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INTRODUCTION 

The advent of the nuclear power industry creates a great demand for con

crete these days. The vast usage and production of penetrating radiation due 

to the use of nuclear reactors, particle accelerators, industrial radiography, 

and x- and gamma-ray therapy entails the use of shielding material for human 

protection against biological side effects. Both normal and heavy weight con

cretes are good, versatile and economical materials for shielding purposes. 

It is the main purpose of this paper to discuss different aspects of con

cretes used for shielding purposes. 

Factors Involved in Radiation Shielding 

The first purpose of radiation shielding is to reduce the intensity of 

the radiation to the acceptable level. Secondary to this are economic and 

mechanical factors, which are interrelated. Reducing the radiation level is 

relatively simple. Almost any material serves as radiation shielding if 

thickness is sufficient. Although water is a good neutron shield, a very 

thick layer of it is needed for this purpose. Besides, there is the danger 

of water tanks leaking. On the other hand, lead shields are very effective 

against gamma radiation but do not provide sufficient mechanical strength, 

especially for large, permanent shielding structures. 

Fortunately, concrete is a very suitable shielding material for large, 

permanent shields. It has good compromise thickness requirements for both 

neutron and gamma-ray attenuation. It also provides sufficient mechanical 

strength and is reasonable in cost. Ordinary concretes provide a good shield 

with enough thickness, but heavy concrete provide the same amount of shield

ing with less thickness. Instead, the unit cost is higher for the heavy con

cretes. Certain mechanical problems such as homogeneity are common to both 
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types. Assuming that mechanical requirements are met, the space requirements 

and economics of the project will guide the constructor to the type of con-

crete. 

Homogeneity 

Homogeneity of concrete used in shield construction is very important, 

since otherwise the thickness requirement of design is not met in some parts. 

Such portions may prove inadequate due to the degree of seriousness. A radi-

ation shield is as good as its weakest point. If segregation occurs or air 

pockets are introduced into the mixture, the effective thickness is reduced 

and this magnifies the intensity of radiation. 

Mechanical Problems 

The construction of concrete shields involves some mechanical problems. 

Since there are many pipelines involved and these pipes are rather scattered, 

sound thought should be given to the formwork for fitness of these pipes. 

Because of the complicated formwork, skillful] and accurate placement of con-

crete is necessary to avoid segregation. Additional thicknesses and special 

plugs are necessary in place of these pipe passages. For heavy concrete, 

form pressures are greater, and the shrinkage is more seriuous due to high 

water content. So, in order to prevent cracking and segregation, great care 

must be taken. On those occasions when scrap iron is used as aggregate, it 

is logical to investigate the workability 1 of concrete to insure proper place-

ment and consolidation. 

1The composite quality sought, involving ease of placement and resistance 
to segregation is termed 11workability. 11 (See Composition and Properties of 
Concrete, by Troxell, Davis, and Kelly, p. 108. 



Economics of Shielding 

Due to the great differences between heavy and ordinary concretes, cost 

factor should be observed. Heavy concretes are higher in cost due to the 

higher freight cost of aggregates, higher cost of special aggregates them

selves, and unfamiliarity of contractors to their properties. 
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A 7.7 ft thickness of magnetite concrete will approximately provide a 

shielding efficiency equal to a 10 ft width of ordinary concrete. Cost stud

ies must be done to compare both concretes in any project. However, in dif

ferent occasions and locations it will bring different results. 

Mechanics of Shielding 

Here we will consider the absorption of gamma rays and neutrons. Both 

of these could be absorbed by a barrier. Two different categories happen 

with regard to radiation, i.e., when the source of radiation is a point more 

or less, the geometry is considered as spherical; and when the source is con

sidered as a plane on one side or a wall with its intensity measured at the 

other side, the geometry is called plane. These geometries are explained in 

Figure I. The two common formulas for calculation of absorption for these 

two geometries are: 

(a~) 
2 

Spherical: I 
-)lx 

( I ) e 
0 

Plane: = I e -)lx (2) 
0 

where 

= intensity of radiation at point x (Figure I ) ; 

I = intensity of source; 
0 

)1 absorption coefficient of the barrier material; 
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x = thickness of barrier; and 

a= distance from source to the first point of barrier. 

2 
The factor 1/(a +x) in Equation (1) is to reduce the intensity of radia-

tion due to the distance, such as for light and/or gravity. When the dis-

tances from the source is large or thinny barriers are to be used, Equation 

(2) may be used. Intensity of flux is measured in terms of r per hour, m 

rem per hour, neutron flux, or similar units. The term e-~x gives proper re-

duct ion of intensity due to the thickness x of barrier material. 

Half-Thickness 

The thickness of an absorber to reduce the intensity of the source by 

one-half is called half-thickness and introduced in inches or centimeters. 

It is calculated by means of the formula below: 

1 
T 2 = 0.693/~ (3) 

where T 1/2 is the half-thickness, and~ is the absorption coefficient. Half-

thickness is a function of the intensity of our source and the thickness of 

the barrier. Another factor which is sometimes used instead of half-thickness 

is relaxation length. Relaxation length, which is equal to 1/~, is a length 

of absorber to reduce the intensity of the source by 63.2 percent instead of 

50. However, the use of half-thickness is more common and the number of half 

thicknesses to reduce the intensity to the specified limit may be calculated 

by means of Equation (4): 

N = 3.322 log R ( 4) 

where N is the number of half-thicknesses required to reduce the intensity by 

a factor of~' which is called reduction factor. The reduction factor is com-

puted by dividing the source intensity by the desired intensity outside the 

shielding. 
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Radiation Source Power 

In the case of the gamma-ray, its emitting power or strength is describ-

ed with a unit called curies. A curie, c, is the certain amount of radioac

tive isotope which has 3.7 x 10 10 separations per sec. If dealing with a 

point source of emission, the intensity of source may be found from Equation 

(5) : 

where 

I 
0 

E 7c-2 
a 

1 intensity of r/hr at one ft from the source; 
0 

c = number of curies of the isotope; 

E energy of emitted y-rays in mev/separation of atom; and 

a= distance from the source to the inside wall of the shield, ft. 

(5) 

Both Nand y rays could be considered the same or similar in effect for 

the purpose of this paper. The unit of gamma radiation is known as roentgen 

(r) and is the quantity of a radiation which produces 1.6 x 10 12 ion-pairs 

inonegram of dry air at standard conditions. A dose of 700 r is considered 

fatal to the receiver while a 200 r will make the recipient sick with 50 per-

cent probability. 

There are other units used commonly in design criteria which are origin-

ated from basic roentgen. For example, the roentgen-equivalent-physical 

(rep), which is the amount of radiation to produce an energy absorption of 83 

ergs per gram in air. Another commonly used unit is the roentgen-equivalent-

man, rem, which is the radiation quantity to cause the same biological effects 

as a roentgen of y-radiation. These two explained units, rep and rem, are 

used for other sources of radiation as well as for y-radiation. For example, 

rem, the roentgen-equivalent-man, is the amount of any radiation which will 
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cause the same biological effect as a roentgen of y-radiation. Neutron radia-

tion, on the other hand, is described in terms of neutron flux, which is the 

number of neutrons crossing an area of one cm2 in one second (n/cm2/sec). 

Neutrons are more hazardous biologically than are gamma emissions. For this 

reason, shielding against the gamma-ray is much easier than against neutrons. 

Figure 2 contains the half-thickness values for both ordinary and heavy con

cretes. Table I provides information about shield thickness and half-thick-

ness for different degrees of reduction and different gamma source powers. 

It is recommended that at the occasions when Figure 2 is being used for de-

termination of half-thickness at emission ranges of more than 5 mev, one or 

two half-thicknesses must be added to whatever thickness which curve recom-

mends. 

As shown in Figure 2, the half-thickness value increases withy-ray 

energy up to 15 mev level or so where it starts to get level. Beyond the 

energy level of 15 mev, the value of half-thickness decreases due to a pheno-

menon known as pair-production on y-ray. The effect gets more obvious in the 

case of using heavy weight concretes. 

Shielding Against Neutron Particles 

In the case of neutrons, changes in water content as well as presence of 

special elements 1 ike boron could cause drastic effects on the value of half-

thickness in thermal neutron•s case. However, for faster neutrons this is 

not the case, since their range of resonance is above ranges of resonance cap-

ture of materials used in shielding ordinarily. Therefore, the half-thickness 

will increase regularly with the increase of energy levels. In Table I I there 

is some information about the half-thicknesses suitable for different kinds of 

concrete and energy levels. In the case of using special elements like 
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cadmium or boron, special care must be taken about detrimental effects of 

these elements. In cases when boron additives are used in mixes, all of the 

fines passing a No. 3D sieve is usually eliminated. This has some positive 

effects on the mix, since it reduces the surface area of the mix and so re

duces its reactivity with boron. On the other hand, coarser mixes have the 

deficiency of not letting boron spread uniformly all over the mix, and this 

lessens the good effect of boron or cadium in capturing neutrons. Ordinari

ly, addition of boron and cadmium delays the time of setting of concrete 

considerably, but addition of one pound of calcium chloride per hundred 

pounds of cement overcomes this detrimental effect completely. By looking at 

Table I I, it is obvious that an increase in water content reduces the half

thickness of the shield in the case of thermal neutrons. But there is still 

a lot of questions about the effect of adding iron and pyrex to the concretes 

as such an action may overcome the effect of water content in half-thickness 

criteria. More tests should be run with this regard. From the curve of 

Figure 3, it is obvious that the half-thickness will increase with increasing 

neutron energy. In the low energy regions (E < 30 mev) where resonance ab

sorption of some elements might reduce the half-thickness drastically, the 

drawn curve is not accurate, since there has been no investigation about the 

effect of such additive materials. However, the curve is on the conservative 

side, fortunately. 

Highlights in Shielding Design 

In order to be able to design a shield, we have to know the energy level 

of different isotopes. Table I I I contains useful information regarding the 

most commonly used isotopes. Use of Equation (5) lets the engineer know the 

intensity of the source he is dealing with. In the case of some of the 
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isotopes there is more than one energy level. The reason is that some iso-

topes have the ability of emitting two different energy levels. Suppose that 

60 
the source to be used is two curie of Co (cobalt isotope with atomic weight 

of 60). co60 emits y-rays in two different energy levels of 1.17 and 1.3 mev, 

but both of these ranges are emitted equally, i.e., each of these share 50 

percent of radiation. Using Equation (5) we get, 

I = 7 CE/a2 
0 

I = 7 X 2 X (1.33 + 1.17)/(1) 2 
0 

35 r per hour at a 1 ft from 
source 

There are several tables which show the acceptable doses of radiation 

not harmful to health. Table IV is a sample of these tables. However, 

0.00625 r/hr is the highly accepted intensity of radiation for y-radiation; 

so, dividing the dose rate by standard tolerance reveals the reduction fac-

tor necessary. This reduction is to be done by shield, 

Reduction Factor = .0~~25 = 5600 

Now we can compute the number of half-thicknesses necessary by means of 

Equation (4): 

N = 3.322 log R = 3.322 log 5600 = 12.45 half-thickness 

In some instances the isotope emits different energy levels with differ-

ent contributing percentages. Isotope 1131 is one of these types. When this 

isotope disintegrates, it yields a 0.638-mev y-radiation in 15 percent of dis-

integrations, a 0.364-mev gamma-rays in 79 percent, and 0.284 and 0.080 mev 

radiations in 6 percent of disintegrations. Supposing a source consisting of 

two curies of this isotope, we compute the intensity of radiation simply by 

averaging a~0ng the energy values, 

2 
I = 7c E/a 0 . a = 1 ft 



Tti~t: (j~ m r~ \'1'\ \><:>.( \-n re f Pei· In-~ t ~ n1 Per FLq"" II'\ (\ r~r '0, ~-. (~'f'Y\ 

re~. c1 i [). -t \.on UJee\-<.. UJ ~ ~ !=<. d lA "1 5<::.(.) 'l\""V"1f"\1 ~l.l PI n ~'~ f•f 
2. !...\; i..., y--:,, .. 

JY..-Or'-6- n .. "-1~ 300 ~00 60 

F o.. s + N e "-" t r 1, n < 

- E ( 2. 111: 
"300 ~0 GO 2-0/(i·i!- e. ) 

Thf..i'mcd-
JVe.M.f·rons 3 00 60 60 6 00 

T (}.. 6 f_ <(_ 4 - M u " l /?1 fA I )\ 0 I { c i;j G\ 6 ~ ~ e "'- e (; s .M. r f s f 0 I" Q J i (A t- i. G h 
~ . 



I = 7 X 2 X ((Q638 X • 15) + (Q364 X .79) + (.284 + .08) X .06)/1 
0 

5.67 r/hr. 

For neutron isotopes the source strength is usually designated in units 

like number of neutrons per sec-me of isotope where me stands for milli curi 

of isotope. The neutron flux can be calculated by means of Equation (6) for 

a certain distance off the source, 

9 

-5 2 = 8.57 x 10 KM/a (6) 

where 

=neutron flux, n/5 gem/sec; 

K =a constant depending on the kind of isotope given in Table I I I; 

M number of millicuries of active isotope; and 

a = distance from the source. 

Then, for a radium isotope source of 500 me of Ra content with K = 16,000 n/ 

sec/me Ra, the flux at 2 ft from the source would be 

-5 2 2 I = 8.57 x 10 x 16000 x 500/(2) = 171.4 n/cm /sec. 

Mev, which stands for mill ion electron volts and was frequently used in 

past pages, is the unit for energy of radiation and is the amount of energy 

which would be acquired by an electron in falling through a potential of 

1,000,000 volts. It is also equal to 1.6 x lo- 13 watt-sec. As an indication 

for this unit, an ordinary TNT explosion releases about 10 ev per molecule, 

while about 200 mev are released by a fissioned atom. 

Procedure for Design of Simple Radiation Shielding 

Although design of radiation shielding and similar structures is a diffi-

cult task due to the inherent hazards of the industry, a crude estimate could 

be made about the cost of shielding with either plane or heavy weight con-

cretes by means of which a decision might be made about the type of concrete 
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to be used. The above mentioned procedure consists of several steps as follow: 

1. The type of source and radiation involved should be determined. 

2. Using the source intensity and taking tolerances from proper tables, 

find out the reduction factor, R. 

3. With the use of half-thicknesses for different types of concrete, 

find out the shield thickness in either case. 

4. Knowing the reactor volume and shield thickness, determine the floor 

areas and volumes. 

5. From the shield sketches, find out the weak points and add thickness 

there. 

6. Prepare an approximate cost estimate including cost of formwork, con

crete and its placing for different types of concrete. 

]. Knowing the differences in dimensions due to the use of different con

cretes, determine the savings due to the use of a certain one. 

8. If no design criteria are neglected, use the most economical concrete 

on the basis of economics. 

However, the dense concretes are the main subject to be discussed in this 

paper. Structural requirements of concrete shields are quite low due to the 

thickness of the shields. Overall, the major stresses and strains are due to 

the thermal stresses which in turn are due to the high temperatures inside 

the shield. Dense mixes proportioned on a volumetric basis are expected to 

have the same structural properties as the mix made with ordinary aggregates. 

Whenever a very hard aggregate such as magnetite iron ore is used, the 

strength increases since aggregates are the main load-carrying agents in any 

concrete. Specific heat and thermal conductivity of concretes are very impor

tant wherever thermal stress problems are to be considered. These properties 

are nearly identical in magnetite and ordinary concrete. However, they are 



considerably lower for barite concretes and higher for those which contain 

metallic aggregates. 

1 1 

Workability is much poorer in the case of heavy concretes than in the 

case of ordinary concretes. Several factors cause this problem. For example, 

when crushing dense aggregates, they turn to more sharp, angular and elongat

ed particles and this causes poor workable mixes. Also, in order to increase 

the density there must be a reduction of air-entraining agents, cement and 

free water which all contribute in proper workability of mixes. Another rea

son is the dense materials themselves which of course need more effort to move. 

There are several types of heavy concrete mixes used in construction 

these days and each of these has its own advantages and disadvantages. For 

the rest of this paper, iron-serpentine !Concrete and heavy steel-aggregate 

concrete will be discussed. 



IRON-SERPENTINE CONCRETE 

Nature of the Concrete 

Iron-serpentine concrete is considered a heavy weight concrete applicable 

for shielding purposes in which iron provides the high density for slowing 

down the radioactive particles,and crushed serpentine rock and portland ce

ment provide the concrete with high attenuative values against neutron parti

cles due to their chemically bound water. Formerly, hydrous-iron ores such 

as 1 imonite were used, but the fact that 1 imonites could not be used in the 

inlets and outlets of the shield (neutron production reactor) where operating 

temperatures of 300°C and above drive off most of its bound water necessitat

ed replacing it by another filler. The serpentine aggregate can hold its 

bound water to the temperatures as high as 450°C; thus it could be used as an 

ideal aggregate. Also, large deposits of serpentine make its use more objec

tionable. Figure 1 provides some useful information about temperature resis

tance of different aggregates in addition to serpentine. Concretes made with 

serpentine aggregates alone weigh from 100 to 150 pcf, depending on the type 

of serpentine used. Such a concrete will have more water than necessary for 

neutron attenuation. Therefore, it is possible to replace part of serpentine 

with a type of heavy aggregate such as magnetite or steel slugs without de

fecting the useful role of bound water in neutron attenuation and decreasing 

the shield thickness considerably. On the other hand, some types of serpen

tines are soft, friable, and impure. Most of the time the main impurity con

sists of a mineral called chrysotile. Although chrysotile is of the same 

mineral formula as serpentine, it is the fibrous form of it and is called as

bestos. 

The PA (preplaced aggregate) concreting method which is used when using 

12 
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serpentine aggregates requires premixture of coarse serpentine aggregate with 

steel slugs and placing them in the formworks. Most of the time serpentine 

sand is used to make the grout for filling the voids in compacted aggregates 

in the formwork. In order to avoid a lot of fine aggregate dust in the mix

ture, special care should be taken in locating the serpentine quarry. Coarse 

serpentine and sand must be relatively tough and free of fibrous materials 

which keeps the grout from penetration into preplaced coarse aggregate. 

Serpentine rock is available in many different parts of the United States 

and Canada. Mostly it is used as ornamental stone or terrazo chips. Use of 

serpentine aggregates as shielding aggregate began in 1958 when it was consid

ered as a possible shielding material by APD (Atomic Power Development Associ

ates, Inc.) for the first time. Serpentine coming from a mine near Asbestos, 

Quebec was the first one to be experimented in construction studies of the 

Enrico Fermi reactor. The concrete made with this aggregate was 108 pcf and 

had a low compressive strength and high shrinkage. Since coarse aggregate 

had specific gravity of 2.60, all of these defective attributes were due to 

fibrous fine aggregate. However, in searching for a suitable material over 

100 samples were obtained from 25 suppliers in western America. Information 

was gathered about all of these samples and tests were run as well. 

In spite of vast distribution of serpentine in the nature, only 1 imited 

number of deposits have suitable shielding material. Serpentine which is 

dense, sound, unfriable, and strong are low in bound water and those which 

are high in bound water are weak, slickensided, and friable more or less. On 

the other hand, some types of serpentine are not usable for both coarse and 

fine aggregate, since crushing process necessary in making sand will release 

the chrysotile fibers. Most of the western serpentine rock might contain a 

small fraction of chrysotile and vary quite considerably in water content and 
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other physical properties. After testing different sorts of serpentine, sev

eral tons of serpentine were bought from the Sonora Marble Company in Sonora, 

California, fromwhich coarse and fine aggregates were made for testing the PA 

casting method. Sand, in turn, was used in the grout mixture. There were 

some tests about the performance of the PA method for placing serpentine-iron 

concrete in limited areas. The concrete weighed 226 pcf and the sand grout 

was 128 pcf. 

Properties of Serpentine Aggregates 

Chemically it is magnesium silicate (3Mgo.2 Sio2 .2H20) which is composed 

of 44.1% silica, 43.0% magnesia, and 12.9% water. It often consists of a mas

sive structure but microscopically is fibrous. Its hardness varies between 

3.5 and 5.0 and has a specific gravity of 2.5 to 2.65. It occurs in altered 

igneous rocks and in metamorphics as well and sometimes in such quantities to 

make up the entire rock mass. Table I provides some information about the 

samples which were obtained from different sources at the time of bidding for 

neutron production reaction shielding. All specifications for the NPR pro

ject are identical with ASTM C637-69T, 1 ~ggregates for Radiation-Shielding 

Concrete. 11 With reference to the ASTM specifications, the amount of bound 

water is called the fix-water content. A heating test in which the water and 

volatiles are driven off is used to figure out the amount of fix water con

tent and volatiles. An anhydrous absorber is used to determine the amount of 

water. From Table I it is seen that for the bid samples the amount of igni

tion loss is within 1.4 to 23.6 percent range. Since the bound water is 12.9 

percent of the total weight, the difference will be volatiles. Some of the 

samples have desired water content but high values of abrasion loss. All of 

the samples coming from the West were practically free of chrysotile. Looking 
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at samples 1, 4, and 5, which came from different quarries near John Day, 

Oregon, shows how much difference in properties of serpentine could be expect

ed even within a limited area. Both samples 6 and 7 came from Chewelah, 

Washington, and were high in volatiles which made their use uncertain. 

Sonora samples obtained were well free of chrysotile, but some of the 

grout sand had to be washed before using in NPR shielding project. 

Changes in State of Fixed Water 

Due to Temperature Rise 

Up to about 500°C and with a temperature rise of 50°C per hour there is 

only a minor change in fixed water content. Further heating will lead to 

rapid water losses. So 500°C could be assumed the dehydration 1 imit. Contin

uing to heat the sample above 500°C will be accompanied by dehydration contin

uation up to the time when sample loses all of its fixed water. Water changes 

up to 500°C are a surface phenomenon and usually no mineral change occurs in 

this stage. There is evidence that water changes in serpentine aggregate is 

time dependent and is affected by vapor pressure. Magnetite, which is present 

in most serpentine samples in low percentages, is responsible for some weight 

gain in heated aggregates due to oxidation. 

Physical Properties of Iron Serpentine Concrete 

Iron-serpentine concrete was used in two different attenuation slabs in 

the NPR shielding program. The concrete was made in conventional way and pre

placed aggregate, PA method. The conventionally made mortar weighed 272 lb/ 

ft 3 and 268 pcf air-dried. In order to reduce segregation, chilled iron shot 

was used instead of large pieces of iron. This concrete was used in slabs 

which were called slab set No. 1 later on. 
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In the case of PA concrete, the preplaced aggregate which was a combina

tion of coarse serpentine and steel slugs weighed about 165 pcf when compact

ed in forms. Steel slugs weighed 110 lb and serpentine 55 lb. The voids of 

this combination was filled with portland cement grout made with fine serpen

tine aggregate with a unit weight of 128 pcf. When wet, this concrete weigh

ed 226 pcf and it decreased to 221 pcf when air-dried. Tables V and VI con

tain useful information about the two kinds of concrete and portland cement 

grout. The unit weight of concrete made with Sonora serpentine coarse aggre

gate and sand conventionally is 143.00 pcf average and the difference to 265 

pcf is due to the iron fragment. 

The percent of length change of 0.154 percent at 350°C for IS-265-M 

should be considered as a source of stress producer inthe slabs, but in this 

case it is rather tolerable for the concrete. 

There is a great reduction in dynamic modulus of elasticity due to tem-

perature rise as shown in Table VI and Figure 3. The main change, however, 

is between 20°C and 85°C and consists of 60 percent reduction of the basic 

value of 5.8 x 106 psi. After 85°C the curve flattens more or less. Dynamic 

modulus of elasticity is measured by vibration of a prism or cylinder specimen 

to its fundamental transverse frequency, cycles per second, and by using Equa-

t ion ( 1 ) : 

where 

E 

c = 

E 
2 

c W n 

dynamic modulus of elasticity; 

(for cylinder) 0.00416 L3T;d4 , sec2/sq 

W =weight of specimen, lb; 

i n • ; 

n = fundamental transverse frequency, cycles per second; 

L = length of specimen; 

( 1 ) 
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D = diameter of specimen; and 

Radius of Gyration 
T = correction factor proportional to K/L, Length of Specimen 

Since the dynamic modulus is the amount of initial tangent modulus of 

elasticity which is correct for low stresses only, its interpretation value 

is less than secant or other tangent modulus. 

There is a gain in compressive strength of specimen when heated to 85°C 

and 200°C which turns to a loss when continue heating to 350°C. The relation-

ship is shown in Figure 5 and as it is obvious this does not correspond to 

the pattern of change for modulus of elasticity. Indeed, there has been 

quite a bit of discussion about the validity of dynamic modulus of elasticity. 

Different references insist on special dimension samples; mostly a ratio of 

L/D of 4 for the samp 1 e tests is recommended. In the case of the NPR pro-

ject, this ratio is 2 surprisingly and might have been a source of misinter-

pretation. This method is rapid and should we want to measure the modulus of 

elasticity without damaging the sample or use it several times for investiga-

tion of different phenomena like temperature, freeze and thaw test, and 

others, it proves excellent but there are shortcomings as well. Quoting from 

Troxell, Davis and Kelly 1 s text on composition and properties of concrete 

makes this fact more obvious: 11This method is not sensitive to small changes 

inthe paste content of concrete and is materially affected by the heterogene-

ity of the mix, so that determination of the true modulus can not be assured.11 

In those studies such as flow of heat in concrete masses or temperature~ 

volume studies which are rather important in radiation shielding problems due 

to the inherent temperature-making ability of such structures, the thermal 

conductivity, K, is a very important factor. However, there is a rather un-

common fact regarding the thermal conductivity of iron-serpentine concrete. 

Figures in Table VI show that K changes drastically when temperature rises 
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from 20°C to 85°C. This is rather different from properties of ordinary con

crete made with portland cement. Looking at the properties of ordinary con-

crete used in construction of the Hoover Dam in Troxell, Davis and Kelly text, 

there is only a very slight reduction in K when temperature rises from l0°C 

to about 65°C, something like (l .699- 1.648). Also, the K value is very 

much higher in the case of ordinary portland cement concrete. For structures 

like power plants temperature relief is really important and low thermal con-

ductivity which in turn causes low diffusivity is likely to lead to high con-

crete temperatures and high stresses due to the temperature. Thermal diffus-

ivity could be calculated from Equation (2): 

where 

k 
D = Sd 

D thermal diffusivity, sq ft/hr; 

S specific heat of concrete, Btu/lb/°F; and 

1 
d =density, pcf. 

Shielding Properties of Iron-Serpentine Concrete 

(2) 

The ultimate task of every concrete used as shielding material, absorp-

tion of radioactive radiation, or shielding another word, is usually deter-

mined by inserting the test slabs in the vertical test wells of a formerly 

made source of radiation. In the case of iron-serpentine heavy weight con-

crete, the two different slabs made using different placement methods were 

tested by placing them into test wells located in the top shield of the 105-DR 

Hanford reactor. A series of neutron detectors were installed between each 

l Courtesy of Troxell, Davis, and Kelly textbook on Composition and Prop-
erties of Concrete. 
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slab to determine both lateral and transverse distribution of penetrating neu

trons. The concrete slabs were cured for 28 days and at the end of this peri-

od were air-dried. The initial weight of the slabs was measured and then 

they were inserted in the wells. Upon the completion of shielding measure

ments, slabs were taken to the oven and heated to a constant weight at 100°C. 

Then they were let to cool down to room temperature after which they were 

weighed again and inserted into the test well again. Neutronandgamma radia

tion measurements were then taken place on the oven-dried slabs and the pro-

cess was repeated with 320°C temperature. Every neutron and gamma measure-

ment was done at test well temperature of 30°C approximately. Weight measure-

ments taken before and after placing slabs in the test wells show that no mois-

ture change occurred while in test wells. 

As far as the neutron attenuation is concerned, the data obtained in these 

NPR test concretes correspond with the former experience scientific results 

that the higher the water content of concrete the better the shielding proper-

ties of attenuation slabs. Figure 7 shows this fact comparing IS-268-C con-

crete of higher water content to IS-220-P concrete with a lower W . As it is 
c 

indicated in Figure 7, all other conditions equal IS-268-C concrete is about 

5 to 55 times more effective in shielding properties than IS-220-P. Also, 

the high temperatures are likely to reduce the potential of both concretes 

for radiation reduction and this is more serious in the case of higher water 

content, IS-268-C. 

Also presented are the values of removal cross section for fast neutron 

in Table VI I. The term cross section, in spite of being identified by sq em, 

is really a measure of probability of occurrence of the process for which it 

is given. For example, in the case of fast neutron flux, a large cross sec-

tion indicates a very high probability of occurrence of such a flux, while 



~ 

~ 
£: 
'
<.) 

"' 
"' 
' rJ 
[ 

~ I :" ~1. u I I I I ' 
~· \0 \\l I . ~ 
v (_ "\ ' 

..,:.. \ 0 
<V 
',>. 
v 

-!) 

"C. 

< ::::. 
""-.) 

LL 

! 

' 0 
c 

\ 0 1------- ·~'\----'\,"\-----"-· 

-1 

'0 
-2. 

I 0 --+--'~---'---- -
t 1 [ I 

~ I~: -~ I j _L_I 
z:. \ 0 --1- l . -- -----·--1 

-:5j. I I I ! +, 
J) 

6 
Li-

\ (j I 
o to 2.o 30 qo 5o 6o 

f)o.rr-•-er Th,cknr:.s.SJ i·n 

Aftu1Uv-.tl01l se.t /'(C•· 1 
(_ I S - z_ 6 r - <:<_ ·c on (I r e. t e ) 

i 
I 
I 

I . ·c-·-~-+-- -···1 --- --+-
i 

-· 

i r--+- --
r . 

0 10 20 .50 40 50 l:u 

f3qtr-'e;- Th··ckn-ess J 1n. 

Prtte.nUrJ.. f 1 on set f{c.z 
(I'S-LLu p C' un c r e ie} 

.. F'•~- l- rr;..sf ('feuft-o/1 d·Sft-,bi.Af,on 
1,.., ft_,J o d ~ J- {- e n..., 1 

Irc-n _ Serpe.nf,ne. Ccmc>re.fes 
ll t1 , f {;...~ e ,· ~ h t- 'S . 

WI /J1 J ;} f- ~ i"'·CYI f 

LEG-END 
X.IAf 32o ~c. 

JI(.IA-i C'Mr1n3 TeMF 

o n f L c 'd . c 'j c I 



C.. v i1 C' I'-<!. f < 
'1. s 2.. 6'5-c! I C:,-2.,2, 0- p d ~ :s,\<0 n ~\ ·h vh. -

(! ).A_ ,- ~·. r'1 1 I.n ;· t I ({ [._ t.n/h"cd 
{!cr'1211f,o;: p 1r-Dr-•<d 32-0 vC' f+ /r- D r1.qd 32 0 

Ci(~ 

1 00 c-(!__ 

it~ 
-

Dfn S 
----- ----------cp (C: n ~ tr· I ?'1 6 I it '29 [ it· I 3·-=.:.?., '8" 3-3 0 '1 ~-

r--~---·c--- ---- -
f' c \- 2- 6 K .. 2 z....£1·3 2-'59,3 2...2-0 ~ 'z_i/ .. 2-0 

f-.-:----- - -- -- ---- - .. 

i_,·oiL~r ~ :.-i~---
------ ------------- -------· 

f\-~:l"'t-'V'0L C' 0 s s- s £.C.. 

?ri E ~~s <A r " d f, 
---- ·-·- -···----~------

o-o99 
""L ' 

0·12. 1 c-/13 Oo II 0 c-1/C 
{I uf'l p£ileJ~ . 0. 12 2 0. i li O·l 09 : 

0·122. o·I o 6 

T c1 b L e_ 7 - D e n s it 1 o n J C r o 55 s e c f ,· o Yl C /1C1 r o. c f q j s f 1 c. s. 

G)- Cuncr~f.,:, P5~d ~AS Affe.nA.-Lc\fi·Gn 'S/"bS 

Under J;.)-)--er~nf C_tH'"} Cchditt·,,r,S 



20 

a small cross section indicates that few such occurrences will be found. If 

the cross section is multiplied by the number of atoms per cu em, the result 

will be the absorption coefficient~ for the process, with a unit of cm-l 

As shown in Table VI I, the absorption coefficient for the process of neutron 

flux is larger in initial air-dried condition than it is at 100 and 320°C. 

In the case of gamma ray shielding, as it was stated in the first part 

of this paper, density plays the major role in attenuation process. Compar-

ing the results of gamma dose rate in two different attenuation slabs in 

figure 6 proves the above state fact. The denser the concrete the more the 

attenuation efficiency of such a concrete for gamma ray shielding. The effect 

of temperature rise is identical with the neutron flux case. 

Considering all the discussed results, figures, and tables, it is legiti-

mate to state that the special types of shielding concrete developed and test-

ed during the NPR shield program have excellent physical properties and high 

strength at room and elevated temperatures and adequate other properties like 

thermal conductivity, diffusivity, and shielding properties at elevated tem-

peratures. Also, the results yielded prove that serpentine aggregates and 

hydrated portland cement provide enough hydrogen, water, and other light ele-

ments necessary for effective attenuation of neutrons when used with high-

density aggregates such as steel slugs or iron shot and at elevated tempera-

tures. 

The data obtained during these sets of tests were used successfully for 

design and construction of the inlet and outlet shields of the NPR project. 

These shields are subjected to maximum working temperature of 320°C as might 

have been observed and their functioning have proved satisfactory in the past 

service years. 



HEAVY STEEL-AGGREGATE CONCRETE 

Heavy steel-aggregate concrete is one type of a vast variety of concretes 

known as heavy weight concretes and which are used when there is a space 1 imi

tation. In this part of the paper an experimental study of steel-aggregate 

concrete is done and a proportioning procedure for achieving concrete of given 

strength and density will be explained. 

There was great attention toward heavy weight concretes from the very 

frist step toward construction of nuclear power plants. It was long known 

that the effectiveness of a barrier in decreasing neutron flow is a factor of 

(e)d where e is the base of natural logarithm and d is the density of the 

barrier 1 s material. So doubling the density of the material will increase 

the effectiveness against radiation by (2.718)d times. So efforts were start

ed to make concretes with feasible economy and densities higher than 300 pcf 

preferably. In order to achieve this goal using steel punching and steel 

shots are quite adequate. Both of these steel types are considered inert in

gredients of concrete since they do not participate in the chemical reactions 

leading to hardened concrete. Other ingredients used are identical with 

ordinary portland cement concrete which are water, cement, admixture, and of 

course some air. Untreated water proves satisfactory to use as long as it is 

free of clay minerals and/or organic impurities. Portland cement type I is 

the only type which was used in the series of experiments for developing the 

proportioning method. One pound of admixture per bag of cement was added. 

This was a two-purpose admixture to entrain air and disperse cement which in 

turn contributes to greater strength and workability. The steel punchings 

were inexpensive material, mostly the waste of steel fabricating shops. The 

pieces were constituted mainly of flat and circular geometries and their maxi

mum diameter was 1 inch, and 3/8 of an inch was about the maximum thickness. 
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However, there could be found some abnormally long and flat pieces among 

others. While it is proven that rust has not any effect on cement hydration, 

it should be said that it delayed the time of set for the concrete by three 

hours. However, even with this additional three hours, the setting time was 

still well below ten hours setting time which is the ASTM standard. 

The need for fine fragment was fullfield using steel shots which were 

spherical and their gradation consisted of particles retaining on No. 4 to 

particles passing a No. 100 sieve. This fine aggregate was artifically com

bined to get a fineness modulus of about 4.0. The specific gravities and dry 

densities are presented in Table I. 

Optimum Mixture of Ingredients 

After physical properties of concrete ingredients, proportioning is the 

most important factor in quality control. The term 11 shot factor 11 is used to 

introduce the relative porportions of the inert materials. It is defined as 

the ratio of fine aggregate to total aggregate. In the case of ordinary con

cretes either optimum workability or otpimum density is used to determine 

shot ratio. However, in heavy concrete optimum density is more used since 

workability is not greatly significant due to placing methods. The dry pack

ed densities of steel punchings and steel shot are given in Table I. The mix

ture of the two will almost produce greater densities. The greatest density 

which is the most desirable could be measured by trial and error combinations 

of limited weight (not to exceed 5 lb) with a selected shot factor. By mix

ing alternate layers of shot and punching in a container and taming to the 

greatest possible compaction, the dry packed density could be measured for 

different shot factors. The results might be plotted as shown in Figure 1. 
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In the set of tests which are going to be discussed now, the maximum density 

of 352 pcf was reached with a shot factor of 50 percent. 

The theoretical maximum concrete density is then calculated by assuming 

the voids filled with concrete paste completely (zero air voids). It is 

apparent that cement paste should be at its maximum possible density to ob-

tain maximum concrete density. The rule is that the lowest the water cement 

ratio the highest the paste density but water-cement ratios lower than 3.5 

gal per bag of cement are not practical duetothe restrictions like plastic-

'ty and excessive shrinkage of dry mixes and others as well. I . Considering all 

of these facts the maximum theoretical density is 384.1 pcf for heavy con-

crete (Table II). 

Since the 50 percent shot factor proved to produce the maximum density, 

it was held constant. However, different test batches were produced using 

different water cement ratios and cement factors. Two standard 6 x 12 in. 

cylinders and one 6 x 6 x 30 in. beam were made by each test batch. The suf-

ficiently mixed concrete was placed informs and compacted by means of vibra-

tors. After two days the samples were removed and sprayed with a kind of 

protective membrane. A cement factor of 1.00 bags/cu yd and a water cement 

ratio of 3.5 gal/bag of cement produced the densest concrete of acceptable 

plasticity and workability. Any smaller cement factor would leave unfilled 

voids in the concrete mass. 

The selection of water cement ratio and cement factor should be corre-

spending to the density and strength desired in those occasions when strength 

controls the design criteria. The strength depends on desnity of concrete 

completely and for any one strength there is not but one density. 

For any design practice there should be an investigation to see whether 

the minimum density criteria or the minimum strength controls. The density 



Inca-red,e>Jf 1 '( 0. -y I\~ 
"S, \) C C 1' ~-I c_ l(;j -':I ~ h i P' ( 

'Sf· \Af~~~~--t+? C:~c\ \=-f- '- '(: -y-CJL- c "-\. ~~ 
P'-\~ C'~•'cr~~'(.,L~:> 

--w- <>._ t -<:.. ( i ., () (J to z..., it t. 6 L. Oc 12-2-i 

(' e. 1"\ " 1\ t- 3 '\ Q \ c:>3~it 'l-4·SI O·it-61 

PMY\c::_\-,'"'\ l--'Sb q 11· 7 \1- b• ()(; 6·3131 

~hV~ 7-·Lt.b ~e,,ss \7-6-06 0·3'7-~1 

(" v\'\C...f~ 1-:: I 

I 
_3flt,l2 t.ooo 

I 

Ta.hL-e. 2- PrGpcr f,cJY\ ~ f-or ~efftn~ Thtcr<.f,-cv..L (1(/\fl. 

(f oi! c r <- f'Z. D ~ n S;'f>J 



24 

may then be selected accordingly. Knowing the desired density, a proportion 

could be found to produce it. There is a choice between keeping the water 

cement ratio fixed and changing the cement factor or fixing the cement factor 

and determining the most desirable water cement ratio. In no case should the 

cement factor get less than 6 bags per cu yd. Using higher water cement ra

tios justifies lower cement factors but then it is necessary to use more shot 

and punchings and there might be a drop in the strength too. In large pro

jects a precise economy study for the best selection of water cement ratio 

and cement factor is justified. 

Figures 3 and 4 show that there is a constant increase in both flexural 

strength and modulus of elasticity with increasing theoretical density. 

Figure 5 shows the relationship of cement factor, water-cement ratio, and the

oretical density for the type of concrete under investigation. 

Sample Design Problem 

The objective is a heavy concrete with a minimum density of 350 pcf and 

a 7-day compressive strength of 4500 psi. Looking at Figure 2 it is seen 

that for a 7-day strength of 4500 psi a minimum theoretical density of 365 

pcf is required. From Figure 5 it is apparent that there are too many com

binations of water-cement ratio and cement factor that will give a density of 

365 pcf. No cement factor less than 7 bags per cu yd is permissible, so this 

is the minimum CF mentioned in Figure 5. Considering CF = 7, it is seen that 

a water-cement ratio of 4.9 gal per bag would produce the desired density of 

365 pcf. However, if the minimum water cement ratio of 3.5 gal/bag is used, 

the cement factor increases to 8.65 bags per cu yd accordingly. A CF of 8 

bags per cu yd with a water-cement ratio of 4 gal per bag is satisfactory too. 

These three combinations are selected and the following show the proportioning 
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calculations for ingredients of these combinations. A summary of calculated 

values is given in Table IV. 

1. CF = 7 bags/cu yd, W/C = 4.9 gal/sack 

Weight of cement per cu ft of yield = 7 bag/cu yd x 94 lb/bag 
27 cu ft/cu yd 

24.4 lb/cu ft 

Weight of water per cu ft = 4.9 gal/sack x 24.4 lb/cu ft 
94 lb/sack x 0.1198 gal/lb 

= 10.6 lb/cu ft 

2. For CF = 8 bags/cu yd; W/C = 4 gal/sack 

Weight of cement per cu ft = 8 ~7 94 = 27.9 lb/cu ft 

4 X 27.9 Weight of water per cu ft = O. 1198 x 94 = 9.9 lb/cu ft 

3. For CF = 8.65 bags/cu yd; W/C = 3.5 gal/bag 

Weight of cement per cu ft of concrete= 8 · 6~ 7x 94 = 30.1 lb 

Weight of cement per cu ft of yield 

Weight of water per cu ft of yield 

8.65 X 94 
-~=--..;..__ = 

27 30.1 lb/cu ft 
of yield 

3.5 X 30.1 = = 0.1198 X 94 9.4 lb. 



---+----1---------t------·· 



W/c ~ _, -')- '1 "~.-; o ~- <r L>J tc - ~-" <~ \~ \_ /i:J II>~ bl 1 c.. - 3 -. cs. ~~~L('b<'~ 

1 t\ ~~ y 1: d \ ~- Y\ \-
c ~-: 7- b Q. '-\ '::.j c: ~)._ '* d C'_ ,:.. = "'{ \-::, o "') 'o/ Y~"3, q.:-::.~·'-S b<\'}::O.i yJ.~ 

\),_) t" Li:, Y<-l L vY\ <:. b.d·· L'o y- "' l l) (\\ <!___ wr- (_i::, -y'c:_.[jjM--~-

\)-t'f c lA p-
~- ~ 

P~'<' CJ.A. H \- ~-
pq· C-<Af.f 

f- f C.\- y,· ~\-d. C""- '-'\- j·.~\... d_ 
c ,._,._ c_,f J1 <.. L <l C""'-

"":>h (, t {_ 6 4-· t o-3'5~1 \ G 3- 1 o-3S I I t (,?...-7-v 0·3 4 3'S 

!p M \\ C h_ \ '<", '\ \ b c;. '{ 0-34 94 I b 3' 4 ci ·Jj c; 4 \b"L-Jo 0-]1~ r 
c_ "- PI ~ h t- ?_ ~' ~ b. (J 

- -·------:--'--

<.:>·1551-u · I 2. 1. 1--Cj o-f~4" 3 o Jv 
w Q. t ~- ,~ \ (). ~ 6·17- 0 5 9-9-~ o·t5'<"S CJ • 4 G 

c.,f_50v 

! c_ <., Y\ ~ y f'_ t '-:._ 3 6 tl· r;, 1..· oo (j ~- 3 ~ 4' iP t. 0'00 3~1·9° L-C>OO J 

di(:f--q~n 

A-C. I i G M '( h l\ t 



CONCLUSIONS 

An economical study might be done knowing the prices of steel shot and 

punching and cement after which the most efficient mix could be selected. 

Test results show an increase in strength with the length of curing 

period, with reduction of water content and with density of concrete. Inas

much as the strength of ordinary concrete increases with increasing cement 

factor, the very opposite is true about heavy concrete. This emphasizes the 

fact that the strength of heavy weight concrete increases with its density, 

because the decrease in water-cement ratio and the decrease of CF both in

crease the density of heavy concrete. This is true because the density of 

aggregate in ordinary concrete is less than cement while the opposite is true 

in the case of heavy concrete. 

The largest variation of theoretical as compared to actual densities is 

less than 3 percent. The theoretical density can be determined before a test 

batch is made. Observations of all fractured specimens indicated a well

mixed and integrated concrete with good workability and an overall appearance 

similar to ordinary concrete but superior in radiation reduction. 

Two kinds of heavy weight concretes which were discussed are not the 

only options available to engineers. There are other types of heavy concrete 

with their own efficiencies and/or deficiencies. There are also other uses 

for these types of concrete which of course were not related to the subject 

of this paper. Although the main purpose of this paper is to gather some 

useful information about radiation shielding, the complication of the subject 

is so that the paper should not be regarded but the very first step for under

standing the rules concerning radiation shielding patterns. However, with 

the scale of undesired problems which occur in the industry and with growing 

degrees of concern of people about the sanitary nature of their environment, 
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the field of study seems vastly open to interested parties and with this re

gard practical surveys are of the greatest value. 
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