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SUMMARY 

A new ship for the transport of spent nuclear fuels which uses serpentine concrete as its major 
shielding material has been constructed. The shielding calculations are based on DOT3.5 code 
(CCC-276) and the DLC23 library (DLC-23). Experiments with Cf-252 and Co-60 sources 
were carried out to confirm the validity of this method of calculating the shielding 
effectiveness of serpentine concrete. In these experiments, neutron and gamma-ray dose 
equivalent rates were measured in various arrangements to simulate the shielding structures of 
the ship, the calculations for each arrangement were performed by this shielding calculation 
method. For both neutron and gamma-rays, the calculation results agreed with the experiments 
very well, confirming that this calculation method used in the ship's shielding design is valid. 

Two kinds cif on-board gamma-ray shielding tests were performed to confirm the ship's actual 
shielding effectiveness. In one kind of test, gamma-ray dose equivalent rates were measured 
for each shielding wall using Co-60 sources. In the other kind of test, gamma-ray dose 
equivalent rates in the ship's accommodation area were measured when a strong Co-60 source 
was placed in a loaded shipping cask's position. In both gamma-ray shielding tests all 
measured dose equivalent rates were less than the calculated values, confmning that the ship's 
actual shielding is sufficient to meet safety requirements. 

INTRODUcnON 

A new ship capable of carrying about 20 spent fuel shipping casks has been constructed. In 
designing the ship's shielding, conservative conditions that dose equivalent rate at lm from 
each loaded cask surface was 100 [ p. Sv/h] for both neutron and gamma-rays were required. So, 
serpentine concrete, which has better shielding characteristics for neutron than ordinary 
concrete, was employed as the ship's major shielding material to provide effective shielding 
form both neutron and gamma-rays. 

The two-dimensional discrete ordinates transport code DOT3.~ and the DLC23library {called 
the DOT/DLC method in this paper) are used as the method for calculating the ship's shielding 
design requirements. Although the DOT/DLC method has been used for calculating the 
shielding requirements for various shielding material, it has rarely been used for calculating 
serpentine concrete shielding requirements. Therefore, experiments were carried out to 
confmn the suitability of the DOT/DLC method for calculating the amount of serpentine 
concrete required to effectively shield for neutron and gamma-ray. On-board gamma-ray 
shielding tests were also performed to confirm the ship's actual shielding effectiveness. 
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SIUELDING EXPERIMENTS 

The shielding experiments with a Cf-252 source of 4.94 X 107 [neutrons/sec](2.69 X 10' 
[photons/sec]) and a Co-60 source of 1.62X 109 [photons/sec] respectively, were carried out at 
the Ship Research Institute. The experiment arrangements are shown in Fig.1 ...... 3. In the 
experiments shown in Fig.1and 2, several serpentine concrete plates (80cm X 88cm X Scm) 
and steel plates (80cm X 88cm X 1cm) were combined to simulate the ship shielding walls of 
various thicknesses. The experiments shown in Fig.3 simulated the various combinations of 
two shielding walls ( total concrete thickness : 40cm) by changing the position of the inside 
steel plates. Neutron dose equivalent rates were measured by a moderation-type survey meter 
(ALOKA TPS-451S), and gamma-ray dose equivalent rates were measured by an ionization
type survey meter (ALOKA ICS-315) and a Nal scintillation type survey meter (ALOKA 
TCS-161). The chemical composition of the materials used in the experiments is shown in 
Table 1. The composition of the serpentine concrete in Table 1 is based on a chemical assay of 
the concrete plate used in the shielding experiments. 

The DOT/DLC method was used to calculate the dose equivalent rate for each shielding 
experiment. The utility program GRTIJNClE for the DOT code was used to avoid the 'ray
effect' caused by a small volume source. The energy spectrums of the Cf-252 source and the 
Co-60 source, which are converted to the energy structure of the D LC23 library, are shown in 
Table 2 (Compendium). A comparison of the experiment results and calculations is shown in 
Table 3-5 and Fig. 4,5. The errors in the experiment results mean a statistical error for neutron 
measurement and a 10% detector accuracy for gamma-ray. In Table 5, primary gamma-ray 
means gamma-rays from the Cf-252 directly and secondary gamma-ray means gamma-rays 
generated in the serpentine concrete by neutron from the Cf-252. 

Table 3 and 4 show that the calculation results in values slightly higher than those achieved in 
the experiments and that the discrepancies get bigger with concrete thickness. However, these 
discrepancies are less than 20%, even in the case involving the thick concrete (about 40cm). 
Accordingly, it has been confirmed that the DOT/DLC method is valid for calculating the 
effectiveness of serpentine concrete for shielding against both neutron and gamma-rays. On the 
other hand, Table 5 shows that the calculation results are greater than the experiment results by 
over 70%. In particular, even if the primary gamma-ray calculation result is ignored, the 
secondary gamma-ray calculation alone is greater than the experiment result, confirming that 
the DOT/DLC method is conservative in calculating the shielding effectiveness of serpentine 
concrete for the secondary gamma-ray. 

ON-BOARD GAMMA·RA Y SHIELDING TEST 

An overview of the ship's shielding structure is shown in Fig.6. This shows that the ship's 
major shielding structure is the cargo hold hatch-covers, the cross-deck and the transverse 
bulkheads (PATRAM'98). Two kinds of on-board gamma-ray shielding tests were performed 
in Mitsui Engineering and Shipbuilding Co. Ltd.'s Tamano Works to confirm the actual 
effectiveness of each shielding wall and the validity of the ship's shielding design. 

• TEST-1 
Serpentine concrete was used to fill up the space in the steel structure of the ship's shielding 
wall, and then shielding tests for each shielding wall were carried out to confirm its shielding 
effectiveness (called TEST-1 in this paper). General arrangements of TEST-1 are shown in 
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Fig.7. In TEST-1, a Co-60 source was fixed at 15cm from the surface of the shielding wall and 
the gamma-rays penetrating the wall were measured at 15cm from the other surface. The 
gamma-ray dose equivalent rates were measured at about 80 locations by an ionization-type 
survey meter (ALOKA ICS-311). A weak Co-60 source (7.26 X 107 [photons/sec]) and a 
strong one (1.82 X 109 [photons/sec]) were used for thin and thick walls respective! y. 

• TEST-2 
Whenever possible, a shielding test should use actual shipping casks containing spent fuel as 
the radiation source. However, it is impossible to use the casks in the works, so the shielding 
tests used a very strong Co-60 source (3.04 X 1011 [photons/sec]) to confirm the validity of the 
ship's shielding design (called TEST-2 in this paper). A general arrangement of TEST-2 is 
shown in Fig.8. In TEST-2, a Co-60 source was fixed at the center of a loaded shipping cask in 
the cargo bold and the gamma-ray dose equivalent rates were measured at about 50 locations of 
the ship's accommodation area. The gamma-ray dose equivalent rates were measured by the 
same ionization-type survey meter. 

The comparison of the experiments results and calculations are shown in Table 6 and 7. In 
these calculation, the DOT/DLC method was used and the density of the serpentine concrete 
was employed the conservative value used in the ship's shielding design. 

• TEST-1 
Table 6 shows that all experiment results are smaller than the calculations, and that the 
discrepancies between the experiment results and calculations increase with shielding wall 
thickness. This means that the serpentine concrete used in the shielding wall provides 
sufficient shielding. It's confirmed that the density and thickness of the actual serpentine 
concrete walls in the ship have sufficient safety margin. 

• TEST-2 
Table 7 shows that all experiment results are much smaller than the calculations. This means 
that the ship' s shielding design is sufficiently conservative for practical use. It is considered 
that the discrepancies between the experiment results and calculations are caused by the 
shielding effects of the equipment in the cargo bold, which were not taken into account in the 
shielding design, and the slanting penetration effects of the shielding wall in addition to the 
actual serpentine concrete wall's safety margin as stated above. 

CONCLUSION 

The following remarks were obtained from this study. 
• The effectiveness of serpentine concrete for shielding for neutron and gamma:rays (Cf-252 

and Co-60) was confirmed by shielding experiments in the $hip Research Institute. 
• The results of the shielding experiments show that the DOT/DLC method used for the ship's 

shielding design is valid for calculating the effectiveness of serpentine concrete shielding. 
• The results of the on-board shielding test (TEST-1) show that the actual serpentine concrete 

walls in the ship provide sufficient shielding and safety margin. 
·The on-board shielding test (TEST-2) confirmed that the results of the ship's shielding 

design is sufficiently conservative to meet safety requirements. 
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Table 1 Chemical composition of the material 

Material 
Serpentine 

Steel Paraffin Concrete• 

Density [g/cm'] 2.275 7.85 0.86 

H 1.916 0.0 14.4 

c 0.0 0.600 85.6 

0 50.415 0.0 0.0 

Na 0.062 0.0 0.0 

Mg 16.9 0.0 0.0 

AJ 1.28 0.0 0.0 

Element Sl 15.5 0.325 0.0 
(%] p 0.0 0.030 0.0 

s 0.016 0.035 0.0 
K o.on 0.0 0.0 

Ca 6.95 0.0 0.0 

Ti 0.005 0.0 0.0 

Mn 0.79 0.750 0.0 

Fe 6.80 98.260 0.0 

Total 100.0 100.0 100.0 
.. 

• : made and assayed by FiJita Co.ltd. 



Ta~lt. l bern sptttr• of Cf-Ul and Co-60 source Table.3 Comparison ollhe exparfments and calcufallon ('*"ton) 
( : Flo. I ) 

•••Iron c .... ,., 
Cr. • Upper enern• CHSZ Upper anern• CHSZ Co-60 

Conaete lhic:kness Experiment Calculation C / E 
(em) (I'SV/h} (I'Sv/h) (caiJexp.) 

(aY] I PIC t ru••• [tY] IPIClru•••• Sptctr .. 1 s (9.71±0.05) X IO' t .OIX10' 1.04 

1 I. UZX tO' 1. oox 10 .. t. OOOX tO' 0.0 0. 0 

l t . UOXIO' l . ISXI0"1 I . OOO X 10' 0. 0 0. 0 
2 s (3. 13±0.03) X 101 3.34X 10' 1.07 

3 l . OOOX 10' I . SIX 10"1 '· soox 10' 4. llXIQ-< 0. 0 35 (9.48±0.16)X10" 1. 12X10' 1.18 

4 I . IIOX 10' z. nx to·• s. ooox 10' 1. 51 Xl0'1 0. 0 

s 6. 3&0X 10' S. 31 X IO' ' 4. ooox 10' S. ISX 10' 1 0. 0 
45 (3.21 ±0.09)X 10" 3 .77X10" 1.17 

' 4. 160X tO' I.UXIO' ' 3. ooox 10' 6. SI X 10"1 0. 0 

1 4. O&OX 10' 1. l5X10"1 t. soox 10' l . UXIO"' 0. 0 

I 3. OIOX 10' I . SIXW0 z.ooox 10' 2. 16Xl0"1 0. 0 

Table.4 Comparison ollhe experiments and cak:ulallon{gamma-raY) 
( I : Flo.2) 

Conaele lhic:kness Elq)8fimenl c.laAallon C/E 
I l . 460 X 10' t . IIX to·• l . UOX 10' 4. 51 X 10'1 0. 25 (em) [I'Sv/h) (I'SV/h} (cal./exp.) 

10 l . 350 X 10' 1.11X l0"1 t.UOXIO' 1.66 XIO"' 0. 15 1 0 (7.87±0.79) X 10' 7.37X101 0.94 

II t.UOXIO' 1. 11Xl0' 1 I. ooox 10' I.U X IO' ' 0. 0 

u I. II OX 10' l . l1XI0"1 I . OOO X 101 t. U X10'1 0. 0 
20 (2.90 ±0.29) X 101 3 .03X101 1.05 

u 5. SOOX 101 1. 01Xl0"1 l . OOO X 101 I. 51 X 10"1 0. 0 30 (1.00±0. 10) X 101 1.14XI01 1.14 

14 l . IIOX 10' 1.25Xl0"1 4. 000X 101 4.UX IO·• 0. 0 

IS 3. 3SOX 10' l . HXIO"' 3. 000X t01 1. ux 1o·• 0.0 
40 (3.75±0.38)X 10" 4.08XIO" 1.09 

" 5.130 X 10° 4. SI X 10_. z.ooox 101 l. 31 X l0"1 0. 0 50 (t.OO±O.IO) X 10" 1.47XIO' 1.47 

11 t.OIO X 10° 3. oz ~ to·• t. OOOX 101 0. 0 o.o -- - -~ .. l . IOO X 10' 4. l6 X 10 .. 5. ooox 10' o.o o.o 
II I. OJO X tO' I . 41 X 10"' - - - Table.S Compatlson ollhe experiments and celculallon(sec:ondary gamma-riiY) 

( : F'oa.3) 

zo l . O&OX 10' l.UXIO_, - - -
ll I. UO X 10' l.UXI0"11 - - -

Conaete Experiment CalaAellon (I' Sv/h) (CJE) -1 
lhk:knesa-

(I'Sv/h) Primety Secondety 
total [em) <~amme-ravo tl&mm8-reY.. 

u 4. 140 X 10"1 I.U X 10"11 - - -
1 0 + 3 0 (1 .06±0.11)XIO" 0.23 1.84 1 .87 

(1 .7&)-
Totti - 1.0 - 1. 0 1. 0 

---
1.73 ' 20+20 (I.00±0.10) X 10" 0.22 1.51 (1 .73)-1 : bern structure of DlC-U ll~nrr 

3 0 + 1 0 (8.90±0.89) X 10'1 0 .22 1.38 
1.60 

(1.80)-
u : Cf-252 neutron enern spectrue II bud on th follow lna tQutllon (C-tndlu.) . 

N(E) • 0. 313 EIP(-G. IUE) slnh(Z. OE)'n 
E : uutron enern [lie¥] • : Primary gamma-ray from 1he Cf-252 source 

ttl : nil Cf-252 --rar uarn spactr• Is conurtad to th antrn structure of DI.C-ts ,. : Seeoodarygemma-ray generaMd In 1he c:oocrete by neutron from 1he Cf·2521Wrl:e 
l"nrr • - : C(CalaAallon)/E(Experiment) 

- : (Conaele thicl<neu ollhe Cf-252 source aide) • (Conaete thlclu1el8 of 1he deNdor side) 

... 
OD .... .... 
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Tllble. 8 AhAt. of the 01H1oen1 a.r.n.-..., Shlelcinc T eot-1 

No. Co-«! llrength" c.lcW11on 
f8qJ (I'SVIh) 

·A5P3 2.3>< 10' 

1--
ASP2 2.3>< 10' 

1--
ASP I 7.26X10' 2.3>< 101 

r--
ASS I 2.3>< 101 

,---
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-
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1--
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I--
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I--
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r--
5HIS1 1.82 X 10' 8.0 ><10" 

1--
5HIS2 8 .0 >< 10" 
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1--
IHIP1 1.82X 10' 3.2><10" 

1--
IHISI 3.2>< 10" 

- -L-.-.. -------. . Co-«! acMCe was UMd lol1owlng 
7 .26X 10' f8qJ lot thin Will (~30 em) 
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No. Co-«! attength CalaAation Experiment C/ E• 
(BqJ (I<SvlhJ (I<SvlhJ 

A5P3 5.2>< 10" c1.0 X Ilr' .. .-
1--

A5P2 5.7>< 10" <I.OX let' .. .-
1--

MF't 3.04 X 1011 8.2 >< 10" <1.0X1()'' - .-
1--

A551 5.7 >< 10" ci.OX let' .. .-
1--

A552 5.2><10" <1 .0>< let' .. .-
5H3P2 2.0><10' 9.0XIet1 22.2 

1---
5H3PI 3.04>< 1011 2.9 ><101 3.3>< 10" 8.78 
1--

5H3SI 1.9 >< 10' 1.8><10" 10.8 

1H1P2 2.4 >< 101 8.0>< let' 30.0 

1---
1H1P1 3.04 X 1011 3.5 >< 101 4.5X 10" 7.80 
1-

1H1S1 2.4><10' 11.0>< let' 28.7 
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