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I. IRIRODUCTION
A+ Use of Conerete as a Shield

The process invelving shielding had not been completely
understooed for many years after the completion of the first
reactor. Most energy and study had been applied te the re-
aetor corey and the simple empiriecal methods of shield de-
sign eould be utilized to give a workable and safe shield,
even though it might be excessively heavy and expensive. At
the present time, with the realization that nuclear power
will have to compete with and eventually replace conventiocnal
power methods, the problem of low cost and low weight shield-
ing has become guite important.

4 natural cholee for shielding material exhibiting both
qualities of low cost and low weight is conerete, and, con-
sequently, 1t has become the most widely used materisl for
resctor shielding. Its popularity has alse been enhanced by
its satisfactory mechanical properties as well as its ideal
radistion shielding attributes. It contains hydrogen and
other light nuelel as well as nuelel of fairly high atomie
number. The light elements moderate the neutrons, and the
heavier elements absorb the gemms radiation. Hecent develop-
ments have brought about the utilizstion of heavy concretes
containing barytes and iron core for additional gamma ray ate
tenuation.
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B, Heutron Attenustion

The attenuation of fast neutrons in a shield can be at-
tributed to three successive processest

1, Collisicn, either inelastic or elastic, and invelv-
ing significant change of direction or energy ﬂ‘grsﬂ:t&an
or both (elastic forward scattering attenuates very little).

2+ 8Slowing down by many collisions, mostly elastie.

3. Diffusicn at or near thermal energy to absorption.

A collision with hydrogen usually has nearly the effect
of abscrption. 4Qualitatively this is true because ¢f the
degradation in emergy which accompanies the collision, com-
bined with the rapid increase of the hydrogen cross seeticn
as the neutron energy decreases, which is shown on Figure 1,
A small fraction of the initial collisions with hydrogen will
give rise to neutrons having very nearly the sourece energy
and almost their original direction. These neutrons will
penetrate nearly as well as uncolllded neutrons.

A neutron may alse collide with a heavy nucleus. There
may result an approximately isotrople emission of neutrons
with an energy spectrum which depends on the energy of the
inecident neutron. For energies below 1 mev, the scattering
will usually be elastie, while, as the energy rises, the
scattering becomss predominantly inelastie.

At low energies, with isotropic elastiec scattering pre-
dominating, a neutron collision changes the direction of the
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neutron effectively so that it gives a small contribution at
the outside of a thiek shield.

At higher emergles, about cne-half the total cross sec-
tion of the heavy elements corresponds to small angle elastie
deflecticns.

These deflections are associated with the diffracted
neutren shadew cast by the opaque nuecleus. At low energles,
1 to 2 Mevy this cross section may be treated as isotrople
and therefore included as an absorption. At higher energies,
the total shadow scattering is included in a small angular
range and is ineffective in removing neutrons.

In a thermal reactor, slov neutrons are much mere numer-
ous than the fast components (Energy greater than .5 Mev),
are more rapidly attenuated, and their effeet is felt only
in that portion of the shield in proximity toc the source.
They have, therefore, little toc do with the caleulations on
required shield thickness, though they do play an important
part in computing heat effects on the inner part of the re-
actor shileld.

The processes by which fast neutrons are attenuated in
thiek shields are quite complex. The exact calculations of
the variation of fast neutron flux with shield thickness and
the determination of the flux of neutrens of lower energy
resulting from fast neutron collisions are difficult mathe-
matically.
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A semi-ompirical methed which, under the proper condi-
tions, gives exeellent results in predieting neutron attenuva-
tion was evolved by Albert and Welton (1). Their removal
eross seetion theory takes into account the removal of fast
neutrons due to reactions, capture, inelastie scattering, and
elastie scattering nct in the shadow., The conditions under
which this ercss secticn may be used are the following; first,
the neutron source must have a fission spectrum, as shown con
Figure 2, which has an average energy of about 2 Nev. Jecond-
ly, the material must be followed by a large thickness of
hydreogencus material or must be intimetely mixed with such
material. Glasstone (6, p. 617) states that the weight of
a shield must be at least 10 per cent water in order to pro-
vide the minimus proportion ¢f hydrogen for application of
the theory. It has been shown that the fission spectrum
falls off rapidly at high energles, while hydregen is an in-
creasingly efficient attenuator of neutrons as the epergy is
decreased. These twe phenomena work to restriet te a narrow
energy band those scurce neutrons responsible for the dose
at large distances in a hydrogencus medium. The band lies
in an energy region usually & to 10 Mev, depending on the
material, where neutron collisions with many substances either
have no significant effeet on the neutron or act as abserp-
tions. In these circumstances, the substances act as simple
absorbers with apparent absorption or remeval cross seciions
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which are independent of the thickness of the media.

The removal cross section is determined by putting a
slab of the material, for which the cross section is to dbe
found, of x em thickness in a tank consisting of z em of
water. If De(z) is the dose rate observed frem a given
source through the water only, then the dose rate D(z,x)
from the same source for the shield consisting of water and
slab will be

D(zyx) = e~ = 4pe(z)

vhere X o en™ 1s the effective macrosecopic removal eross
section of the material which is related to the effective
mieroscopic removal cross section, S g in the usual manner.

The fast neutron removal attenuation length, A ., the
reeiprocal of the macrosecopie fast neutron removal cross
section, 1s the distance for an e-fold reduction in the fast
neutron flux.
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II, REVIEW OF LITERATURE

Rockwell (13) discusses the properties of varicus econ-
erete shielding bloeks and briek composed of different heavy
aggregates. He states that the main purpose of cements is
to provide hydrogen, bonding strength, and, if possible, a
reasonably high density.

Gallaher and Kitzes (5) reported on the experimental
programs which were condueted at the Cak Ridge National

Laboratory on Fortiand ecement coneretes tested for suitability

for reactor shielding. They listed the following desired
properties necessary for effective shields:

1) High density teo minimize thickness

2) High hydrogen eontent to thermalize intermediate
neutrons ,

3) High content of heavy elements for degradation of
fast neutrons as well as gamma rays

L) Low cost of ingredients

5) Ease of mixing and placing the conerete.
In addition, struetural strength, stability under radiation
and stability under hot moist or dry conditions were also
considered, The article alsc discusses the handlins and
pouring technigues to be used with heavy aggregate conerete
as well as coneretes with high water content.

Price and Horton (12, p. 284) state that the total eross
section per unit weight for fast neutrons is considerably
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greater for light elements than for heavy elements; arnd 1t
follows that the most efficient fast neutron ghields (on a
weight basis) are those containing large smcounts of hydrogen.
The most obviocus cholce then, for an effective fast neutron
attenvator, is water, and, even though many materials econtain
more hydrogen per unit volume, their use is governed by con-
siderations such as flammability, liability to radiation
damage, and chemlical and thermal stability.

An experiment to determine the effeet of water in
structural conerete on the attenuation of intermediate energy
neutrons (epithermal to 1 Mev) was conducted by Blizzard and
Miller (3). It was found that a 7 per cent water content
is adequate to insure that intermediate energy neutrons be
quickly slowed down to thermal energy where they are readily
captured. The attenuation of the neutrons in the water
mederated conerete shield was found to follow an exponential
function with the fast neutron maeroscopie removal eross
section for the attenuation coeffieient. A greater water
eontent improved the over-all neutron attenuation according
to the removal ereoss section theory.

Une of the oldest existing shields is the ecomcrete
shield around the Osk Ridge National Laboratory Graphite Re-
actor. This shield consists of a five foot thickness of
bituminous painted conerete consisting of 16,3% Fortland
cement, 27.3% haydite, 46.4% barytes, and 10% water, sand-
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wiched between two l-foot thicknesses of ordinary Portland
coneretes An investigation of the physiecal properties of the
shield was performed between February and July 1956, after
the shield had been in place 12 years, and the results were
reported by Blosser and associates (). The investigation
showed that the chemical properties and density of the shield
had not changed appreciably sinee a similar investigation
made in 1948 when the water content was still nearly five
times normal and ne radiation damage waz detectadle., The
compressive strength was lower, however, reaching a maximum
change of about 4Of near the reflector shield interface.

A report issued by the Housing and Home Finance ageney
(1k) indicates that haydite is one of the best of the lighte
welght aggregates, and that haydite concrete may be used in
place of typleal Portland ecement conerete without discounting
the design in any degree for strength, workability, and
durability. PFurthermore, it provides a saving in dead weight
of about 30%.
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III1, IRVESTIGATIOR

The use of haydite (a light porous, caleined shale
capable of absorbing large gquantities of water) as an ag-
gregate was studied to determine the effeet of the haydite
and absorbed water on the fast and thermal neutron attenua-
tion properties of mortars and concretes.

Water 1s a goed neutron moderator, and it has been shown
that the large amount of water absorbed by the haydite may
be retained over a long periocd of time 1f the conerete is
properly coated.

As was shown previcusly, in water there 1s a strong
vardation in total cress section with neutren energys how-
ever, the total cross section for Fortland concrete does not
vary so markedly for low and high energles, see Figure 3.

The study of the neutron shielding effectiveness of
haydite mortar and concrete consisted of twe main parts. The
first was the determination of the effect of changing the
amount of haydite in the conerete and mortar on the shield-
ing effectiveness. The second part was the determination of
the neutron shielding effectiveness of a conerete contalning
a large percentage of haydite as a function of the amount of
water absorbed.
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IVe EQUIPMENT AND MATERIAL
4. HKadiation Source

A plutoniumeberyllium source containing 16 gm. of plue
tonium of approximately l-curie strength provided the neutrons
used in this study. The plutonium and beryllium were mixed
together and scaled in a tantalum and stainless steel right
eireular eylinder of 1.35 in. height and 1,02 in. diameter.
The average number of neutrons given off by this source is
1465 x 10° cach seeond, and the energy distribution of the
neutrons 1s shown on Figure Y.

The source was placed on top of a wooden block which was
inside a tight fitting teflon cylindrical container. The
teflon eylinder £it tightly within the steel pipe housing
of the original shipping centainer which was encased in
paraffin on all sides but the top two inches. In this manner
a vertical collimated sourece of neutrons was obtained, see
Figure 5.

Bs, BShielding Materials

The shielding materials used were 2 by 2 by 4 inch
mortar blocks. The composition of the blocks was varied by
changing the welght of aggregate and sand in each mixture and
keeping the total weight of all the components constant, The
fabrication and composition of the blocks 18 discussed in the
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Figure 5. Source housing and detector

A Teflon eylinder
B. Paraffin surrcunded steel pipe
C. ”3 neutron counting tube

E. &teel shipping container shrouded by cadmium
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section on procedures. A4 chemieal analysis of the components
was not obtained. However, Table 1 indicates the normal
composition of Portland eement and the assumed composition
of the haydite aggregate used in the Oak Ridge graphite re-
actor shield.

Table 2 shows the aggregate and sand particle distribue-
tion as deteramined by sieve analysis.

Iable 1+ Chemieal composition of cement and aggregate in
per cent welght

| $10, Pen0y AL,0, Ca0 Mgo

Portland cement type I® 23 L 5. 1
810, A10, Ca0 Al Ca 8
Haydite aggregate’ 60 16 24 8,5 17.0 48

SAverage values from Hungerford (9, p. 723).
D510sser and associates (4 pe 7)s

C. Detector and Apparatus

The detoctor used was a standard N, C, Wood EFS neutron
proportional counter, catalog number G1174. The active count-
ing volume was 1 in. in dlameter and 6 in. in length. The
BFy gas was enriched to 967 Borom 10 and was under a pressure
of 40 em. Hg. A BlQF3 counter has a very high neutron dee
tection efficiency. The total eross seetion, G , 1s 3960
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Table 2, GUrading of aggregate and sand. GSieve analyses,
per cent by welght passing U. 8. standard sieves
—MNo.Y No. 8 Wo. 1k WNo, 28 Wo, 350 &
Sand 99 P

75 76 9 0
Haydite gggregﬂn % % hhk EH

barns at neutron energies of .025 ev. The ions which are
counted come {rom the alpha particles produced by the fol-
lowing reaction:

B o n — 147 4 of

The proporticnal counting tube was connected direetly to the
input amplifying eircuit of a Buelear-Chicazo Corporation
Model 186 decade scaler. The scaler conteins a sensitivity
coutrel switeh which requires the input pulse to be larger
thar the value selected by this contrel in order to produce
one counts The operating characteristies of the neutroen
counting cirecuit are indicated by the curves of Figure &, Aan
operating veltage of 2100 volts and a sensitivity of 1 MV
wvere selected from the plots te give operation in the plateaun
portion of the curve. These settings vere used with the
counter throughout the study.

A detector shield helder was used to position the $?3
tube over the center of the vertical collimated beam at the
same position for each configuration of the shielding blocks.



COUNTS PER MINUTE

19

4000

3000}~

2000

1000~

| I | I l l
0 1700 1800 1900 2000 2100 2200

OPERATING VOLTAGE (VOLTS)

Figure 6. Operating curves for Blo? lined
neutron cocunter



20

it was also used to shield the tube from neutrons that had
been scattersd around the shield. The shielding of the de-
tector from scattered neutrons was accomplished becsuse the
holder was filled with paraffin, and cadmium was placed around
the nr3 tube sc that only neutrons entering the detector
shield directly from the souree through the shielding blocks
would be countedy see Figure 7. Once the tube was properly
positicned in the detector shield, it was sealed in with
paraffin ard was not removed until the study was completed.

D. Geometry

A photegraph depieting the general experimental layout
is shown in Figure 8. The dimensions of the apparatus and
the arrangements used in the study are given in Figure 9.
The shielding blecks were mounted on the source container
barrel 1id, The 114 was fixed with small balsa wood strips
so that the shlielding blocks could be positicned direetly
over the scurce in the same position at every change.

The detector holder shield was positioned sc that a
0.88-1in, gap existed between the top of the block and the
bottom of the holder. This gap allowed a cadmium strip to
be inserted between the block and the detector as well as
faeilitating the removal of one block and allowing it to be
replaced by another without remcving the detecter holder.
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The author was also able te change bLlocks from a more pro-
tected pesition with the use of forceps.
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V. FPROCEDURES

As noted before, the compesition of the shielding blecks
was varied for this investigation. Oix different mixtures
were tested in alls The compesition of the six mixtures is
shown in Table 3 and labeled A through I. In mixtures A
through F a coarse aggregate was used. It was passed through
a 3/8 in, screen but could not pass through a No. 4 sereen.
In mixtures Gy, Hy and I, a fine aggregate was used, It could
pass through a Bo. 4 sereen but not through a No. 8 sereen.
In all the mixtures an attempt was made to keep the percent-
ngn by welght of cement and water constant, and te vary the
amount of sand and aggregate but to keep the total welght
percentage at a constant. An attempt was made to increase
the coarse aggregate content of the blocks even more. How-
ever, the resulting blocks were so honeyeombed as to render
them useless for testing., The 34.3¢# fine aggregate mixture
was also harsh and resulted in pocr blocks that could net be
used. The conerete blocks were able t¢ be used with a higher
aggregate content than the mortar blocks since better vork-
ability can be achieved for a given amount of water with »
coarser aggregate (10, p. 52).

The procedures used for mixing and casting the blocks
were the same for all mixtures. The cement and approximately
cne fourth of the sand and aggregzate were thercughly mixed.
The sand and aggregate were both in a saturated surface dried



Table 3. Compesition of mixtures

Item _
A B B g  Am— o

Composition

(per cent by weight) i

Sans Vel M3 B A & gﬁ 73'&‘3 4320 S0ceh SPeeh
Haydite .36 20.60 24.57 17.16 7.80 O  29.60 24,57 17.16
Average density

{gm/em”)

7th day 2.16 2.17 2.12 2:20 2.17 2.1 2,03 2.05 2.12
Average density

(zgm/em”)
%Vm - 1 185 1.8 1.92 1.93 1.9% 1.85 1.88 1
Z5en a2y vt A - v

L2
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condition. Water was added, and the mixture was asgain mixed
with & hand trowel. 7The remainder of the sand and aggregate
was added in small amounts and mixed. After all of the sand,
water, and aggregate were added tc the cement, the mixing
econtinued for several minutes te insure uniform consistency.

The machined steel mcld wsed in casting the bloeks cen-
tained twenty-four 2 by 2 by & inch compartments. Ten blocks
vere cast for mixture A and four blocks for each of the other
mixtures. The eccmpartments were filled about one third full,
rodded 25 times, and filled and rodded again two mere times
to £111 the mold., An additicmal portion of the mix was spread
over the top and worked down with the trowel; the excess was
removed leaving the mix level with the tep ¢f the mold. The
mold was covered with moistened burlap 2:d allowed to stand
2% hours. Upcn removal from the mold, half of the blocks
from each mixture were stored in water, and the other half
were stored in the air. The temperature varied between 82
and 8% F and the relative humidity varied between 20 and 26
per ecent during the periocd the blocks were drying. The water
cured blocks will be called standard blocks while those
stored in the air will be referred to as air dried blocks.

Figure 10 is a photograph showing the surface condition
of some of the test blocks.

A pample of the aggregate was washed and dried at a
temperature of 105°C. over night. 4 2% hour water absorption
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test was then performed, and the results showed that the
haydite absorbed 15.2 per cont, by weight, of the water.

The bulk specifiec gravity of the aggregate was next
determined, veing standard test methods (2, p. 1233), on a
50 KO sample in the saturated surface dry condition. A value
of 1.69 was computed.

Three experimental arrangements were used to determine
the relative intensity of fast and slow neutrons. The ar-
rangements are depleted in Figure 8. 8ince the 3?3 tube 1is
capable of ecounting neutrens of all energies to some extent,
a cadmium sheet was placed on top of the block, as shown in
arrangement 2, to absord the slow neutrons (defined as
neutrens of energy less than 0,025 ev). The slow neutrons
were readily absorbed by the 0.037«in. ¢f cadmivm since cade
wium exhibits a high neutron abscrption resonance in the low
energy region. It was caleulated that the cadmium will
capture over 99% of the incident slow neutreons. Since the
readings in srrangement 1 are due te the counts recorded by
the BF3 tube for neutrons of all energies, and the readings
of arrangement 2 are due to the neutrons of energles above
thermal, the difference in the two is the slow neutreon count.

A layer of paraffin was inserted between the cadmium and
the detector in arrangement 3 to determine the fast neutren
eount, The paraffin, which contains a large propertion of
hydrogen, slowed down part cf the fast neutrons sc that they
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eould be counted by the ara detector which 1s relatively in-
efficlent in detecting neutrons of high energles. The paraf-
fin also prevented those neutrons reflected and scattered
from cutside the shield into the detector from completely
masking the relative fast neutron count. The higher count-
ing rate also gave better counting statisties., 8Since the
fast neutron counts were taken under a different geometry
than that used to determine the slow neutron count, a eor-
rection had te be made to the fast counts sc that they could
be compared to the slow counts. The fast neutron counts
recorded were corrected by the ratie of the squares of the
distances between the source and the detector. This ratic
was computed te be 1.,15.

Heutron counts in all three arrangements were taken for
all of the blocks on both the 7th and 28th day after they
were cast. Each of the five air dried blocks of mixture 4
‘was soaked a different length of time, from five minutes to
2% hours, before the seven day test, sc that the ccunts eould
be recorded as a function of the absorbed water. For the 28
day test, however, in order to get a better correlation, it
wag decided tec soak all of the five blocks from one minute
to 24 hours and to remove the blocks at different time in-
crements, determine the neutren eccunts, andé return them for
further soaking.

The weight of the absorbed water in the standard and
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water scaked air dried blocks of mixture 4 was determined by
recording the welght of each bleck prior to the counts being
taken and subtraecting from this weight a new weight taken
after the block was allowed to dry for s twe week period
following the tests.

The volume of all the blocks was eonsidered to be
constant. After determining the weight, the density of each
mixture for both the standard and air dried condition was
computed in gm/em’,

During the testing, the detector was remcved from the
arca near the source and a background count vas taken. All
counting data were corrected for the background.

Sinece the maximum counting rate obtained in the testing
was 4750 counts per minute, nc correction was deemed neces-
sary for ecunter dead time,

Sinee the standard blecks were prone to lese their ab-
sorbed watsr by evaporation if kept in the air for any length
of time, the ccunting time was kept at five minutes for each
arrangement te keep the evaporation at a minimum and to still
yvield good statistics. The standard bloeks and the blocks
used in the water absorption tests were all surface blotted
before being counted.

The compressive strength of the blocks was determined
80 days after casting. Iwo blocks from each mixture were
loaded in compression along the four inch length of the
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blocks. The average compressive strengths of the two blocks
for each mixture are reported in the Appendix., The standsrd
blecks were returned to the water tank several hours before
the compressive strength tests were conducted so that the
blocks might regain mest of the water they had lost.

A test was conducted to determine the sffect of orienta-
tion of the block on the counting rate. Iwe air dried bleocks,
ene of mertar and one of conerete, were selected at random
and the counting rates were determined in their normal con-
figurations, threugh the two inch thicknesses of the blocks.
The blocks were then rotated about the four inch axis and the
counting rate was determined for each of the other three
pesitions, The ecounting rates, shown in the Appendix, in-
diecate that with two exeeptions in each bloek, the deviation
between the ecunting rates was less than the standard devi-
ation. The exceptions for the mortar deviated from the
average counting rate by .765 and .989 per cent, and for the
ecnerete, the deviation was .877 and 670 per cent.

Another test was conducted to determine the repreduc-
ibility of the counting rate in removing and replacing the
detector holder., The test was conducted for the cenfigura-
ticns of arrangements 1 and 3. The data shown in the Ap-
pendix indicate that for four runs in each configuration the
deviation d1d not exceed the standard deviation.

A plastie 2 by 2 by % inch mold was constructed, filled
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with water, and frozen, sc that the counts on the resulting
ice bloek could be compared to the concrete and mortar
blocks. The same mold was also used to cast a paraffin bleck
which was alse compared. The test results are recorded in
the Appendix.
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VI. RESULIS AKD DIsCUSBIORN
4y Effects of Changing Aggregate Content

The neutron counts taken for the 7-day and 28-day tests
for the standard and alr dried blocks of different mixtures
are tabulated for the three arrangements in Tables b and 5.
These counts were analyzed and separated into fast and slow
neutron counts as shown in Tables 6 and 7. Plots of these
eounts are made for the conerete and mortar blocks in Figures
11 threugh 18,

It can be seen from these curves that the standard blocks
are more effective in attenuating siow and fast neutrons than
the alr dried blocks. It was found, on the average, that the
standard blocks were 24.5 per cent more effective than the
alr dried bleccks in slow neutron attenuation, and 6.4 per
cent more effective in fast neutron attenuation.

The standard conerete blocks ware found to be siightly
more effective in attenvating the neutrons than the standard
mortar bloeks. The conerete was, on the average, 4.5 per
cent more effective in attenuvating slow neutrons and l.1 per
cent more effective in attenuating fast neutrens.

The reason the standard blocks exhibit better neutron
attenuation properties than the alr dried blocks is due to
the large amount of water absorbed in the standard blocks,
see Tables 6 and 7. It can alsc be seen that the standard
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Table 6. 7 day sliow and fast neutron counts

Mixture Per cent by Jlow neutren Fast neutron
welght of counting rate eounting rate
oter Y (Rt 5 ¥ 600" (1415 x By)®

Standard

A 18,2 2 2005 + 22
B 184 2%& i 2020 i 22
D 15.8 2h22 ¥ 31 2035 ¥ 22
E 1k,0 2ukk ¥ 31 1940 ¥ 22
¥ 12.9 222 ¥ 2020 ¥ 22
G 13.2 2502 ¥ 2@3 *22
H 13. 2 + 31 2018 % 22
1 1k.0 2561 * 31 2030 * 22

Adr dried

A 3218 = 34 2100 ¢ 22
B 3133 * 3h% % * 22
c 139 + 34 2145 + 22
D 18k * 3% 2123 x 22
E o&a + 3 2164 * 22
P 18% ¥ 34 2200 ¥ 22
G 827 ¥ 9 * 22
H 2822 ¥ 2149 % 22
I 2923 % 2091 % 22

fer tc the arrangements in Figure 8.

eonercte blocks absorbed slightly more water than the standard
mortar bloeks, and they will, therefore, be more effective
than the mortar bloecks.

The eurves indicate that in the standard blocks there
is little inerease in neutron attenuation as the aggregate
content is inereased, The small negative slepes of Figures
9y 1% and 15 are due to the increased water content of the
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Table 7. 28 day slew and fast neutron counts

Mixture Pa: g:mxrby 31aut?nutro§ Fast ncutrogb
weight ¢ ccunting rate counting rat
soporved  (my-Rys v, ov 5220 (115 x By)®

Standa _

A 18,2 2396 % 31 1960 % 22
B 1844 2hho * 31 2015 x 22
c 1heb 2429 ¥ 31 2025 ¥ 22
D 15,4 2388 * agzog + 22
E 13.1 2hh3 & 31 2020 * 22
F 10.9 * 2078 + 22
;i i BRin
+ ' »
1 Tuid in 2068 * 22
Aar‘drind N 21% & 2
-+ +
B T3 2110 ¥ ag
c + 3k 2225 * 2
D + 3k 2180 % 23
E + 34 2120 # 22
F * 3% 2208 ¢ 2
G + 34 2191 + 2
H + 3% 2230 2 2
1 + 3% 2231 % 2

8subseripts refer tc the arrangements in Figure 8.

blocks at the higher aggregate content.

The scattering of the points on the plots is due to the
large statistical deviaticns resulting from the short dura-
tion of the counting time.

The air dried mortar blocks are seen te have a larger
shielding effectiveness than the air dried concrete blocks.
The reascn being that for 8 given cement content, the larger
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the aggregate size, the lowsr the water requirements, so each
mortar block will contain more water than the comparable
conerete block and attenuate the neutrons more effectively.
The count rate for the 7 day test was in all cases lower than
the rates for the twenty eight day tests in the alr dried
blocks., This was due to the loss of water by evaperation

in the twenty cne day increment between tests. A larger
percentage of water will evaporate for a given lemgth of time
in the mortar blocks, again due to the larger surface area

of the fine aggregate; consequently, the curves of Pigures

13 and 17 are separated a greater distance than the ecurves

of Figures 12 and 16 at the higher aggregate contents.

It ean be shown, by utilization of the removal creoss see-
tion conecept, why there was such a small gain in fast neutron
attenuation effectiveness in using the standard concrete
bloeks, containing high percentages of haydite aggregate,
compared to the eonerete blocks of the mixture without the ag-
gregate. Goldstein (8, p. 265) states that a corollary of
the removal cross seetion concept 1s that the removal cross
sections of materials mixed together are additive. This
property was used by Price and Horton (12, p. 262) and by
Plizzard and Miller (3, p. 22) in caleulating the average fast
neutron relaxation lengthycl,, for different concretes. The
length for a typical ordinary Portland conerete with density
of 2.3 ;u/en3 was computed to be 10.6 em by Price, and a
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length of 11.3 em was calculated by Blizzard for dry ordinary
conerete with density equal to 2.39 Sﬂ/#ma.

With the values for the chemical composition of the
Portland cement and haydite sggregate listed in Table 1 ase
sumed correct, and with the further assumption that the
composition of the sand used in the blocks was 79 per cent
810, and 25 per cent K AL 81, O, a value for 2 /Q was eom-
puted for an air dried block of mixture A in Table 8., This

value, times the density of the bloek, will yleld s

Se= 2 /0 x© = ,03816 x 1.84 = 0702 en”)

and Agp =03, =1/,0702 = 142 em

Table 8. 2;:::::;:%&0& of 2?,/62 for a dry conerete of

Flement Concentration -4 é e wt.§ S :e

(wt.8) -y
H 1.05 5.98 x 10” +627 x 107
0 42,49 3.72 x 1072 1.580 x 1072
81 36430 3,01 x 1072 1,092 x 1072
Al 4,88 2.92 x 1072 43 x 1072
Fe RFA 2,14 x 1072 009 x 1072
ca 12.88 2,43 x 1072 .312 x 1072
¥ig .19 3.33 x 1072 006 x 1072
K 1.9 2,47 x 1072 <047  20° -
Total  3.816 x 10

®B1izzard and Miller (3, p. 22).



52

A mev value of 2 _/Q for the block of mixture A, after
absorbing 18 per cent, by weight, water was computed on Table
9 and found to be .04758 en’/ge 5 .y for the new density of
2.17 g/em3, will then be equal to:

(04758 x 2,17 = ,1033 em"}
and
A g = 1/:1033 = 9468 em .

Table 9. Determination of Z,/G for the conerete of mixture
A with 18% absorbed water

Element Concentration I I
( \

H 2,58 1,55 x 1072
0 49,60 1.8% x 1072
81 30.77 93 x 1072
AL Wel3 12 x 1072
Fe .37 008 x 1072
ca 10,90 .265 x 1072
Mg .16 .005 x 1072
X 1.61 1040 x 102

Total

It can now be seen that the relaxation length of 9.68
em for Bloek A with 18 per cent absorbed water does not ine
dicate much more shielding effectiveness than a typiecal
ordinary Portland conerete bloek with a relaxation length of
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10.6 em.
By Effects of Absorbed Water

The neutron counts taken for the 7 and 28 day absorbed
water tests of the bloeks of mixture A were tabulated on
Tables 10 and 12, The analysis of the counts separated into
the fast and slow neutren counts ah shown on Tables 11 and
13« Plots of these counts are made for the concrete and

mortar blocks in Figures 19 through 22, The slow and fast
neutron count rates for the ice and paraffin blocks were also

plotted on the figures.
All of the curves indicate that as the percentage of

Table 10, 7 day absorption test data L
Arrange- Absorbed water Counts Smtm '“mung

ment (per cent by ra
wedght) . .
1 0 22106 3 4207 x
b daer BN LSS
1 15:40 18045 3 3233 i 2
2 o 601 1096 & 16
, oA 3
: 1500 % 8  losssis
3 0 9770 ] 1847 = 20
15:00 3375 5 173 19
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Iable 11. Slow and fast neutrons, 7 day absorption test

Absorbed water 8low neutron Fast neutron
{per cent by ecunting rate counting rate
¥elzht)
0 3111 % 3% 2121 % 23
774 2993 ¢ 32 2062 & 23
Galtle 2548 % 32 2073 % 22
11.70 2415 x 32 2025 + 22
1540 7 2403 + 31 2005 + 22

absorbed water is inereased, the neutron shielding effective~
ness is also increased. A compariscn of the relaxation length
for the air dried block, 14.2 emy with the length for the
same bloek with 18 per cent absorbed water, 9,68 em., would
indicate that the trend follows the removal cross section
theory.

Price (12, p. 289) states that the relaxation length
for water for the fast neutron group is arcund 10 em., hence,
block A with 18 per cent absorbed water and the lower re-
laxation length of 9.68 em. should be a bit mere effective
as a neutron shield than water. The count rates for the ice
block shown cn the curves, however, are much larger than
should be expected. This can be explained by the faet that
the ice block was melting during the test, losing 5 srams eof
welght, and, therefore, decreasing its shielding effective
ness. Alsc 1ts weight pricr to the test, 211.9 grams, was
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Table 12, (Continued) “
Bloek Arrange- Absorbed Counts Counting Net count

ment water time rate (CPM
(per cent (min.)
bY wedght)
1 o 9839 5 1871 + 20
B N
1 § 1.45 9775 5 1857 * 20
2 | b gﬁe 5 1826 T 20
: 2 B | il
: t4 2R ¢ mig
1 9.60 925 5 175% T mg
2 ‘ 9#35’ 93 5 17 23
P01 g oBm § Iein
1 | 18260 5378 ; 1718 3 19
P} 8 B 1 ;i
2 3 we:gs 9338 5 1770 § xg
60 95 £ 1

Background | 5703

much less than that expected for a 2 by 2 by 4 ineh block,
which should be around 25% grams, sc a valid eompariscn can
not be made.

The fast neutron relaxation length for paraffin wax was
computed to be appreximately 7 om., indieating that it should
be a bit more effective as a fast neutron shield than the
block with 18% water. The positicn of the count rate line
for the paraffin on Figures 21 and 22 would tend to sube
stantiate the caleculation.

In the attenustion of slow neutrons, however, Figures
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Table 13. 212: and fast neutrons 28 day water absorpticn
&

water

-3 §§‘$ IR 13 ‘mmal

t{ Bip 11 B

1 5.3'; 373 i3 1 14§ axgs *2

- 2 Mheih 1 8 306t

2 &R 3708 £ 31 2 8.47 2095 % 22
1 B’Z% 2677 = 31 a 8,29 2020 ¥ 22
2 8. 23 gssz 3 e.gg ggzs x 22
2 8420 AT in 3 .25  20u] ¥ 22
1 9460 2620 * 31 3 9.23 2021 T 22
2 925 2555 = 31 , 3 2051 * 22
S ok wmilt 1 0 BG VWi
1 18,60 2028 T3 3 18:35 1971 * 22
2 18,65 2332 = 31 18,25 2035 ¥ 22
B I8 mid

19 and 20 indicate that the paraffin bloek is not as effective
as a conerete bloek containing over 9 per cent absorbed water.
¢ determine if the neutren level decreased exponentiale
ly with the addition of water, the curves were alsc plotted
cn unue( paper on Figure 23, The resulting curves lﬁw
that the slow neutren attenuations may be approximated very
closely by a straight line on the plot, end that the fast
neutron attenuaticn does fellow a straight line plot. The
28 day fast neutron attenuation curve was fourd to fit the
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following eguation:

y = 2150 o ~+00M9x

where y 18 equal to the counting rate, and x 1s equal to the
per ecent of absorbed water. The 28 day slow neutron attenu-
ation line was found to fit an equatien of the following
form:

y = 3150 o ~-019%

The additicn of 18 per cent water was found to deerease
the slow neutron counts 28,1 per cent, and the fast neutren
counts 8,61 per cent for the twenty eight day test.

Goldstein (8, p. 99) states that a striet 1/v detector
measures neuvtron density and net flux, and, corsequently,
in order te convert the readings from such a detector to flux
they must be multiplied by scme appropriate speed for the
neutrons, Since the B'C (1 , o ) resction of the detector
used in this study satisfies the 1/v law, see Glasstons and
Edlund (7, ps 57), the count rates for the tests of this
study may be assumed preopertional te the neutren flux,
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Vii. COBRCLUSICHS

The following conclusions seem Justified concerning the
neutron shielding effectiveness of the mixtures and materials
used under the conditicns of this study.

1. There seems to be little advantage in using con-
eretes and mortars containing high percentages of haydite
aggregate over an ordinary typical Portland concrete in
neutron shielding effectiveness.

2+ A neutron shield consisting of standard blocks will
be more effective than one consisting of air dried blocks.
The standard blocks are approximately 24.5 per cent more ef-
fective in slow neutron attenuation and approximately G.%
per cent more effective in fast neutron attenuation than air
dried blocks.

3. VWith haydite aggregate, standard conerete is more
effeetive than standard mortar for neutren shielding. The
conerete will be approximately 4.9 per cent more effective
in shielding slow neutrons and l.1 per eent more effective
in shielding fast neutrons than a mortar.

be In the air dried condition, with haydite aggregate,
a mortar will be a mere effective neutron shield than a con-
erete, |

5« As the water eontent of a concrete is increased, the
neutron attenuation will inerease exponentially. The addi-
tion of 18 per cent water will decrease the slov neutron flux
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by approximately 28.1 per cent and the fast neutron flux by
approximately 8.6l per cent.

6« The fast neutron removal theory seems to yield valid
results when used in predicting the change in shielding ef-
fectiveness of a conecrete as the constituents of the conerete
are changed.

7+ The fast neutron removal theory will also predict
the change in shielding effectiveness of a conerete for dif-
ferent amounts of absorbed water up te the maximum used in
this study, 18 per cent by weight,
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VIII. SUGGESTIORS POR FURTHER STUDY

It was found in this study that the removal cross sec-
tion theory was valid in predicting the fast neutron attenue
ation of conerete blocks containing absorbed water. A
further study should be undertaken to determine if the theory
remaing valid in predicting the attenuation for even larger
amounts of absorbed water. The lower limit of required water
should alse be determined for the continuwed validity of the
theory.

Another useful study could be made of the gamma ray
attenuation preperties of haydite ccnerete in comparison with
typical ordinary Fortland cement concrete.

A study should alsc be made of the advantages of retain-
ing water of erystallization, as in conventiocnal econcrete,
compared with the retention of uncombined water absorbed in
a spongy structure. The tempersture at vhich the water of
erystallization 1s lost might well be higher than that at
which uncombined water evaporates,
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Compressive test data

DATA FOB ADDITIORAL TE8Ts

R oree TN
1bss Ibsa/in.

M B o W E T O u

8uk0
5640
L300
2705

1740

1497
3620
3220

- 2530

e
2110 6520
1410 . 2270
1075 1915
676 1435
435 1350
37 850
905 4335
805 3957
633 65

ws o

1630

W79
359
338
23
1084
989

Table 15. Bloeck erientation test

Face
1 21635 5 4327 £ 29
2 2150k 5 4301 % 29
3 21616 5  h323 2 29
218w 5 k368 £ 30

20060
20325

20417




Table 16, Detector shield replacement test

29816 § 5969 & 3% 36157 5
29761 5 5952 £ 3% 36012 ] 7202 & 38
29745 § 5959 &£ 3% 36000 5
29749 5 5950 £ 3% 36133 5

£ w BN

Table 1?:'. Ice and ?‘”"m tests
Wedght Slow neutron Fast neutron
STy ke m’

S e

i W
by By

lce 211.9 2600 & 32 2078 + 19
Paraffin  216.7 2558 & 31 1998 £ 19
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