m e n t . N ( E ) i s g iven in pho tons of e n e r g y E p e r n e u t r o n a b s o r b e d 
in c o n c r e t e . 

It m a y be no t ed tha t the effect of t i t a n i u m on the g a m m a - r a y s p e c t r u m 
of the I l m e n i t e c o n c r e t e s i s qui te a p p a r e n t in the 2 - M e v g r o u p . It m a y a l s o 
be no t ed tha t c a l c i u m i s the s o u r c e of the h igh n u m b e r s of pho tons f r o m the 
type 01 o r d i n a r y c o n c r e t e . 

Diffusion C o n s t a n t s . F r o m t h e diffusion t h e o r y a p p r o x i m a t i o n , the 
t h e r m a l n e u t r o n diffusion coef f ic ien t i s g iven by 

D (cm) = (1 /3 ) Otr 

w h e r e â ,̂ i s the m a c r o s c o p i c t r a n s p o r t c r o s s s e c t i o n , which i s c a l c u l a t e d 
f r o m the s c a t t e r i n g c r o s s s e c t i o n and the a v e r a g e c o s i n e of the s c a t t e r i n g 
a n g l e : 

Otr (cm"^) == (1 - jdo) Os 

The t h e r m a l n e u t r o n diffusion l eng th i s g iven by 

L (cm) = l / c = ^ D / a a • 

The va lue of t h e s e c o n s t a n t s for w a t e r w a s b a s e d on e x p e r i m e n t a l data.-*" 

G a m m a - r a y L i n e a r A t t e n u a t i o n C o e f f i c i e n t s . The t o t a l l i n e a r a t t e n u ­
a t ion coef f i c ien t s for the c o n c r e t e a r e c o m p u t e d in a m a n n e r s i m i l a r to the 
c a l c u l a t i o n of the n e u t r o n c r o s s s e c t i o n s . The da ta u s e d w a s f r o m the r e p o r t 
by G r o d s t e i n . l "7 The ind iv idua l e l e m e n t a l d e n s i t i e s a r e m u l t i p l i e d by t h e i r 
r e s p e c t i v e m a s s a t t e n u a t i o n c o e f f i c i e n t s . 

16 H o g e r t o n , J . F . , and R. C. G r a s s , The R e a c t o r Handbook, Vol . 1, 
P h y s i c s , A E C D - 3 6 4 5 ( M a r c h 1955), p . 4 8 7 . 

G r o d s t e i n , G. W., X - r a y A t t enua t i on Coef f ic ien t s f r o m 10 k e v to 
100 Mev, N B S C i r c u l a r 583 (Apr i l 30, 1957), p . 50 . 
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The summation of the resul t ing l inear attenuation coefficients will give the 
total l inear attenuation coefficient for the concre te : 

n 
^(cm- l ) 2 jLii(cm-i) 

i = l 

The same procedure is used to determine the energy absorption l inear 
attenuation coefficients. 

G a m m a - r a y Buildup F a c t o r s . The determinat ion of the buildup 
factor for concrete involves the selection of an effective atomic number for 
the mix tu re . This procedure has been outlined by Goldstein. 1° 

The start ing point for finding the equivalent atomic number is to 
compute the attenuation coefficients at var ious energies for the mix tu re . 
The shape of the curve of the total m a s s attenuation coefficient is then 
compared with the corresponding curves for individual e lements by n o r m a l ­
izing the curves over the region of in t e re s t . This is done by plotting 
/J/UQ v s . E over the energy range from 1 Mev to 10 Mev to find a reasonable 
match . The curves in F igures 2 and 3 for represen ta t ive concre tes have 
been normal ized at 2 Mev and 8 Mev to provide a double check. 

0 8 0 

M/MO 

0 6 0 

0 5 0 

Figure 2 

Condition One for Determining 
the Effective Atomic Number 
for the Concretes (2 Mev) 

3 0 4 0 5 0 SO 

GAMMA RAY ENERGY, Mev 

1 R "Goldstein , H., Fundamental Aspects of Reactor Shielding. Addison-
Wesley Publication Co., New York (Feb 1959), p . 221. 



M/MO 

15 2 0 3 0 4 0 
GAMMA RAY ENERGY, Mev 

F i g u r e 3 

Condi t ion One for D e t e r m i n i n g the 
Effect ive A t o m i c N u m b e r for the 

C o n c r e t e s (8 Mev) 

To be c o m p l e t e l y equ iva len t , not only should the to ta l a t t e n u a t i o n 
coeff ic ient c u r v e s have the s a m e s h a p e , but t h e r e should a l s o be the s a m e 
r a t i o of s c a t t e r i n g c r o s s s e c t i o n to to t a l a t t enua t i on coef f ic ien t in t h e t-wo 
c a s e s . Th i s second condi t ion -will be s a t i s f i ed if th i s r a t i o at Eg is the 
s a m e . This r a t i o h a s been c a l c u l a t e d for v a r i o u s e l e m e n t s and p lo t t ed a t 
2 Mev and 8 Mev for r e p r e s e n t a t i v e c o n c r e t e s in F i g u r e s 4 and 5. 

If the da ta for the c o n c r e t e s a t i s fy t h e s e two c r i t e r i a , then the build­
up fac to r for the c o n c r e t e i s tha t of the equ iva len t e l e m e n t . The b u i l d - u p 
f a c t o r s for the e l e m e n t s a r e in the t a b l e s g iven by Go lds t e in . - ' " 

1^ Go lds t e in , H., and J . E . Wilkins J r . , C a l c u l a t i o n s of the P e n e t r a t i o n 
of G a m m a R a y s , NYO-3075 (June 30, 1954), p . 189. 
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Condition Two for Determining the 
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Figure 5 

Condition Two for Determining the Effective 
Atomic Number for the Concretes (8 Mev) 



The effect ive a t o m i c n u m b e r s for the c o n c r e t e s e x a m i n e d v a r i e d 
f r o m 11 to 27 . The effect ive a t o m i c n u m b e r for o r d i n a r y c o n c r e t e , type 04, 
w a s found to be b e t w e e n 11 and 12. T h i s d i s a g r e e s wi th an e a r l i e r r e s u l t 
which gave 1 8 a s the ef fec t ive a t o m i c n u m b e r . ^ ^ The da ta s u p p o r t i n g the 
l o w e r ef fect ive a t o m i c n u m b e r sa t i s fy the two s t i p u l a t e d c o n d i t i o n s at both 
2 Mev and 8 Mev . A l s o , the c o m p o s i t i o n of the c o n c r e t e r e v e a l s tha t only 
11.4 p e r c e n t of a l l the a t o m s a r e above the a t o m i c n u m b e r 18 whi le 50 p e r ­
cen t have an a t o m i c n u m b e r of 8 o r be low . F r o m th i s i t i s r e a s o n a b l e to 
conc lude tha t the a t o m i c n u m b e r 11 o r 1 2 i s a b e t t e r va lue t han 18. 

The effect ive a t o m i c n u m b e r of the b a r y t e s c o n c r e t e i s not the s a m e 
by both of the cond i t i ons r e q u i r e d . The n u m b e r r e p o r t e d in T a b l e XII i s 
thus s o m e w h a t of a c o n s e r v a t i v e c o m p r o m i s e . Th i s i s a l s o t r u e but to a 
l e s s e r ex t en t , for the m a g n e t i t e c o n c r e t e . The bu i ldup fac to r c u r v e s can 
be r e a d only with a l i m i t e d a c c u r a c y and , t h e r e f o r e , v a r i a t i o n of the e f f e c ­
t ive a t o m i c n u m b e r by one o r two un i t s h a s l i t t l e r e a l effect on the v a l u e 
of the bu i ldup f ac to r a s i n t e r p o l a t e d f r o m the t a b l e s of e l e m e n t a l d a t a . 

O b e n s h a i n , F . E . , The T h e o r e t i c a l Bui ldup F a c t o r for O r d i n a r y 
C o n c r e t e , W A P D - P - 6 4 6 ( M a r c h 1955) . 
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Table n 

SUMMARY OF THE CONCRETE COMPOSITIONS 

CONCRETE 

Ordinary 

1 
2a 
2b 
3 ORNL 
4 NBS 
5 Harwell 
6APDA 
7APDA 
OHWl 

0HW2 

Ferrophosphorus 
la 
lb 
HWl Hanford 
HW3 Hanford 

Barytes 
la 
lb 
H Harwell 

Haydite ORNL, X-10 
Haydite ORNL, X-10 
OR ORNL 

Magnetite 
la EBWR 
lb ANL. EBWR 
Ic ANL, EBWR 
HWl Hanford 
HW2 Hanford 

Ilmenite 
la New York Ore 
lb New York Ore 
2a Swedish Ore 
2b Swedish Ore 
NRU Chalk River 
NRUe Chalk River 

Magnetite and Steel 
a ANL; EBWR 
bANL; EBWR 
c ANL; EBWR 

Limonite and Steel 
la ANL, CP-5 

IbANL, CP-5 
Ic ANL, CP-5 
2a BNL 
2bBNL 
2c BNL 
HWl Hanford 
HW2 Hanford 

•SYMBOL 

01 
02-a 

02-b 
03 
04 
05 
06 
07 
0-HWl 
0-HW2 

FP-a 
FP-b 
FP-HWl 

FP-HW3 

BA-a 
BA-b 
BA-H 
BAHA 

BAHA-d 
BA-OR 

M-a 
M-b 
M-c 
M-HWl 
M-HW2 

1-la 
I-lb 
I-2a 
I-2b 
I-NRU 
1-NRUe 

MS-a 
MS-b 
MS-c 

LS-a 
LS-b 
LS-c 
LS-BRa 
LS-BRb 
LS-B Re 
LS-HWl 
LS-HW2 

DENSITY p 

(gm/cm3) 

2.33 
2.30 
2.20 
2.39 
2.35 
2.50 
1.30 
2.09 
2.33 
2.26 

4.68 
4.57 
4.82 
4.67 

3.50 
3.39 
2.575 
2.35 
2.28 
3.30 

3.55 
3.45 
3.62 
3.29 
3.27 

3.50 
3.40 
3.76 
3.66 
3.49 
3.44 

4.70 
4.60 
4.73 

4.54 
4.44 

4.65 
4.16 
4.08 
4.28 
4.23 
4.14 

Ib/ft3 

145 
144 
137 
149 
147 
156 
80 

130 
145 
141 

292 
285 
301 
292 

219 
212 
160 
147 
142 
206 

222 
215 
226 
205 
204 

219 
212 
235 
228 
218 
215 

293 
287 
296 

284 
277 
290 
260 
255 
26? 
264 
258 

WATER 

260 

0.231 
373 

383 

10.0 

383 

330 

330 

330 

330 

340 

340 

347 

347 
2% 

296 

CEMENT 

318 

0.256 
525 

730 

16.3 

468 

875 

875 

875 

875 

940 

940 

980 

980 
940 

940 

COMPOSITION (Ib;yd3) 

AGGREGATE 

3300 
(Sand and Gravel) 

0.513 
2032 950 

(Serpentine) (Sand) 

4070 2710 
(Coarse) (Fine) 

46.4 27.3 
(Barytes) (Haydite) 

4711 

2623 2160 
(Coarse) (Fine) 

2700 2200 

4695 

5140 

1846 

1900 

1661 

1825 
1684 

1880 

STEEL PUNCHINGS 

(Volume Fractions) 

(% by Wt) 

4800 

4800 

4680 

4680 
4100 

4100 

TOTAL 

3878 

3887 

7893 

5562 

5988 

6105 

5900 

6345 

7926 

7980 

7668 

7832 
7020 

7216 

REFERENCE 

16 
16 
16 
4 
8 
2 

11 
11 
14 
14 

10 
10 
13 
13 

16 
16 
2 
5 
5 

18 

7,10 
7,10 

7,10 
17 
17 

12 
12 
12 
12 
15 
15 

7,10 
7,10 
7,10 

9 
9 
1 
3 
3 
3 
6 
6 

•a Indicates lOOit Water Retention 
b Indicates 50* Water Retention 

c Indicates 100% Water Retention Including Free Moisture in Mix 
d Average Composition of Four Sample Cores 
e Composition After Two Years 

1. Anderson, G. A., Private communication (memo). 

HWl As cured concrete 
HW2 Heated to 100°C 
HW3 Heated to 320^0 
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Table m 

SUMMARY OF THE ELEMENTAL COMPOSITIONS OF ORDINARY CONCRETES 

(gm element/cm3 concrete) 

^ ^ 
ELEW 

H 

^MNCRETE 

E N 1 ^ \ ^ 

0 in water 
in mix 

B 
C 
Na 
Mq 
Al 
Si 
P 
S 
CI 
K 
Ca 
Ti 
V 
Or 
Mn 
Fe 
Ni 
Cu 
Zn 
Mo 
Ba 

01 

0.00«4 
0.0384 
1.1106 

0.130 

0.00486 
0.0119 
0.438 

0.00192 

0.581 

0.00726 

02-a 

0.023 
0.183 

-

1.037 

0.0023 
0.0368 
0.005 
0.078 
0.775 

0.0299 
O.IOO 

0.032 

02-b 

0.0115 
0.0915 

03 

0.020 
0.159 
0.980 

0.118 

0.057 
0.085 
0.342 
0.007 
0.007 

0.004 
0.582 

0.003 
0.026 

04 

0.013 
0.103 
1.062 

0.040 
0.006 
0.107 
0.737 

O.0C3 

0.045 
0.194 

0.029 

05 

0.022 

} 1.231 

0.008 
0.029 
0.002 
0.131 
0.63 

0.0037 

0.025 
0.242 
0.017 

0.045 
0.122 

} 

06 

0.034 

0.793 

0.010 

O.0O3 
0.025 
0.417 

0.001 

0.013 

} 

07 

0.033 

1.075 

O002 
0.002 
0.008 
0.281 
0.040 
0.435 
trace 

trace 
0.008 
0.141 
trace 

trace 
trace 
0.064 
0.002 

0-HWl 

0.015 

} 1.057 

0-HW2 

0.007 

} 0.995 

0.041 
0.085 
0.137 
0.487 
0.0O2 
0.0O2 

0.015 
0.295 
0.011 

0.003 
0.178 

density (g/cm'l 2.33 2.30 2.20 2.39 2.35 2.50 1.30 2.09 2.33 2.26 

ELEMENT ^ ~ - - ^ 

H in water 
in ore 

0 in water 
in ore 
in cement 

C 

Mg in ore 
in cement 

Al in ore 

in cement 
Si in ore 

in cement 
P 
S 

Ca in ore 
in cement 

Ti 
V 
Or 
Mn 

Fe in ore 

in cement 
Ni 

Cu 
Zn 
Mo 

FP-a 

0.0234 

0.201 

FP-b 

0.0117 

0.100 

0.041 
0.154 
0.0023 

0.0047 

0.0187 
0.07% 
0.0515 
0.%7 

0.197 

0.0023 
0.117 

2.808 
0.014 

Table 17 

SUMMARY OF THE ELEMENTAL COMPOSITIONS OF HEAVY CONCRETES 

Igm eiementsfcm'concrete) 

FP-HWl 

0.021 

0.322 

FP-HW3 

0.004 

0.191 

0.004 

•0.006 

}0.l 0.009 

•0.090 

1.049 
0.004 

•0.203 

0.042 
0.084 
0.084 
0.013 

•2.823 

0.017 
0.008 

0.042 

BA-a BA-b 

density (g/cm^l 4.57 4.82 4.67 

0.151 
0.m91 

1.551 

3.50 3.39 

BAHA BAHA-d 

^ 0.595 

0.718 

2.575 

0.0107 

0.618 

2.35 

}o., 0338 

0.577 

2.28 

BA-OR 

0.0243 

0.195 
0.872 
0.118 

0.00385 

0.0137 

0.0352 

0.364 
0.0203 
0.147 

0.0122 

0.0975 

0.007 

I 0.710 

0.0233 

} 0.0123 

} 0.180 

0.180 

} 0.148 

0.026 
0.0045 
0.209 
0.494 

0.138 

0.0046 
0.0546 
0.0161 
0.308 

0.0414 

0.144 
0.109 
0.172 

0.0298 

I 1.084 

} 0.0441 

} 0.0565 

} 0.232 

0.0094 

} 0.209 

} 

0.036 

0.291 

0.971 

0.0099 

0.0066 

0.139 

0.287 

0.135 

0.277 

1.20 

3.30 
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Table ¥ 

SUMMARY OF THE ELEMENTAL COMPOSITIONS OF HEAVY CONCRETES 

(gm elements/cm3 concretel 

^ - - ^ N C R E T E 

E L E M E N T - - - - ^ 

H in water 
in ore 

0 in water 
m o r e 
in cement 

C 
Mg m o r e 

in cement 
Al m o r e 

in cement 
Si m o r e 

in cement 
P 
S 
Ca m o r e 

in cement 
Tl 
V 
Cr 
Mn 
Fe in ore 

in cement 

density (g/cm^) 

M-a 

0 0219 

0 174 
0 826 
0187 

3 55 

M-b 

0 0110 

0 087 
0 826 
0187 

0 0172 
0 0062 
0 0752 
0 0218 
0 0670 
0 0561 
0 0006 
0 0037 

0 0071 

0 233 
0 0959 
0 0062 
0 0030 

0 0024 
1730 
0 0145 

3 45 

M-c 

0 0219 
0 0076 
0 174 
0 887 
0 187 

3 62 

M-HWl 

0 015 

I 1279 

0184 

} 0 129 

} 0 0220 

} 1460 

3 29 

M-HW2 

0 0128 

1261 

3 27 

Ma 

0 0219 

017/ 

3 50 

0 981 
0 187 

0 267 
0 0062 

0 0218 

0 0560 

0 233 

0 955 

0 0225 
0 560 
0 0145 

I-lb 

0 0110 

0 087 

340 

l-2a 

0 0219 

0 174 

3 76 

0 989 
0 187 

0 0148 
0 0062 

0 0218 

0 0560 

0 0012 
0 233 
0 959 

0 0302 
1049 

0 0145 

I-2b 

0 0110 

0 087 

I-NRU 

0 0115 

1- 1212 

0 0185 

} 0 0527 

} 0 0743 

1 0121 

3 66 

• 0112 

0 508 

' 138 

3 49 

I-NRUe 

0 0093 

1272 

0 0148 

0 0571 

0 0416 

0 0664 

0102 

0 649 

1309 

344 

Table n 

SUMMARY OF THE ELEMENTAL COMPOSITION OF HEAVY CONCRETES WITH STEEL PUNCHINGS 

'~~~~--.^NCRETE 

E L E M E N T ~ ~ - ~ ^ 

H in water 
m o r e 

0 in water 
m o r e 
in cement 

Mg in ore 
in cement 

Al in ore 
in cement 

SI in ore 
in cement 

P 
S 
Ca in ore 

m cement 
Tl 
V 
Cr 
Mn 
Fe in ore 

in cement 
in steel 

density (g/cm^) 

MS-a 

0 0225 

0 179 
0 334 
0200 

4 70 

MS-b 

0 0112 

0 089 
0 334 
0 200 
0 0125 
0 0071 
0 0237 
0 0231 
0 0107 

0 0605 
0 0006 
0 0018 
0 0047 
0 251 
0 0676 
0 0042 
0 0018 
0 0018 
0 631 
0 0154 
2846 

460 

MS-c 

0 0225 
0 0036 
0 179 
0 363 
0 200 

4 73 

(gm 

LS-a 

0 0232 

0 183 
0 247 
0 210 

4 54 

elements/cm3 concretel 

LS-b 

0 0116 

0 091 
0 247 
0 210 

0 0071 
0 0O29 
0 0234 
0 126 
0 0629 
0 0005 

0 262 

0 0053 
0 590 
0 0160 
2 779 

444 

LS-C 

0 0232 

0 0125 
0183 
0346 
0 210 

4 65 

LS-BRa 

0 0196 

0 156 
0 322 
0 201 

416 

LS-BRb 

0 0098 

0 078 
0 322 
0 201 
0 0036 
0 0065 
0 0095 
0 0231 
0 0362 

0 0605 

0 251 
00006 

0 0024 

0 625 
0 0154 
2 432 

4 08 

LS-BRc 

0 0 1 % 
0 0130 
0156 
0 425 
0 201 

4 28 

LS-HWl 

0 028 

[ 0 806 

1 

4 23 

0 039 

0 078 

0 250 

3 030 

LS-HW2 

0 018 

0 726 

414 



Table i m 

TABULATION OF ELEMENTAL DATA 

ELEMENT 

H 
B 
C 
0 
Na 
Mg 
Al 
Si 
P 
S 
Cl 
K 
Ca 
Tl 
V 
Cr 
Mn 
Fe 
Ni 
Cu 
Zn 
Mo 
Ba 

era IbarnsI 

0 33 
755 

0 003 
00002 
0 515 
0 063 
0 230 
016 
020 
0 52 

33 8 
2 07 
044 
58 
500 
31 

13 2 
2 53 
46 
3 77 
11 
27 
12 

CROSS SECTION DATA 

O j (barnsi 

„c 
4 
48 
42 
40 
36 
14 
17 
5 
11 

16 
15 
32 
4 
5 
30 
23 

11 
17 5 
36 
72 
7 
8 

ar (barns)!' 

100 
0 97 
0 72 
092 

(114) 
(118) 
131 

(130) 
(139) 
(141) 
12 

(151) 
(152) 
(161) 
(164) 
(164) 
(167) 
198 
189 

(188) 
204 

(2 21) 
(2 69) 

o-T(barns)li 

20 
17 
15 
20 
25 
20 
25 
25 
25 
25 
25 
30 
25 
30 
30 
35 
35 
30 
30 
35 
35 
45 
55 

IMev 

_ 
-
-
-
% 
-236 

100 
290 
70 
49 

100 
14 
54 
83 
85 

125 
75 
84 
68 

156 
137 

-

CAPTURE GAMMA-RAY 

2Mev 

_ 
-
-

127 

-195 
63 
97 
32 
85 
81 

191 
160 
132 
41 
91 
60 
40 
47 
93 
18 

-

3Mev 

100 

-
-
-187 

28 
69 
30 
55 
72 
41 
57 
77 
16 
114 
21 
60 
27 
23 
26 
67 

-
-

SPECTRA (photons/100 captures)^ 

4Mev 

. 
110 
100 

-70 
72 
62 
89 
98 
70 
47 

106 
85 
24 
21 
12 
50 
23 
23 
30 
48 
84 
75 

6Mev 

_ 
28 

-
-31 
10 
19 
11 
27 
44 
55 
37 
64 
78 
67 
23 
34 
25 
34 
27 
29 
26 
14 

8Mev 

6 

-

33 
19 
41 
72 
65 

24 
47 
18 
13 

16 
39 
17 
38 
62 
43 
16 
3 
14 

lOMev 

_ 
08 

-
-
-0 57 

-01 

-
-
-
-02 

-64 

-21 
08 

-1 
0 03 
01 

32200 m/sec 

tiEstimated value for 1-10 Mev 

CAN hydrogen present is assumed to be in the form of water The transport cross section for water is 2 083 cm'^ Therefore it was necessary to assign 0"$ for 
hydrogen this value in order to obtain the required result 

^Parentheses around removal cross sections indicate that the value is empirical rather than experimental 

^Troubetzkoy E and H Goldstein A Compilation of Information on Gamma Ray Spectra Resulting from Thermal Neutron Capture ORNL-2904 (Jan 18 1961) 

Table B E 

NEUTRON CONSTANTS FOR CONCRETES 

CONCRETE 

01 
02-a 
02-b 
03 
04 
05 
06 
07 
O-HWl 
0-HW2 

FP-a 
FP-b 
FP-HWl 
FP-HW3 

BA-a 
BA-b 
BA-H 
BAHA 
BAHA-d 
BA-OR 

M-a 
M-b 
M-c 
M-HWl 
M-HW2 

I-la 
I-lb 
I-2a 
I-2b 
I-NRU 
I-NRUe 
MS-a 
MS-b 
MS-C 

LS-a 
LS-b 
LS-c 
LS-BRa 
LS-BRb 
LS-BRc 
LS-HWl 
LS-HW2 

P, 
(g/cm3) 

2 33 
230 
220 
239 
2 35 
250 
130 
209 
2 33 
226 

468 
4 57 
482 
4 67 

350 
339 
2 575 
235 
228 
330 

3 55 
3 45 
3 62 
3 29 
3 27 

350 
340 
3 76 
366 
3 49 
344 
4 70 
460 
4 73 

454 
444 
4 65 
416 
408 
428 
4 23 
4.14 

crr(cm"l) 
CALC 

0 074O 
0 0849 
0 0748 
0 0837 
0 0793 
0 0883 
0 0611 
0 0836 
0 0781 
0 0712 

0125 
0115 
0125 
0111 

0 0926 
0 0817 
0 0643 
0 0770 
0 0773 
0 0985 

0106 
0 0966 
0113 
0 0984 
0 0%5 

0107 
0 098 
0111 
0107 
0 0990 
0 0983 
0124 
0114 
0127 

0121 
0111 
0132 
0110 
0102 
0122 
0118 
0110 

crr(cm'I) 
EXPTL 

0 083* 

0086 

0 078 
0 0735 

015> 

0131 
0128 

0 0993 

0114* 

0128 
0119 

i ;x(cm-i ) 
EXPTL 

0 090 

0 083 
0 078 

0139 
0136 

0125 

0 098 

0114 
0105 

0 075 

0159 

crt(cm'l) 
CALC 

0149 
0174 
0 154 
0168 
0162 
0179 
0126 
0168 
0156 
0142 

0 216 
0195 
0 216 
0187 

0188 
0165 
0125 
0155 
0158 
0199 

0198 
0179 
0 212 
0186 
0182 

0 209 
0190 
0 213 
0193 

0 188 
0187 
0 213 
0193 
0220 

0 207 
0187 
0 230 
0191 
0173 
0 214 
0 208 
0190 

cra(cm'l) 
CALC 

0 0059 
0 0094 
0 0074 
0 0097 
00086 
0 0187 
0380 
0 0850 
0 0129 
0 0115 

0 0924 
0 0903 
0 0902 
0 0872 

0 0197 
0 0176 
0 0220 
0 0128 
0 0111 
0 0224 

0 0553 
0 0534 
0 0566 
0 0402 
0 0398 

0 0848 
0 0829 
0 0975 
0 0956 
00699 
0 0766 
0 0953 
0 0933 
0 0959 

00888 
0 0868 
0 0910 
00800 
0 0783 
0 0823 
0 0800 
0 0782 

Dth(cm) 

0968 
0484 
0 749 
0 512 
0688 
0 485 
0406 
0 378 
0 629 
0 926 

0344 
0 463 
0 358 
0 585 

0440 
0 667 
0 912 
0 421 
0 412 
0 334 

0 393 
0540 
0 330 
0 482 
0 517 

0 419 
0 592 
0 401 
0 557 
0 536 
0 579 
0 337 
0 445 
0 313 

0340 
0 455 
0 268 
0 382 
0 502 
0290 
0 316 
0 396 

Kthi(cm-l) 

0 0778 
0139 
0 0993 
0137 
0112 
0196 
0968 
0 474 
0143 
0112 

0 518 
0442 
0 502 
0386 

0 212 
0162 
0155 
0174 
0164 
0 259 

0 375 
0 314 
0 414 
0 289 
0 277 

0 450 
0 374 
0 493 
0 414 
0 361 
0364 
0 532 
0 458 
0 554 

0 511 
0 437 
0 583 
0 458 
0 395 
0 532 
0 503 
0 445 

*ANL Shield Facility (Collimated Beam) 



Table E 

GAMMA-RAY SPECTRA FROM THERMAL NEUTRON CAPTURE IN THE CONCRETES 

CONCRETE 

01 
02-a 

02-b 

03 
04 
05 
06 
07 
0 - H W l 

0-HWZ 

FP-a 

FP-b 

FP-HWl 

FP HW3 

BA-a 

BA-b 

BA-H 

BAHA 

BAHAd 

BA-OR 

M-a 
M-b 
M-c 
M - H W l 

M-HW2 

I-la 
I-lb 
I-2a 
l-2b 
I-NRU 
I NRUe 

MS-a 
MS-b 
MS-c 

LS-a 
LS-b 
LS-c 
LS BRa 
LS-BRb 
LS-BRc 
LS-HWl 
LS-HW2 

CTalcm-l) 
CALC 

0 0059 

0 0094 

0 0074 

0 0097 

00086 

0 0187 

0380 

0 0850 

0 0129 

0 0115 

0 0924 

0 0903 

0 0902 

0 0872 

0 0197 

0 0176 

0 0220 

0 0128 

oom 
0 0224 

0 0553 

0 0534 

0 0566 

0 0402 

0 0398 

0 0848 

0 0829 

0 0975 

0 0956 

0 0699 

0 0766 

0 0953 

0 0933 

0 0959 

0 0888 

0 0868 

0 0910 

0 0800 

0 0783 

0 0823 

0 0800 

0 0782 

I M e v 

0 355 

0 546 

0 694 

0 374 

0 675 

0 781 

0 0047 

0 0)77 

0 636 

0 713 

0 871 

0 890 

0 873 

0 903 

0 279 

0 313 

0 576 

0 244 

0 195 

0 330 

0 676 

0 700 

0 660 

0 698 

0 705 

0 568 

0 581 

0 599 

0 611 

0 632 

0 618 

0 705 

0 720 

0 701 

0 713 

0 729 

0 6 % 

0 712 

0 728 

0 693 

0 695 

0 7 H 

2 Mev 

129 
0 533 

0 678 

0 911 

0 765 

0 796 

0 0032 

0 0475 

0 813 

0 912 

0 655 

0 670 

0 669 

0 692 

0 274 

0 307 

0 511 

0 391 

0344 

0 298 

0 721 

0 747 

0 704 

0 615 

0 621 

134 
137 
125 
127 
107 
115 

0 647 

0 661 

0 643 

0 600 

0 614 

0 585 

0 603 

0 616 

0 586 

0 589 

0 602 

3 Mev 

0 676 

0 739 

0 668 

0 751 

0 694 

0 611 

0 0171 

0 0916 

0 584 

0 533 

0 373 

0 359 

0 309 

0 286 

0 426 

0 357 

0 323 

0 635 

0 618 

0 477 

0 325 

0 301 

0 341 

0 338 

0 332 

0 242 

0 225 

0 248 

0 234 

0 246 

0 229 

0 3 0 4 

0 290 

0 309 

0 315 

0 299 

0 332 

0 313 

0 298 

0 332 

0 324 

0 309 

4 Mev 

0 715 

0 447 

0 569 

0 483 

0 595 

0 435 

108 
100 
0 420 

0 471 

0 302 

0 308 

0 283 

0 293 

0 483 

0 541 

0 372 

0 442 

0 374 

0 383 

0 240 

0 249 

0 235 

0 247 

0 249 

0 250 

0 256 

0 248 

0 253 

0 240 

0 239 

0 23) 

0 239 

0 232 

0 237 

0 243 

0 231 

0 236 

0 241 

0 229 

0 230 

0 235 

6 Mev 

0 408 

0 143 

0 182 

0 2 8 4 

0 218 

0 277 

0 275 

0 261 

0 270 

0 302 

0 258 

0 264 

0 284 

0 294 

0 204 

0 229 

0 244 

0 176 

0 139 

0 184 

03M 
0 315 

0 297 

0 244 

0 246 

0 636 

0 650 

0 588 

0 600 

0 496 

0 540 

0 271 

0 277 

0 269 

0 245 

0 251 

0 239 

0 246 

0 252 

0 240 

0 241 

0 247 

8 Mev 

0 0332 
0 0542 
0 0689 
0 0514 
0 0618 
0 127 
0 0593 
0 0017 
0 151 
0 169 

0 312 
0 319 
0 320 
0 331 

0 0920 
0 103 
0 257 
0 0278 
0 0412 
0 126 

0 296 
0 307 
0 289 
0 337 
OJilO 

0 0783 
0 0801 
0116 
0 118 
0 189 
0 165 

0 339 
0346 
0 337 

0 352 
0360 
0344 
0 354 
0 362 
0 345 
0 339 
0 357 

10 Mev 

0 0003 
00004 
0 0005 
0 0003 
00004 
00006 
0 0078 
0 0071 
0 0010 
0 0011 

0 0016 
0 0016 
0 0036 
0 0037 

0 0008 
0 0009 
0 0016 
00004 
0 0005 
0 0009 

0 0020 
0 0020 
0 0019 
0 0019 
0 0019 

0 0018 
0 0019 
0 0018 
0 0019 
0 0020 
0 0020 

0 0020 
0 0020 
0 0020 

0 0019 
0 0020 
0 0019 
0 0020 
0 0020 
0 0019 
0 0019 
0 0020 

Table X 

TOTAL GAMMA-RAY LINEAR ATTENUATION COEFFICIENTS OF THE CONCRETES 

PHOTON ENERGY (cin'l) 

0 5 Mev 

0 2033 
0 2017 
01917 
0 2095 
02O« 
0 2188 
01154 
01841 
0 2025 
0 1957 

0 3946 
0 3839 
0 4058 
0 3915 

0 3168 
0 3054 
0 2265 
0 2108 
0 2038 
0 2964 

0 3027 
0 2932 
0 3093 
0 2809 
0 2789 

0 2997 
0 2902 
0 3193 
0 3090 
0 2965 
0 2909 

0 3957 
03860 
0 3989 

0 3827 
0 3727 
0 3935 
0 3511 
0 3426 
0 3623 
0 3578 
0 3492 

1 Mev 

01482 
01473 
0 1400 
0 1527 
0 1489 
0 1596 
0 0843 
01343 
0 1476 
01426 

0 2851 
0 2773 
0 2930 
0 2825 

0 2142 
0 2058 
0 1569 
0 1470 
0 1425 
0 2030 

0 2192 
0 2132 
0 2240 
0 2037 
0 2022 

0 2173 
0 2103 
0 2312 
0 2236 
0 2147 
0 2106 

0 2855 
0 2783 
0 2878 

0 2761 
0 2688 
02840 
0 2533 
0 2471 
0 2615 
0 2583 
0 2519 

2 Mev 

0 1042 
01034 
0 0983 
01074 
01046 
01122 
0 0591 
0 0943 
0 1038 
0 1004 

0 2024 
01969 
02080 
0 2007 

0 1517 
0 1459 
0 1112 
01038 
01005 
0 1436 

0 1550 
0 1502 
016&4 
0 1439 
01429 

0 1535 
0 1486 
01635 
0 1582 
0 1518 
0 1490 

0 2027 
01977 
0 2043 

0 1960 
0 1909 
0 2015 
0 1798 
01755 
01855 
01833 
0 1788 

3 Mev 

0 0851 
0 0841 
0 0801 
0 0877 
0 0852 
0 0916 
0 0479 
0 0768 
0 0&49 
0 0821 

0 1697 
0 1653 
0 1747 
0 1688 

0 1295 
0 1248 
0 0941 
0 0869 
0 0838 
0 1217 

0 1290 
0 1251 
01317 
0 1192 
0 1184 

0 1271 
0 1233 
0 1361 
0 1319 
0 1263 
0 1241 

0 1706 
0 1666 
01719 

0 1650 
0 1609 
01694 
0 1513 
01478 
01558 
0 1539 
0 1503 

4 Mev 

0 0743 
0 0732 
0 0697 
0 0766 
0 0744 
0 0801 
0 0415 
0 0668 
0 0744 
0 0720 

01529 
0 1491 
0 1576 
0 1526 

0 1187 
0 1147 
0 0856 
0 0782 
0 0751 
0 1107 

0 1150 
0 1117 
0 1174 
0 1059 
0 1052 

0 1129 
0 10% 
0 1214 
0 1178 
0 1126 
01108 

0 1542 
0 1507 
0 1553 

0 1490 
0 1455 
0 1528 
0 1365 
01336 
0 1405 
0 1387 
0 1357 

5 Mev 

0 0675 
0 0663 
0 0632 
0 06% 
0 0674 
0 0728 
0 0374 
0 0605 
0 0677 
0 0656 

0 1430 
0 1397 
01477 
0 1432 

0 1130 
0 1094 
0 0809 
0 0731 
0 0699 
0 1047 

0 1066 
0 1036 
0 1087 
0 0977 
0 0971 

0 1042 
0 1012 
0 1126 
0 1093 
0 1043 
0 1028 

0 1446 
0 1416 
0 1456 

0 1398 
0 1367 
01432 
0 1280 
01253 
0 1315 
0 1298 
0 1271 

6 Mev 

0 0630 
0 0615 
0 0587 
0 0649 
0 0627 
0 0679 
0 0346 
0 0561 
0 0632 
0 0613 

0 1371 
0 1341 
01418 
01377 

0 1097 
0 1065 
0 0781 
0 0698 
0 0666 
01010 

0 1014 
0 0987 
0 1033 
0 0926 
0 0921 

0 0987 
0 0960 
01071 
0 1042 
0 0992 
0 0978 

01391 
01363 
0 1400 

0 1344 
0 1316 
01375 
0 1230 
0 1206 
0 1262 
0 1246 
0 1221 

8 Mev 

0 0570 
0 0554 
0 0529 
0 0588 
0 0566 
0 0615 
0 0309 
0 0506 
0 0575 
0 0558 

01304 
0 1277 
0 1351 
0 1316 

01066 
0 1038 
0 0752 
0 0661 
0 0627 
0 0972 

0 0950 
0 0927 
0 0967 
0 0863 
0 0858 

0 0919 
0 0895 
0 1005 
0 0979 
0 0930 
0 0919 

01328 
0 13O4 
01336 

01283 
01258 
01310 
0 1173 
01152 
01201 
0 1185 
0 1164 

10 Mev 

0 0539 
0 0520 
0 0497 
0 0556 
0 0533 
0 0581 
0 0288 
0 0474 
0 0545 
0 0529 

0 1280 
0 1256 
01329 
01297 

01064 
0 1038 
0 0745 
0OM7 
0 0610 
0 0%3 

0 0922 
0 0900 
0 0937 
0 0833 
0 0828 

00886 
0 0864 
0 0975 
0 0951 
0 0902 
0 0892 

0 1308 
0 1286 
0 1315 

0 1263 
0 1241 
01288 
0 1154 
01135 
01179 
0 1164 
0 1144 

CONCRETE 

01 
02-3 
02-b 
03 
04 
05 
06 
07 
0-HWl 
0-HW2 

EP-a 
FP-b 
EP-HWl 
FP-HV1I3 

BA-a 
BA-b 
BA-H 
BAHA 
BAHA-d 
BA-OR 

M-a 
M-b 
M-c 
M-HWl 
M-HW2 

I-la 
1-lb 
l-2a 
I-2b 
1-NRU 
I-NRUe 

MS-a 
MS-b 
MS-C 

LS-a 
LS-b 
LS-C 
LS-BRa 
LS-BRb 
LS-BRe 
LS-HV»1 
LS-HW2 

DENSITY 
(g/cm3| 

2 33 
230 
220 
239 
2 35 
250 
130 
209 
2 33 
226 

468 
4 57 
4 82 
4 67 

350 
339 
2 57 
2 35 
228 
330 

3 55 
3 45 
3 62 
329 
3 27 

350 
340 
3 76 
366 
3 49 
344 

4 70 
460 
4 73 
4 54 
444 
4 65 
416 
408 
4 28 
4 23 
4 14 
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Table X I 

GAMMA RAY ENERGY ABSORPTION LINEAR ATTENUATION COEFFICIENTS OF THE CONCRETES 

CONCRETE 

01 
02-a 
02-b 
03 
04 
05 
06 
07 
0-HWl 
0-HW2 

FP-a 
FP-b 
FP-HWl 
FP-HW3 

BA-a 
BA-b 
BA-H 
BAHA 
BAHA-d 
BA-OR 

M-a 
M-b 
M-c 
M-HWl 
M-HW2 

I-la 
I-lb 
I-2a 
I-2I) 
I-NRU 
I-NRUe 

MS-a 
MSb 
MSc 

LS-a 

LS-b 
LS-c 
LS-BRa 
LS-BRb 
LS-BRc 
LS-HWl 
LS-HW2 

DENSITY 
(g;cm3) 

2 33 
230 
220 
239 
235 
250 
130 

2 09 
2 33 
226 

468 
4 57 
4 82 
4 67 

350 
3 » 
2 57 

235 
228 
330 

355 
345 
3 62 
329 
327 

350 
340 
3 76 
366 
349 
344 

4 70 
460 
4 73 

454 
444 
4 65 
416 
408 
428 
4 23 
414 

0 5 Mev 

0 0694 
00684 
00650 
0 0716 
0 0693 
0 0746 

0 0391 
0 0627 
0 0691 
00668 

01382 
01345 
01424 
01375 

01263 
01224 
0 0862 
0 0790 
0 0762 
01153 

01055 
01022 
01077 
0 0976 
0 0969 

01041 
01009 
01114 
01079 
01033 
01015 

01392 
01359 

01403 

01345 
01311 
01382 
01234 
01205 
01272 
01257 
01227 

I M e v 

0 0650 

00644 
00612 
0 0670 
0 0651 
0 0699 
0 0369 

0 0589 
0 0647 
0 0625 

01251 
01217 
01286 
01240 

0 0978 
0 0941 
0 0705 
0 0659 
0 0639 
0 0920 

00962 
0 0932 
00984 
0 0894 
00888 

0 0955 
0 0924 

01016 
0 0982 
0 0943 
0 0925 

01253 
0 1221 

01263 

0 1211 
01179 
01246 
01112 
01085 
01148 
01134 
01106 

2 Mev 

0 0558 

0 0551 
0 0524 
0 0575 
0 0558 
00600 
00315 
0 0504 
0 0556 
0 0537 

0 1 0 % 
01068 
01127 

01088 

00840 
00809 
0 0610 
0 0566 
00547 
0 0791 

0 0837 
0 0811 
0 0855 
0 0776 
0 0771 

0 0828 
0 0802 

0 0884 
0 0855 
00820 
0 0805 

OHM 
01073 
01108 

01063 
01036 
01092 
0 0975 
0 0952 
01006 
0 0993 
00970 

PHOTON ENERGY (cm 

3 Mev 

0 0507 
0 0499 
0 0475 
00523 
00506 
00546 
0 0283 
0 0456 
0 0507 
0 0490 

01040 
01014 
01072 
01038 

0 0813 
0 0786 
0 0585 
0 0534 
0 0514 
0 0758 

0 0784 
0 0761 
00800 
0 0722 
0 0717 

0 0770 
0 0747 

0 0828 
0 0803 
00767 
0 0755 

01048 
01025 
01056 

01013 
00989 
01039 
0 0928 
00908 
0 0956 
00944 
0 0923 

4 Mev 

0 0477 
00466 
00444 
0 0492 
0 0475 
0 0513 
00263 
00426 
0 0478 
0 0463 

0 1020 
0 09% 
0 1054 
01022 

0 0815 
0 0790 
0 0580 
0 0522 
0 0499 
0 0752 

0 0759 
0 0738 
0 0773 
0 0695 
0 0691 

0 0741 
0 0720 

0 0801 
0 0779 
0 0743 
0 0732 

01032 
01011 

01039 

0 0997 
0 0975 
01021 
0 0913 
0 0895 
0 0938 
0 0926 
0 0907 

1) 

5 Mev 

0 0456 

0 0443 
0 0423 
00470 
0 0452 
0 0491 
0 0249 
00406 
0 0458 
00444 

0 1015 
0 0993 
01051 
01022 

0 0825 
0 0802 
0 0583 
0 0517 

0 0493 
0 0756 

0 0746 
0 0727 
0 0760 
00680 
0 0676 

0 0725 
0 0705 
0 0789 
0 0768 
00731 
0 0721 

01032 
01012 

01038 

009% 
00976 
01018 
0 0912 
0 0894 
00935 
00923 
00905 

6 Mev 

00444 
0 0429 
0 0410 
00458 
00439 
0 0478 
0 0239 

0 0393 
0 0447 
0 0434 

01020 
0 0999 
01057 
01029 

0 0839 
0 0817 
0 0590 
0 0518 
0 0491 
0 0764 

0 0743 
0 0724 
0 0756 
0 0674 
0 0670 

0 0718 
0 0700 
0 0786 
0 0766 
00727 
0 0718 

01039 
01020 

01045 

01004 
0 0984 
0 1024 
0 0918 
0 0901 
0 0940 
0 0927 
0 0910 

8 Mev 

00428 
00410 
00392 
0 0441 
00422 
0 0461 
0 0227 

0 0376 
0 0432 
00420 

01035 
01015 
01075 
01049 

0 0869 
00848 
0 0605 
0 0522 
0 0492 
0 0783 

0 0742 
0 0725 
0 0754 
0 0669 
0 0665 

0 0712 
0 0695 
0 0785 
0 0767 
0 0726 
00719 

01058 
01041 

01064 

01022 
01004 
01041 
0 0933 
0 0918 
0 0953 
0 0941 
0 0925 

10 Mev 

0 0423 
0 0403 
0 0386 
0 0437 
0 0415 
0 0456 
0 0222 
0 0370 
00429 
0 0417 

01067 
01048 
OHIO 

01085 

0 0905 
00885 
0 0626 
0 0535 
0 0502 
0 0811 

0 0756 
0 0740 
0 0768 
0 0678 
0 0675 

0 0722 
0 0705 
0 0801 
0 0783 
0 0740 
0 0733 

01095 
0 1078 
OlIOO 

0 1057 
01039 
0 1075 
0 0964 
0 0950 
0 0984 
0 0971 

00956 

I-NRUe 

MS-a 

LS-HWl 

Table S I 

EFFECTIVE ATOMIC NUMBERS FOR DETERMINING THE BUILDUP FACTORS FOR CONCRETES 

CONCRETE 
SYMBOL 

01 

04 

0-HWl 

FP-a 

FP-HWl 

BA-a 

BA OR 

M-a 

M-HWl 

DENSITY 
(g/cm3l 

2 33 

235 

2 33 

468 

4 82 

350 

330 

3 55 

329 

TYPE 

Ordinary 

Ordinary 

Ordinary 

Ferrophosphorus 

Ferrophosphorus 

Barytas 

Barytes 

Magnetite 

Magnetite 

EFFECTIVE 
ATOMIC 
NUMBER 

12 

11 

12 

21 

21 

27 

25 

17 

17 

344 

4 70 

4 23 

llmenite 

Magnetite and Steel 

Limoniteand Steel 

22 

21 
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INDIVIDUAL CONCRETE DATA SHEETS 

Concrete Type Page Concrete Type Page 

01 

02-a 

02-b 

03 

04 

05 

06 

07 

O-HWl 

0-HW2 

F P - a 

F P - b 

F P - H W l 

FP-HW3 

BA-a 

BA-b 

BA-H 

BAHA 

BAHA-d 

BA-OR 

M-a 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

M-b 

M-c 

M-HWl 

M-HW2 

I - l a 

I- lb 

I-2a 

I-2b 

I-NRU 

I-NRUe 

MS-a 

MS-b 

MS-c 

LS-a 

LS-b 

LS-c 

LS-BRa 

LS-BRb 

LS-BRc 

LS-HWl 

LS-HW2 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 



Table XIII 

C-1 

CONCRETE TYPE 

Ordinary 

SYMBOL 

01 

DENSITY 

g/cm3 Ib/ft3 

2.33 145 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

REFERENCE: Hogerton, J. F . and R. C. G r a s s , The Reactor Handbook. 
Vol. 1, Phys ics , AECD-3645 (March 1955) p. 675, 725-727. 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

In 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 1 

Cement J 

Ore 1 

Cement J 

Ore ^ 

Cement | 

Ore 

Cement [ 

0 . 0 0 4 8 4 

0 . 0 3 8 4 

1 . 1 1 0 6 

0 . 1 3 0 

0 . 0 0 4 8 6 

0 . 0 1 1 9 

0 . 4 3 8 

0 . 0 0 1 9 2 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

^ 
in Ore 1 

in Cement J 

i n Steel 

. 0 . 5 8 1 

0 . 0 0 7 2 6 



Table XIII (Cont'd.) 

CONCRETE TYPE 

Ord inary 

SYMBOL 

02-a 

C-2 

DENSITY 

g/cm3 Ib/ft3 

2.30 144 

COMPOSITION (lb/yd) 

Water 

260 

Cement 

318 

Aggregate 

3300 
(sand and gravel) 

Steel Total 

3878 

REFERENCE: Hogerton, J. F . , and R. C. G r a s s , The Reactor Handbook. 
Vol. 1, Phys ics , AECD-3645 (March 1955) p.675, 725-727. 

NOTE: Mix calculated from % wt given. 

ELEMENTAL COMPOSITION {gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

In Water 

in Ore "1 

In Cement J 

in Ore ^ 

in Cement J 

In Ore 'j 

in Cement | 
J 

in Ore ^ 
In Cement r 

J 

0.023 

0.183 

1.037 

0.0023 
0.0368 

0.005 

0.078 

0.775 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

In Cemen 

In Ore 

in Cemen 

in Steel 
.} 

0.0299 

0.100 

0.032 
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Table XIII (Cont'd. 

CONCRETE TYPE 

Ordinary 

SYMBOL 

02-b 

C-3 

DENSITY 

g/cm3 lb/ f t3 

2.20 137 

Water Cement 

COMPOSITION (lb/yd) 

Aggregate Steel Total 

REFERENCE: S e e 0 2 - a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

In 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore ^ 

Cement J 

Ore "1 

Cement J 

Ore 1 

Cement j 

Ore ^ 

Cement j 
J 

0.0115 

0.0915 

1.037 

0.0023 
0.0368 

0.005 

0.078 

0.775 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

0.0299 

0.100 

in Ore 

in Cement 

in Steel 

0.032 



Table XIII (Cont'd.) 

C-4 

CONCRETE TYPE 

Ordinary 

SYMBOL 

03 

DENSITY 

g/cm3 Ib/ft3 

2.39 149 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

REFERENCE: Bl izzard , E. P . , and J. M. Mil ler , Radiation Attenuation 

NOTE: 

Charac t e r i s t i c s of S t ruc tura l Concre te , ORNL 2193, 
(Aug 29, 1958) p. 2. 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Wafer 

in Ore 

in Water 

in Ore 1 

in Cement J 

in Ore 1 

in Cement f 

in Ore ^ 

in Cement j 
J 

in Ore ^ 
in Cement r 

J 

0 , 0 2 0 

0 . 1 5 9 

0 . 9 8 0 

0 . 1 1 8 

0 . 0 5 7 

0 . 0 8 5 

0 . 3 4 2 

0 . 0 0 7 

0 . 0 0 7 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore "1 

in Cement [ 

In Ore "1 

in Cement J 

in Steel 

0 . 0 0 4 

0 . 5 8 2 

0 . 0 0 3 

0 . 0 2 6 



38 

T a b l e XIII (Cont 'd . ) 

C-5 

C O N C R E T E T Y P E 

O r d i n a r y 

SYMBOL 

04 

DENSITY 

/ c m 3 Ib / f t3 g 

2.35 147 

COMPOSITION ( lb /yd) 

Water Cement Aggregate Ste Total 

REFERENCE: G r o d s t e i n , G. W., X - R a y At t enua t ion Coef f ic ien t s f roin 10 kev 
to 100 Mev, NBS C i r c u l a r 583 (Apr 30, 1957) p . 50. 

N O T E : 

E L E M E N T A L COMPOSITION (gm/cm3) 

in Water 

in Ore 

In Water 

In Ore "1 

in Cement J 

0.013 

0.103 

1.062 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in Ore 'l 

in Cement 1 

in Ore 

in Cement •' 

in Ore 1 

in Cement -' 

0.040 

0.006 

0.107 

0.737 

0.003 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

NI 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

0.045 

1 0.194 

in Or 

in Cemei 

in Steel 
. } 0.029 



Table XIII (Cont'd.) 

39 

CONCRETE TYPE 

O r d i n a r y 

SYMBOL 

05 

C -6 

DENSITY 

g/cm3 Ib/ft3 

2.50 156 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

REFERENCE: Avery, A. F . et al^., Methods of Calculation for use in the 
Design of Shields for Power Reac to r s , AERE-R-3216 
(Feb I960) p. c3 -c4 . 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore > 

in Cement _, 

in Ore "1 

in Cement J 

in Ore 

in Cement . 

in Ore 

in Cement , 

0.022 

1.231 

0.008 
0.029 

0.002 

0.131 

0.63 

0.0037 

CI 

K 

Co 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

In Ore -| 

in Cement J 

in Steel 

0.025 

0.242 

0.017 

0.045 

0.122 
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T a b l e XIII (Cont 'd . ) 

C O N C R E T E T Y P E 

Ordinary 

SYMBOL 

06 

C-7 

DENSITY 

/ c m 3 I b / f t 3 9 

1.30 80 

Water Cement 

0.231 V F 0.256 VF 

COMPOSITION ( l b / y d ) 

Aggregate 

0.513 V F 
(Dia tonnaceous E a r t h ) 

Steel Tota l 

1.00 

REFERENCE: H u n g e r f o r d , H. E . , et a l . . New Shie ld ing M a t e r i a l s for 
H i g h - T e m p e r a t u r e App l i ca t i on , N u c l e a r S c i e n c e and 
E n g i n e e r i n g 6, 401 -404 (Nov 1959). 

N O T E : B o r a t e d d ia tonnaceous e a r t h a g g r e g a t e 0.8% b o r a t e d . F i r e d 
for 24 h o u r s at 1000°F ~ 80 I b / f t ^ 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

A l 

Si 

P 

S 

in Water 

in Ore 

in Water > 

in Ore > 

in Cement ' ' 

in Ore 

in Cement , 

in Ore 

in Cement , 

in Ore 

in Cement 

0.034 

0.793 

0.010 

0.003 

0.025 

0.417 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 
j 0.0 01 

in Ore ") 

in Cement J 

i n Steel 

0.013 



Table XIII (Cont'd.) 

C - 8 

CONCRETE TYPE 

Ordinary 

SYMBOL 

07 

DENSITY 

g/cm3 Ib/ft3 

2.09 130.3 

Water 

373 

Cement 

525 

COMPOSITION (lb/yd) 

Aggregate 

erpentine 
2032 

Sand 
950 

Steel 

Plas t iment 
1.39 

Total 

3887 

REFERENCE: See 0-6 (APDA) 

NOTE: Density given is after drying to constant weight at 130**F. 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Woter 

in Ore V 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement . 

in Ore "1 

in Cement J 

0 . 0 3 3 

1 . 0 7 5 

0 . 0 0 2 

0 . 0 0 2 

0 . 0 0 8 

0 . 2 8 1 

0 . 0 4 0 

0 . 4 3 5 

t r a c e 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

In Ore 

in Cement _ 

in Steel 

t r a c e 
0.008 

0.141 

t r a c e 

t r a c e 
t r a c e 

0.064 

0.002 



Table XIII (Cont'd.) 

C - 9 

CONCRETE TYPE 

Ordinary 

SYMBOL 

O - H W l 

DENSITY 

g/cm3 Ib/ft3 

2 . 3 3 145 

Water Cement 

COMPOSITION (lb/yd) 

Aggregate Steel Total 

REFERENCE: Pe te rson , E. G., Shielding P rope r t i e s of Ordinary Concrete 
as a Function of Tempera tu r e , HW-65572 (Aug 2, I960) p. 24. 

NOTE: Hanford (As Cured) 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

SI 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water "j 

Ore y 

Cement 1 

Ore "1 

Cement . 

Ore I 

Cement J 

Ore 1 

Cement -' 

0.015 

1.057 

0.041 

0.085 

0.137 

0.487 

0.002 
0.002 

CI 

K 

Co 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement } 

in Ore ^ 

in Cement J 

in Steel 

0.015 

0.295 

0.011 

0.003 

0.178 



Table XIII (Cont'd.) 

43 

C-10 

CONCRETE TYPE 

Ord inary 

SYMBOL 

0-HW2 

DENSITY 

g/cm3 Ib/ft3 

2.26 141 

Water Cement 

COMPOSITION (lb/yd) 

Aggregate Steel Total 

REFERENCE: S e e O - H W l 

NOTE: Hanford (heated to 100°C) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

ELEMENTAL COMPOSITION (gm/cm3) 

0.007 

0.995 

0.041 

0.085 

0.137 

0.487 

0.002 
0.002 

K 

Ca 

Tl 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore "j 

in Cement J 

in Ore "| 

in Cement J 

in Steel 

0.015 

0.295 

0.011 

0.003 

0.178 



T a b l e XIII (Cont 'd . ) 

C - 1 1 

CONCRETE T Y P E SYMBOL 

DENSITY 

g/cm3 Ib / f t3 

F e r r o p h o s p h o r u s F P - a 4.68 292 

COMPOSITION ( lb /yd) 

Water Cement Aggregate Steel Total 

383 730 C o u r s e 
4070 

F i n e 
2710 

7893 

REFERENCE: H a m e r , E . E . , Draf t of R e v i s e d R e a c t o r Handbook, T a b l e s 
7.1 - 4 . 1 , 7.1 - 4 .2 , P r i v a t e C o m m u n i c a t i o n 

N O T E : Assunned p e r c e n t a g e not r e p o r t e d for a g g r e g a t e to be oxygen . 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

In 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0234 

0.201 
0.041 
0.154 

0.0023 

0.0047 

0.0187 
0.0796 
0.0515 
0.967 

CI 

K 

Ca 

Tl 

V 

Cr 

Mn 

Fe 

NI 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

In Ore 

in Cement 

i n Steel 

0.197 

0 .0023 
0.117 
2.808 
0.014 
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Table XIII (Cont'd.) 

CONCRETE TYPE 

Fer rophosphorus 

SYMBOL 

F P - b 

C-12 

DENSITY 

g/cm3 Ib/ft3 

4.57 285 

Water Cement 

COMPOSITION (lb/yd) 

Aggregate Steel Total 

REFERENCE: S e e F P - a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0117 

O.IOO 
0.041 
0.154 

0.0023 

0.0047 

0.0187 
0.0796 
0.0515 
0.967 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

In Ore 

in Cement 

in Steel 

0.197 

0.0023 
0.117 
2.808 
0.014 



T a b l e XIII (Cont 'd . ) 

C - 1 3 

C O N C R E T E T Y P E 

F e r r o p h o s p h o r u s 

SYMBOL 

F P - H W l 

DENSITY 

g/cm3 Ib / f t3 

4.82 301 

COMPOSITION ( lb /yd) 

Water Cement Aggregate Steel Total 

REFERENCE: P e t e r s o n , E . G., Shie ld ing P r o p e r t i e s of F e r r o p h o s p h o r u s 
C o n c r e t e a s a F u n c t i o n of T e m p e r a t u r e , HW-64774 
(July 15, I960) p p . 4 3 - 4 4 , 62 . 

N O T E : Hanford (As C u r e d ) 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

in Water 

in Ore 

in Water ^ 

in Ore S-

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0.021 

0.322 

0.004 

0.006 

0.009 

0.090 

1.049 
0.004 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore [ 

in Cement J 

In Ore T 

in Cement J 

i n Steel 

0.203 

0 . 0 4 2 
0 . 0 8 4 
0 . 0 8 4 
0 . 0 1 3 

2.823 

0 . 0 1 7 

0 . 0 0 8 

0.042 



Table XIII (Cont'd.) 

47 

CONCRETE TYPE 

Fer rophosphorus 

SYMBOL 

FP-HW3 

C-14 

DENSITY 

g/cm3 lb/ft 3 

4.67 292 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

REFERENCE: S e e F P - H W l 

NOTE: Hanford (heated to 320°C) 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore > 

in Cement _ 

in Ore "I 

in Cement J 

in Ore 

in Cement 

in Ore 

in Cement . 

0.004 

0.191 

0.004 

0.006 

0.009 

0.090 

1.049 
0.004 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in 

in 

in 

in 

in 

Ore 

Cement . 

Ore 

Cement . 

Steel 

0.203 

0.042 
0.084 
0.084 
0.013 

2.823 

0.017 
0.008 

0.042 
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Table XIII (Cont'd.) 

C-15 

DENSITY 

CONCRETE TYPE SYMBOL g/cm3 Ib/f t3 

Barytes BA-a 3.50 219 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

REFERENCE: The R e a c t o r Handbook, Vol . 1: P h y s i c s , AECD - 3645, 
( M a r c h 1955) pp . 675, 7 2 5 - 7 2 7 . 

NOTE: Assumed percentage not reported for aggregates to be oxygen. 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

In 

in 

in 

in 

in 

in 

in 

in 

Woter 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0243 

0.195 
0.872 
0.118 

0.00385 

0.0137 

0.0352 

0.364 

CI 

K 

Co 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

i n Steel 

0.0203 
0.147 

0.151 

0.0091 

1.551 
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Table XIII (Cont'd.) 

CONCRETE TYPE 

B a r y t e s 

SYMBOL 

BA-b 

C-16 

DENSITY 

g/cm3 Ib/ff3 

3.39 212 

Water Cement 

COMPOSITION (lb/yd) 

Aggregate Steel Tota 

REFERENCE: S e e B A - a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cni3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

In 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0122 

0.0975 

0.872 

0.118 

0.00385 

0.0137 

0.0352 

0.364 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Co 

Zn 

Mo 

Ba 

in Ore 

in Cement 

In Ore 

in Cement 

in Steel 

0.0203 

0.147 

0.151 

0.0091 

1.551 
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T a b l e XIII (Cont 'd . ) 

C O N C R E T E T Y P E 

B a r y t e s 

SYMBOL 

B A - H 

C - 1 7 

DENSITY 

g/cm3 Ib / f t3 

2.575 160 

COMPOSITION ( lb /yd) 

Water Cement Aggregate Steel Total 

REFERENCE: A v e r y , A. F . et a l . . Me thods of C a l c u l a t i o n for u s e in the 
D e s i g n of Sh ie lds for P o w e r R e a c t o r s , A E R E - R - 3 2 1 6 , 
(Feb I960) p . c 3 - c 4 . 

N O T E : 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

In 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

• N 

[ 
J 

} 
1 
J 

0 

0 

0 

0 

0 

0 

007 

.710 

0233 

0123 

180 

180 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement } 0.148 

in Ore "I 

in Cement J 

i n Steel 

0.595 

0.718 



Table XIII (Cont'd.) 

C-18 

CONCRETE TYPE 

Bary tes Haydite 

SYMBOL 

BAH A 

DENSITY 

g/cm3 lb/ft3 

2.35 147 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

10.0% 16.3% Bary tes 
46.4% 

Haydite 
27.3% 

REFERENCE: B l o s s e r , T. V. e t a L , A Study of the Nuclear and Physica l 
P r o p e r t i e s of the ORNL Graphite Reactor Shield, ORNL-2195, 
(Sept 8, 1958) pp. 5-8. 

NOTE: Elementa l Composit ion computed from mix pe rcen tages given 
assuming 2.35 g /cm density for wet mix . 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0.026 
0.0045 
0.209 
0.494 
0.138 

0.0046 
0.0546 

0.0161 
0.308 
0.0414 

0 .144 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

i n Steel 

0.109 
0.172 

0.010 

0.618 
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C O N C R E T E T Y P E 

Barytes Haydite 

Table XIII (Cont'd.) 

SYMBOL 

B A H A - d 

C-19 

DENSITY 

3/cm3 

2.28 

l b / f t -

142 

Water Cement 

COMPOSITION ( lb /yd) 

Aggregate Steel Total 

R E F E R E N C E : S e e B A H A 

NOTE: Elemental Composition is average value for four core dr i l l ings , 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement . 

Ore 

Cement , 

Ore "1 

Cement J 

0.0298 

1.084 

0.0441 

0.0565 

0.232 

0.0094 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore "I 

in Cement J 

in Ore 

in Cement 

i n Steel 

0.209 

0.0338 

0.577 



Table XIII (Cont'd.) 

C-20 

CONCRETE TYPE 

B a r y t e s 

SYMBOL 

BA-OR 

DENSITY 
g/cm 3 lb / f t 3 

3.30 206 

Water 

383 

Cement 

468 

COMPOSITION (lb/yd) 

Aggregate 

4711 

Steel Total 

5562 

REFERENCE: Grantham, W. J. , J r . , Bary tes Concrete for Radiation 
Shielding: Mix C r i t e r i a and Attenuation C h a r a c t e r i s t i c s , 
ORNL-3130 (July 25 1961) p. 44. 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore 

in Cement . 

in Ore 

in Cement -

in Ore 

in Cement . 

in Ore 

in Cement . 

0.036 

0.291 

0.917 

0.0099 

0.0066 

0.139 

0.287 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

in Steel 

} 0.135 

} 0.277 

1.20 
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T a b l e XIII (Cont 'd . ) 

C O N C R E T E T Y P E 

Magne t i t e 

SYMBOL 

M - a 

C - 2 1 

DENSITY 

3/cm3 

3.55 

lb / f t 3 

222 

COMPOSITION ( lb /yd) 

Water 

330 

Cement 

875 

Aggregate 

C o a r s e 
2623 

Steel 

F i n e 
2160 

Total 

REFERENCE: The E x p e r i m e n t a l Boi l ing W a t e r R e a c t o r , A N L - 5 6 0 7 
(May 1957) p . 60 . H a m e r , E . E . op . c i t . ( F P - a ) . 

N O T E : T h i s m i x t u r e a s s u m e s 100 p e r c e n t r e t e n t i o n of m i x w a t e r , 
but no f r e e m o i s t u r e in a g g r e g a t e . 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

E L E M E N T A L COMPOSITION (gm/cm3) 

0.0219 

0.174 
0.826 
0.187 

0.0172 
0.0062 
0.0752 
0.0218 
0.0670 
0.0561 
0.0006 
0.0037 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

i n Steel 

0.0071 
0.233 

0.0959 
0.0062 
0.0030 
0.0024 
1.730 

0.0145 



Table XIII (Cont'd.) 

C-22 

CONCRETE TYPE 

Magnetite 

SYMBOL 

M-b 

DENSITY 

g/cm3 lb/ft3 

3.45 215 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

REFERENCE: S e e M - a 

NOTE: This mixture a s s u m e s 50 percent retent ion of mix water , but 
no free mois ture in aggrega te . 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0.0110 

0.087 
0.826 

0.187 

0.0172 

0.0062 
0.0752 

0.0218 
0.0670 

0.0561 
0.0006 
0.0037 

CI 

K 

Co 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

In Ore 

in Cement 

in Steel 

0.0071 
0.233 

0.0959 
0.0062 
0.0030 
0.0024 
1.730 

0.0145 



T a b l e XIII (Cont 'd . ) 

C~23 

DENSITY 

C O N C R E T E T Y P E 

Magne t i t e 

SYMBOL 

M-c 

3/cm3 

3.62 

l b / f t -

226 

Water 

330 

Cement 

875 

COMPOSITION (lb/yd) 

Aggregate 

C o a r s e F i n e 
2700 2200 

Steel Total 

6 1 0 5 

REFERENCE: S e e M - a 

NOTE: T h i s m i x t u r e a s s u m e s a l l f r e e m o i s t u r e in a g g r e g a t e to 
be r e t a i n e d . 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0219 
0.0076 
0.174 
0.887 
0.187 

0.0172 
0.0062 
0.0752 
0.0218 
0.0670 
0.0561 
0.0006 
0.0037 

CI 

K 

Co 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

in Steel 

0.0071 
0.233 

0.0959 
0.0062 
0.0030 
0.0024 
1.730 

0.0145 



Table XIII (Cont'd.) 

57 

C-24 

C O N C R E T E T Y P E 

Magneti te 

SYMBOL 

M - H W l 

D E N S I T Y 

g/cm3 Ib / f t 3 

3.29 205 

Water Cement 

COMPOSITION ( lb /yd) 

Aggregate Steel Total 

REFERENCE: Wood, D. E. , The Effect of T e m p e r a t u r e on the Neutron 
Attenuation of Magnetite Concre te , HW-58497 (Dec 11, 1958) 
p . 16. 

NOTE: Elementa l composit ion repor ted in g/cm^ with Mg-Al repor ted 
together . Hanford (As Cured) 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

P 

S 

in Ore ^ 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement } 

0.015 

1.279 

0.184 

0.129 

CI 

K 

Co 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement } 0.220 

in Ore "1 

in Cement J 

in Steel 

1.460 
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C O N C R E T E T Y P E 

Magnetite 

T a b l e XIII (Cont 'd . ) 

SYMBOL 

M-HW2 

C-25 

DENSITY 

g/cm3 I b / f t 3 

3.27 204 

COMPOSITION ( lb /yd) 

Water Cement Aggregate Ste Total 

R E F E R E N C E : S e e M - H W l 

N O T E : E l e m e n t a l C o m p o s i t i o n r e p o r t e d m g / c m wi th M g - A l 
r e p o r t e d t o g e t h e r . Hanford (hea ted to 100°C) 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

in Water 

in Ore 

in Water 

in Ore 

in Cement 

m Ore 

in Cement 

in Ore 

in Cement 

Si 

p 

s 

in Ore 1 

in Cement J 

0 . 0 1 2 8 

1.261 

0 . 1 8 4 

0.129 

CI 

K 

Co 

T I 

V 

Cr 

Mn 

Fe 

N I 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement } 

in Ore "j 

in Cement J 

in Steel 

0.220 

1.460 



Table XIII (Cont'd.) 

C - 2 6 

CONCRETE TYPE 

I l m e n i t e 

SYMBOL 

I - l a 

DENSITY 

g/cm3 Ib/ft3 

3.50 219 

Water 

330 

Cement 

875 

COMPOSITION (lb/yd) 

Aggregate 

4695 

Steel Total 

5900 

REFERENCE: Pa lache , C. et aJ., The System of Mineralogy (Dana's) 
Vol. I, New York: John Wiley and Sons, Inc. (1951) p . 537. 

NOTE: The same volumetr ic mix propor t ions as the magnet i te 
concre te M - 1 . New York State I lmeni te . 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0219 

0.174 
0.981 
0.187 

0.267 
0.0062 

0.0218 

0.0560 

CI 

K 

Co 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

in Steel 

0.233 
0.955 

0.0225 
0.560 
0.0145 
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CONCRETE TYPE 

I l m e n i t e 

T a b l e XIII (Cont 'd . ) 

SYMBOL 

I - l b 

C-27 

DENSITY 

a/cm-^ 

3.40 

l b / f t -

212 

Water Cement 

COMPOSITION ( l b / y d ) 

Aggregate Steel To ta l 

REFERENCE: S e e I - l a 

N O T E : 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore 

m Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0 . 0 1 1 0 

0 . 0 8 7 
0 . 9 8 1 

0 . 1 8 7 

0.267 
0.0062 

0 . 0 2 1 8 

0 . 0 5 6 0 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

N I 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

In Steel 

0.233 
0.955 

0 . 0 2 2 5 
0 . 5 6 0 
0 . 0 1 4 5 



Table XIII (Cont'd.) 

C-28 

CONCRETE TYPE SYMBOL 

DENSITY 

g/cm3 Ib/ft3 

I lmenite I-2a 3.76 235 

COMPOSITION (lb/yd) 

Water 

330 

Cement 

875 

Aggregate 

5140 

Steel Total 

6345 

REFERENCE: Pa lache , C. et a l . . The System of Mineralogy (Dana), Vol I, 
New York: John Wiley and Sons, Inc. (1951) p . 537. 

NOTE: The same volumetr ic mix propor t ions as the magnet i te 
concre te M - I . Assumed percentage not r epor ted for aggregate 
to be oxygen. Swedish Ilmenite 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0.0219 

0 .174 

0.989 
0.187 

0.0148 
0.0062 

0.0218 

0.0560 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

in Steel 

0.0012 
0.223 

0.959 

0.0302 

1.049 
0.0145 
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Table XIII (Cont'd.) 

C-29 

DENSITY 

CONCRETE TYPE 

Ilmenite 

SYMBOL 

I-2b 

g/cnr^ 

3.66 

lb/ft-

228 

Water Cement 

COMPOSITION (lb/yd) 

Aggregate Steel To ta l 

REFERENCE: S e e I - 2 a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

A l 

Si 

P 

S 

in Water 

in Ore 

m Water 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0.0110 

0.087 

0.989 
0.187 

0.0148 
0.0062 

0.0218 

0.0560 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

N I 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

in Steel 

0.0012 
0.223 

0.959 

0.0302 
1.049 

0.0145 



Table XIII (Cont'd.) 

C-30 

CONCRETE TYPE 

I lmeni te 

SYMBOL 

I -NRU 

DENSITY 

g/cm3 Ib/ft3 

3.49 218 

Water Cement 

COMPOSITION (lb/yd) 

Aggregate Steel Total 

REFERENCE: Robson, J . M., The Attenuation of Neutrons by the Side Shield 
of the NRU Reactor , CRP-860 (Oct 1959) pp. 15, 16. 

NOTE: Canadian Chalk River R e s e a r c h Reactor a s sumed percentage 
not r epor ted for composit ion to be oxygen. 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water •̂  

Ore L 

Cement 1 

Ore T 

Cement .1 

Ore "1 

Cement J 

Ore "1 

Cement J 

0.0115 

1.212 

0.0185 

0.0527 

0.0743 

0.121 

CI 

K 

Co 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Bo 

in Ore | Q ^ ^ ^ ^ 

in Cement J 

0.508 

'"°'" I 1.38 
in Cement J 
in Steel 
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CONCRETE T Y P E 

T a b l e XIII (Cont 'd . ) 

SYMBOL 

C - 3 1 

DENSITY 

g / c m 3 I b / f t 3 

I l m e n i t e I -NRUe 3.44 215 

Water Cement 

COMPOSITION ( l b / y d ) 

Aggregate Steel To ta l 

R E F E R E N C E : S e e I - N R U 

NOTE: E l e m e n t a l C o m p o s i t i o n two y e a r s a f t e r p o u r . 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore > 

in Cement _, 

in Ore "1 

in Cement J 

in Ore "I 

in Cement J 

in Ore 

in Cement 

0.0093 

1.182 

0.0148 

0.0571 

0.0416 

0.0664 

Cl 

K 

Co 

T i 

V 

Cr 

Mn 

Fe 

N I 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement } 

i n Steel 

0.102 

0.649 

' " ° ^^ j 1.309 
m Cement J 



Table XIII (Cont'd.) 

CONCRETE TYPE 

Magnetite and Steel 
Punching s 

Water 

340 

Cement 

940 

SYMBOL 

MS-a 

COMPOSITION (lb/yd) 

Aggregate 

1846 

C-32 

DENSITY 

g/cm3 Ib/ft3 

4.70 

Steel 

4800 

293 

Total 

7926 

REFERENCE: The Exper imenta l Boiling Water Reac tor , ANL-5607 
(May 1957) p . 60. Hamer , E. E., o£. cit . , ( F P - a ) . 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

SI 

P 

S 

in Water 

in Ore 

in Water 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0.0225 

0.179 
0.334 
0.200 

0.0125 
0.0071 
0.0237 
0.0231 
0.0107 
0.0605 
0.0006 
0.0018 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Co 

Zn 

Mo 

Bo 

in Ore 

in Cement 

In Ore 

in Cement 

in Steel 

0.0047 
0.251 
0.0676 
0.0042 
0.0018 
0.0018 
0.631 
0.0154 
2.846 
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T a b l e XIII (Cont 'd . ) 

CONCRETE TYPE 

M a g n e t i t e and S tee l 
P u n c h i n g s 

Water Cement 

SYMBOL 

MS-b 

COMPOSITION (lb/yd) 

Aggregate 

C - 3 3 

DENSITY 

g/cm3 Ib/f t3 

4.60 287 

Steel Total 

REFERENCE: S e e M S - a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

In 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0112 

0.089 
0.334 
0.200 

0.0215 
0.0071 
0.0237 
0.0231 
0.0107 

0.0605 
0.0006 
0.0018 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

NI 

Cu 

Zn 

Mo 

Bo 

In Ore 

In Cement 

in Ore 

In Cement 

1n Steel 

0.0047 
0.251 
0.0676 
0.0042 
0.0018 
0.0018 
0.631 
0.0154 
2.846 
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CONCRETE TYPE 

Magnetite and Steel 
Punchings 

Water 

340 

Cement 

940 

Table XIII (Cont'd.) 

SYMBOL 

MS-c 

g / c m -

4.73 

C - 3 4 

DENSITY 

lb/ft 3 

296 

COMPOSITION (lb/yd) 

Aggregate 

1900 

Steel 

4800 

Total 

7980 

REFERENCE: S e e M S - a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in Water 

in Ore 

in Water 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

in Ore 

in Cement 

0.0225 
0.0036 

0.179 
0.363 
0.200 

0.0125 
0.0071 
0.0237 
0.0231 
0.0107 
0.0605 
0.0006 
0.0018 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

in Ore 

in Cement 

in Steel 

0.0047 
0.251 
0.0676 
0.0042 
0.0018 
0.0018 
0.631 
0.0154 
2.846 
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Table XIII (Cont'd.) 

C-35 

C O N C R E T E T Y P E SYMBOL 

DENSITY 

g / c m 3 I b / f t 3 

Limonite and 
Steel Punchings 

LS-a 4.54 284 

COMPOSITION ( l b / y d ) 

Water Cement Aggregate Steel To ta l 

347 980 Fine Limonite 
1661 

4680 7668 

REFERENCE: Hamer, E. E., Pr iva te Communication 

N O T E : Assumed percentage not repor ted for aggregate to be oxygen. 

E L E M E N T A L COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

SI 

P 

s 

in 

In 

in 

In 

in 

In 

In 

In 

in 

In 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0 . 0 2 3 2 

0.183 
0.247 
0.210 

0.0071 

0.0029 
0.0243 
0.126 
0.0629 
0.0005 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

In Ore 

In Cement 

In Ore 

In Cement 

I n Steel 

0.262 

0.0053 
0.590 
0.0160 
2.779 
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CONCRETE TYPE 

Limonite and 
Steel Punchings 

Table XIII (Cont'd.) 

Water Cement 

SYMBOL 

LS-b 

COMPOSITION (lb/yd) 

Aggregate 

C-36 

DENSITY 

g/cm3 Ib/ft3 

4.44 277 

Steel Total 

REFERENCE: S e e L S - a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0116 

0.091 
0.247 
0.210 

0.0071 

0.0029 
0.0243 
0.126 
0.0629 
0.0005 

CI 

K 

Co 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Bo 

in Ore 

in Cement 

In Ore 

in Cement 

in Steel 

0.262 

0.0053 
0.590 
0.0160 

2.779 
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Table XIII (Cont'd.) 

CONCRETE TYPE SYMBOL 

C - 3 7 

DENSITY 

g/cm3 Ib/f t3 

Limonite and LS-c 4.65 290 
Steel Punchings 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

347 980 1825 4680 7832 

REFERENCE: Anderson, G. A., (Memo), Pr iva te Communicat ions 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

A l 

Si 

P 

S 

In 

In 

In 

in 

In 

in 

in 

in 

In 

in 

In 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0232 
0.0125 
0.183 
0.346 
0.210 

0.0071 

0.0029 
0.0243 
0.126 
0.0629 
0.0005 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

In Cement 

in Ore 

in Cement 

1 n Steel 

0.262 

0.0053 

0.590 
0.0160 

2.779 
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Table XIII (Cont'd.) 

CONCRETE TYPE 

Limonite and Steel 

SYMBOL 

LS-BRa 

C-38 

DENSITY 

g/cm3 lb/ft 3 

4.16 260 

Water 

296 

Cement 

940 

COMPOSITION (lb/yd) 

Aggregate 

1684 

Steel 

4100 

Total 

7020 

REFERENCE: Binner , C. R._et_aL,High Density Concrete Shielding, H K F - 1 , 
(Feb 5, 1949) pp. 12-13. 

NOTE: 15 lb of p las t iment was also included in mix chemica l 
composit ion unknown. Believed to evolve gas or evapora te , 
therefore neglected. 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0196 

0.156 
0.322 
0.201 

0.0036 
0.0065 
0.0095 
0 .0231 
0.0362 
0.0605 

CI 

K 

Co 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Bo 

in Ore 

in Cement 

in Ore 

in Cement 

in Steel 

0.251 
0.0006 

0.0024 
0.625 

0.0154 
2.432 
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T a b l e XIII (Con t 'd . 

C-39 

DENSITY 

CONCRETE TYPE SYMBOL g/cm^ lb/ft 3 

L i m o n i t e and (Brookhaven) 
S tee l P u n c h i n g s 

L S - B R b 

COMPOSITION (lb/yd) 

4 . 0 8 255 

Water Cement Aggregate Steel Total 

REFERENCE: S e e L S - B R a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

Na 

Mg 

Al 

Si 

P 

S 

in 

in 

In 

in 

in 

In 

in 

in 

In 

in 

In 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0098 

0.078 
0.322 
0.201 

0.0036 
0.0065 
0.0095 
0.0231 
0.0362 
0.0605 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

In Ore 

in Cement 

In Ore 

in Cement 

In Steel 

0.251 
0.0006 

0.0024 
0.625 
0.0154 
2.432 
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CONCRETE TYPE 

Limonite and Steel 
Punchings 

Table XIII (Cont'd.) 

Water 

296 

Cement 

940 

SYMBOL 

LS-BRc 

COMPOSITION (lb/yd) 

Aggregate 

1880 

C-40 

DENSITY 
g/cm3 Ib/ft3 

4.28 

Steel 

4100 

267 

Total 

7216 

REFERENCE: See L S - B R a 

NOTE: 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.0196 
0.0130 
0.156 
0.425 
0.201 

0.0036 
0.0065 
0.0095 
0.0231 
0.0362 

0.0605 

CI 

K 

Ca 

T i 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement 

In Ore 

in Cement 

in Steel 

0.251 
0.0006 

0.0024 
0.625 
0.0154 
2.432 



T a b l e XIII (Cont 'd . ) 

C-41 

CONCRETE TYPE 

L i m o n i t e and S tee l 
P u n c h i n g s 

SYMBOL 

L S - H W l 

DENSITY 

/cm3 Ib/f t3 g 

4.23 2 6 4 

COMPOSITION (lb/yd) 

Water Cement Aggregate Steel Total 

REFERENCE: Bunch , W. L. , A t t enua t ion P r o p e r t i e s of High D e n s i t y P o r t l a n d 
C e m e n t C o n c r e t e s a s a F u n c t i o n of T e i n p e r a t u r e , HW-54656 
( Jan 22, 1958) p . 39. 

NOTE: E l e m e n t a l c o m p o s i t i o n g iven in g / c m " 
t o g e t h e r . Hanford (As c u r e d ) 

wi th M g - A l r e p o r t e d 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

in 

in 

in 

in 

In 

in 

In 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

In Ore f 

in Cement J 

. } 
SI 

p 

s 

in Ore 

in Cemen 

0.028 

0 . 8 0 6 

0.039 

0.078 

CI 

K 

Ca 

TI 

V 

Cr 

Mn 

Fe 

NI 

Cu 

Zn 

Mo 

Ba 

In Ore 

In Ceme ̂ .} 0.250 

3.030 



Table XIII (Cont'd.) 

C-42 

CONCRETE TYPE 

Limonite and Steel 
Punchings 

Water Cement 

SYMBOL 

LS-HW2 

COMPOSITION (lb/yd) 

Aggregate 

DENSITY 

g/cm3 Ib/ft3 

4.14 258 

Steel Total 

REFERENCE: S e e L S - H W l 

NOTE: Elementa l Composition given in g/cm^ with Mg-Al repor ted 
together . Hanford (heated to 100°C) 

ELEMENTAL COMPOSITION (gm/cm3) 

H 

0 

B 

C 

No 

Mg 

Al 

Si 

P 

S 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

in 

Water 

Ore 

Water 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

Ore 

Cement 

0.018 

0.726 

0.039 

0.078 

CI 

K 

Ca 

Ti 

V 

Cr 

Mn 

Fe 

Ni 

Cu 

Zn 

Mo 

Ba 

in Ore 

in Cement } 0.250 

In Ore ^ 

in Cement r 

in Steel _J 
3.030 
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