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A method for solidifying spent tributyl phosphate and kerosene (TBP/OK) organic liquids in a phosphate acid-based geopolymer
(PAG) was investigated. The TBP/OK emulsion containing tween 80 (T80), TBP/OK organic liquids, and H;PO, was prepared.
The TBP/OK emulsion was mixed with metakaolin to obtain solidified TBP/OK forms (SPT). The compressive strength of the SPT
was up to 59.19 MPa when the content of TBP/OK was 18%. The loss of compressive strength of SPT was less than 10% after
immersion and less than 25% after freeze-thaw treatment. The final setting time was 40.0 h, and the shrinkage of SPT was nearly
3%. The leaching test indicated that the release of TBP/OK from hardened SPT was limited. Characterization of SPT suggested that

solidification of TBP/OK using PAG occurred by physical encapsulation.

1. Introduction

Radioactive tributyl phosphate (TBP) is a kind of waste or-
ganic solvent containing a variety of radionuclides (such as U
and Pu) produced during the plutonium uranium recovery by
extraction (PUREX) process for spent fuel reprocessing. The
main components of this liquid are TBP, which can be used as
an extractant, and kerosene (OK), which can be used as a
thinner, and these components are affected by chemical and
radioactive factors. Treating and disposing of the combustible
organic solvent has become an urgent problem.
Large-volume Portland cements [1] were prepared to
solidify TBP/OK organic liquids, and the emulsification-
solidification and adsorption-emulsification-solidification
methods were compared. The TBP/OK contents in the so-
lidified materials prepared by the two methods were 15%
and 18%, and the compressive strengths of the solidified
forms were 11.4 MPa and 9.3 MPa, respectively. The results
of the adsorption-solidification method [2] showed that the
encapsulation capacity of slag cement mixed with an acti-
vated carbon adsorbent was better than that of Portland
cement. The proportion of TBP/OK liquids encapsulated by

slag cement was 14%, and the mechanical properties and the
soak resistance of the samples solidified by slag cement
conformed to the requirements of GB14569.1-2011 [3].
Zhang et al. [4] studied the solidification of TBP/OK organic
liquid by sulfur aluminate cement. Zeolite, calcium hy-
droxide, and MR-1 type emulsifier were mixed into the
cement blends to improve the performance of the solidified
waste. When the specification requirements were met, the
compressive strength of the solidified samples reached
14.23 MPa, and the other material properties conformed to
GB14569.1-2011. The TBP/OK organic solution was hy-
drolyzed and then solidified by alkali slag cementitious
materials [5]. The compressive strength of the solidified
forms was 18.9 MPa, and the TBP/OK content was 14.49%.
The nuclide leaching rate and immersion resistance con-
formed to the Chinese specifications. This method requires
the addition of NaOH to the TBP/OK organic solution,
followed by heating. A high degree of corrosivity is required
for the equipment, and it is thus not easy to apply this
method on a large scale.

Recently, many countries have been developing new
materials to solidify the radioactive waste. The Russian
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State Atomic Energy Corporation (ROSATOM) [6] de-
veloped a new polymer material that can be used to solidify
TBP and mixed (water-organic biphase) sludge. A solid-
ification experiment was conducted on a simulated ra-
dioactive organic liquid containing alkali-activated
metakaolin base polymers [7], and the amount of organic
liquid solidified reached 20%.

It can be noticed that the strength of TBP/OK solidified
forms by cement was not more than 20 MPa. The produc-
tions of Portland cement, slag cement, and sulfur aluminate
cement are characterized by high energy consumption and
serious pollution, while geopolymers are environmentally
friendly and green materials [8]. Sodium silicate-metakaolin
geopolymers have been applied to solidify heavy metals,
nuclear waste, and oil [9, 10]. PAG is synthesized in an acidic
environment and has higher strength, durability, and
thermal stability than sodium silicate-metakaolin geo-
polymers [11]. Research on the technology and mechanism
of solidification of radioactive TBP/OK organic liquids by
PAG is of interest.

In this paper, phosphoric acid and metakaolin are used
to prepare PAG, and T80 is employed as an emulsifier. The
paste fluidity, setting time, mechanical properties, leaching
rate of TBP/OK, and pore structure of SPT are studied, and
the mechanism of solidification of TBP/OK is discussed.

2. Materials and Experimental Methods

The kaolin used in this work mainly consisted of SiO, (45.35
wt.%), Al,O3 (39.22 wt.%), and Fe,Os3 (0.31 wt.%). Kaolin
was treated at the selected temperature of 800°C for 4h in a
muffle furnace. The obtained specimen (metakaolin) was
cooled in air to ambient temperature and then stored in a dry
environment.

The preparation of the solidified SPT samples is shown in
Figure 1. The molar concentration of H;PO, was 11 mol/L.
The proportion of TBP/OK was defined as the weight of
TBP/OK relative to the weight of all reactants. SPT con-
taining 6% TBP/OK (CST), SPT containing 12% TBP/OK
(DST), and SPT containing 18% TBP/OK (EST) were pre-
pared. The dose of the emulsifier T80 was 4 vol% relative to
the TBP/OK organic liquid content. The TBP/OK organic
liquid was prepared by mixing OK and TBP at a volume ratio
of 7:3. T80 was added to the TBP/OK organic liquid, and
then phosphoric acid solution was added. The liquid mixture
was treated with an ultrasonic disperser to prepare the
emulsion (Figure 2). The emulsion and metakaolin were
added to a stirring pot and stirred for 15 minutes to obtain
fresh SPT (the mixing pot and mixing blade were made of
304 stainless steel). A Vicat apparatus was used to measure
the initial and final setting times. The curing temperature
was 70°C, and the humidity was more than 98%; while the
room temperature was 36.4°C, and the humidity was 65%.
Each setting time test was repeated 4 times, and the arith-
metic mean was selected. Fresh SPT was poured into
polypropylene (PP) plastic molds, and the samples were
vibrated on a vibrating table for 3 minutes and then cured at
70°C and greater than 98% humidity for 7 days. The samples
were removed from the molds after 7 days and were then
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cured at 40°C in an oven for 28 days. Shrinkage of the
25mm x25mm x 250 mm hardened PAG and SPT was
measured with a shrinkage-compensating concrete expan-
sion rate tester, and @50 mm x 50 mm samples were used to
measure the strength (Figure 3).

After 28 days, the CST, DST, and EST samples were
dipped in deionized water at 25 + 1°C for 42 days (Figure 4),
and the strength was tested again. Hardened PAG, CST,
DST, and EST samples sealed in packets were put in a freezer
at a temperature of —20°C for 3 h. The samples were removed
from the freezer and immediately thawed in a water tank at
18°C. The thawing time was 4 h. The samples were subjected
to five freeze-thaw cycles, and then their appearance was
observed, and their compressive strength was tested. The
amount of leached TBP/OK in the soaking solution was
measured by gas chromatography.

Fragments of the PAG, CST, DST, and EST samples were
collected and dipped in ethyl alcohol. The fragments were
dried in an oven at 105°C for 12 h before testing. The porosity
was tested by Mercury intrusion porosimetry (MIP) ex-
periments. An MIP instrument (Autopore IV 9500,
Micromeritics) was used to measure the pore size distri-
butions. Other dried fragments of samples were milled into
powders and used for XRD measurements, FTIR, and MAS
NMR experiments. XRD was conducted by using a Bruker
D8 ADVANCE instrument under the following conditions:
40kV, 40 mA, and CuKa radiation. The range of the 20
scanning angle was between 5° and 80°. FTIR experiments
were performed by using a VECTOR33 FTIR spectrometer.
The samples were mixed with KBr, and the wavelength was
varied from 400 cm ™" to 4000 cm ™.

3. Results and Discussion

3.1. Workability of Fresh SPT. Fresh PAG has a fluidity of
9.8 cm, as shown in Figure 5. The fluidity of fresh CST, DST,
and EST is proportional to the TBP/OK content, and the
fluidity increased from 13.0cm to 15.5cm (Figure 5).
Metakaolin has a layered structure, and water and H;PO,
tulfill the voids, reducing the lubricity of the slurry. Fur-
thermore, H;PO, has a certain viscosity that decreases the
fluidity of fresh PAG. T80 was added as a surfactant, which
reducing the interfacial tension between the TBP/OK and
the aqueous phase. When TBP/OK was added to the
phosphoric acid solution, TBP/OK droplets were formed
after ultrasonic dispersion.

Figure 6 shows the distribution of droplets in the CST,
SDT, and EST samples. When the solidified samples were
broken, the droplets were removed, and spherical holes were
left. More holes appeared in the solidified samples as the
TBP/OK content increased. After emulsion, the organic
droplets were surrounded by an outer hydrophilic layer to
form spherical droplets. Spherical droplets distributed in
phosphoric acid solution play a dominant role in lubrication.
Therefore, the fluidity of the solidified forms increased with
increasing encapsulation capacity. When metakaolin and the
emulsion were mixed, the greater number of droplets re-
duced the surface tension of the liquid and resulted in better
fluidity. This increase in droplets also caused more air to be
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FIGURE 1: Preparation of the solidified SPT.

Figure 2: TBP/OK and H;PO, emulsion.

FiGUure 3: Hardened solidified SPT samples.

FIGURE 4: Leaching test of TBP/OK.

present in the solidified paste, and the porosity increased
with the increase in the TBP/OK content.

When TBP/OK emulsions were mixed with metakaolin,
the contact between the metakaolin powder particles and
phosphoric acid decreased. Water molecules in the outer
layer of droplets vaporized slowly, and dihydroxylation of
the geopolymer slowed. These processes extended the setting

13 4

Fluidity (cm)

12 4

11 4

10

6 12 18
Capacity of TBP/OK (%)

F1GURE 5: Fluidity of the solidified SPT samples with different TBP/
OK contents.

time of the CST, DST, and EST samples. As shown in
Figure 7, the initial setting time increased from 29.4h to
30.6h, and the final setting time increased from 35.7h to
40.0 h. These long setting times limit the application of PAG
in solidification.

3.2. Mechanical Properties of Hardened SPT. There was an
obvious linear shrinkage of the PAG samples (3.2%), and the
shrinkage of CST, DST, and EST was nearly 2.9% (Figure 8).
As expected, the compressive strength decreased when the
TBP/OK content increased. PAG has a high compressive
strength of 79.07 MPa, and the strength of SPT is up to
59.19 MPa. The compressive strength did not decrease
drastically with increasing TBP/OK content (Figure 9).
When the composite contained 18% TBP/OK, the decrease
in the compressive strength was 25%. These results indicate
that the PAG is a rigid material with good mechanical
properties. After the immersion test and freeze-thaw test,
there were no obvious cracks on the surfaces of the PAG,
CST, DST, and EST samples. The loss of compressive
strength after immersion was less than 10%, and the loss of
compressive strength after freeze-thaw treatment was less
than 25% (Figure 10). These results indicated that the me-
chanical properties of SPT meet the requirements of the
Chinese regulations “Performance Requirements for Low
and Medium-Level Radioactive Waste Solidified For-
ms—Cement Solidified Forms.”
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FiGure 6: Distribution of droplets in the CST (a), SDT (b) and EST (c) samples.
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FIGURE 7: Setting time of the solidified SPT samples with different
TBP/OK contents.
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Figure 8: Shrinkage of the solidified SPT samples with different
TBP/OK contents.
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FIGURE 9: Compressive strength of the solidified SPT samples with
different TBP/OK contents.

3.3. Compositions of Hardened SPT. A comparison between
the X-ray diffraction patterns of the studied kaolin (KA) and
calcined kaolin (MK) shows that all diffraction peaks cor-
responding to kaolin disappeared after heat treatment.
Diffraction peaks corresponding to quartz were observed in
the calcined kaolin diffraction patterns, while peaks corre-
sponding to quartz and AIPO, crystal were observed in the
PAG and SPT diffraction patterns (Figures 11 and 12).
AIPO, was formed from the AI’* in metakaolin and PO,*
from the H3;PO, solution. This indicates that the quartz
remained unaffected during the geopolymerization process.
The X-ray diffraction patterns of PAG and SPT exhibit an
amorphous characteristic in the 20 range of 15-20°. This
indicates that the structures of PAG and SPT are typically
glass-like.

In agreement with the X-ray diffraction results, FTIR
spectra show the disappearance of metakaolin bands and the
appearance of new bands that are related to new species
(Figures 13 and 14). For calcined kaolin, the bands at
907 cm ™" ascribed to Al(VI)-OH disappeared as -OH des-
orbed during the heating process. Bands at 805cm’,
688cm™}, and 568 cm™! ascribed to -Si-O-Al(IV), -Si-O-
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K: Kaolin
A Q: Quartz
A: AIPO,

KK KA

T T T T T T T T T T T T T
10 20 30 40 50 60 70 80
260 (%)

FiGure 11: X-ray diffraction patterns of kaolin (KA) [12], calcined
kaolin (MK) [12], and phosphate acid-based geopolymer (PAG).
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FIGUure 12: X-ray diffraction patterns of the PAG-solidified CST,
DST, and EST samples.
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Ficure 13: FTIR spectra of kaolin (KA) [12], calcined kaolin (MK)
[12], and phosphate acid-based geopolymer (PAG).
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FIGURE 14: FTIR spectra of the PAG-solidified CST, DST, and EST
samples.

Al(V), and -Si-O-Al(VI), respectively, appeared in the
spectra of calcined kaolin. These bands disappeared after
geopolymerization, and new bands at 726 cm ™, indicative of
the formation of -P-O-Al-, were observed in the spectra of
PAG [12]. The bands at 926 cm ™! are attributed to -P-O-P-
vibrations [12, 13].

The Si-O symmetrical vibration of metakaolin at
1090 cm™" shifted by approximately 13cm ™" to 1103 cm™
after geopolymerization. In the spectra of PAG, new bands at
796 cm™* could be attributed to -Si-O-P- [14]. The bands at
455cm™" in the metakaolin spectrum, which could be as-
cribed to -Si-O-Si-, shifted to a higher wavenumber of
468 cm™" in the hardened PAG spectrum. This shift indicates
that Si-O was converted to -Si-O-P- [9]. This may be at-
tributed to the partial replacement of the [SiO] tetrahedra by
[PO] tetrahedra, thus resulting in a change in the local
chemical environment. This implies that the formation of
-Si-O-P-O-Si- occurred in the geopolymer network [15].
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TaBLE 1: Leaching rates of TBP/OK in PAG-solidified TBP/OK samples (SPT).
Leaching of TBP/OK at 25°C 107*/(cm-d™") 5
Samples a (%) P4,107° (cm)
1d 3d 7d 10d 14d 21d 28d 35d 42d
CST 6 11.37 1.85 0.79 0.98 0.89 0.36 0.36 0.34 0.30 3.42
DST 12 12.16 2.11 1.04 1.29 0.97 0.49 0.44 0.42 0.41 413
EST 18 13.74 2.41 1.00 1.34 1.01 0.46 0.45 0.44 0.44 4.32

a: capacity of TBP/OK; Py, : cumulative leaching rate for 42 days (cm).

TaBLE 2: Porosity and pore size distribution of PAG-solidified TBP/OK samples (SPT).

Pore size distribution

Samples POI'OSitY (%)
<10 nm 10-100 nm 100-1000 nm >1000 nm

PAG 40.72 46.11 4.18 8.99 16.94

CST 35.52 47.66 7.58 9.24 17.44

DST 30.24 50.15 7.77 11.84 22.03

EST 26.82 52.36 8.59 12.23 23.47

In Figure 14, in the spectra of the CST, DST, and EST
samples, the bands at 924 cm™" were attributed to -P-O-P-
vibrations [12, 13]. New bands at 732 cm™" are in agreement
with the formation of -P-O-Al-. The metakaolin bands at
455 cm™" ascribed to -Si-O-Si- shift to a higher wavenumber
of 475cm™" in the spectra of the hardened samples. Fur-
thermore, new bands at 796 cm™" related to -Si-O-P- were
observed. The Si-O symmetrical vibration of metakaolin at
1090 cm™" shifted to 1128cm™" after solidification. This
indicates that the network structure of SPT comprises -Si-O-
P-O-Si- and -P-O-Al- as well [12]. The products were nearly
the same for PAG and SPT. Solidification of TBP/OK could
occur by physical encapsulation.

3.4. Leaching Test of TBP/OK. The cumulative amounts of
TBP/OK released into the leachates from SPT composite
samples containing 6-18% TBP/OK at 25 + 1°C are reported
in Table 1. The cumulative quantity of TBP/OK released in
the leachate increased slowly during the first two weeks of
the experiment and then tended to remain stable for the
remaining 42 days. The cumulative leaching rates of the CST,
DST, and EST samples for 42 days were 3.42x10 >cm,
413 x107%cm, and 4.32 x 10~ cm, respectively.

The pore size distribution of PAG and SPT is shown in
Table 2. Most pore size diameters were smaller than 100 nm
in PAG, CST, DST, and EST. The number of pores smaller
than 10 nm decreased, while the number of pores between
10nm and 100 nm increased. The number of pores larger
than 1000 nm also increased in the CST, DST, and EST
samples. The presence of emulsified droplets increased the
setting time and prevented water molecules from evapo-
rating, causing an increase in the pore size of SPT. The
porosity increased with increasing TBP/OK content. The
results demonstrate that TBP/OK was efficiently encapsu-
lated in SPT and met the nuclear authorities’ acceptance
criteria for waste storage applications.

3.5. Discussion of Experimental Errors. To ensure the reli-
ability of the data, including the measured compressive

strength, fluidity, shrinkage, and loss of compressive strength
of the solidified samples, 6 samples of each group were pre-
pared for testing. The arithmetic mean of the values in one
group of each experiment was selected as the result. If a test
value in one group was larger or less than 15% of the arith-
metic mean, all values in this group were discarded. The
standard deviations of compressive strength were 8.91%,
6.44%, 7.28%, and 6.82%, and those of shrinkage were 0.35%,
0.29%, 0.36%, and 0.31%. The standard deviations of fluidity
ranged from 0.58% to 0.94%. The standard deviations of loss of
compressive strength after immersion and after freeze-thaw
treatment ranged from 0.34% to 0.61% and from 1.17% to
3.02%, respectively. For setting time test, each test was repeated
4 times, and the arithmetic mean was selected. Six samples
from each group were used to measure the leaching of TBP/
OK and the porosity. The arithmetic mean of each experiment
was selected as the result. The leaching of TBP/OK in Table 1
and porosities in Table 2 were the arithmetic means.

4. Conclusion

A method of solidifying spent TBP/OK organic liquids with
phosphate acid-based geopolymer was investigated. The
main findings of this study can be summarized as follows.

TBP/OK organic liquids can be solidified in PAG, and
the stability of the TBP/OK emulsion in the phosphate acid
solution and in the geopolymer paste during mixing allows
the encapsulation of high TBP/OK contents in the composite
(up to 18%).

The compressive strength of the SPT was up to
59.19 MPa when the content of TBP/OK was 18%. The loss of
compressive strength of SPT was less than 10% after im-
mersion and less than 25% after freeze-thaw treatment.

The fluidity of fresh SPT is 15.5 mm, the final setting time
was 40.0 h, and the shrinkage of SPT was nearly 3% when the
content of TBP/OK is 18%.

Leaching tests demonstrated that a very limited amount
of TBP/OK was released from the PAG-solidified TBP/OK
samples. Solidification of TBP/OK could occur by physical
encapsulation.
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A fracture criterion is newly proposed to evaluate fracture behavior and predict fracture initiation of metal materials in
different complicated stress states for four different fracture mechanisms including quasicleavage fracture, normal fracture
with void, shear fracture with void, and shear fracture without void. The dominant factors of these four different
mechanisms are distinct, so it is impossible to capture all features of fracture initiation under different stress states with a
single criterion, and different functions are necessary to predict fracture initiation of different mechanisms. In the new
fracture criterion, different branches of the fracture criterion have been proposed corresponding to different fracture
mechanisms. Quasicleavage fracture and normal fracture with void are described as a function of the principal stress, shear
fracture with void is a function of the stress triaxiality and maximal shear stress, and shear fracture without void is only
controlled by the maximal shear stress. The new fracture criterion is applied to predict the fracture initiation site and the
fracture direction of nodular cast iron QT400-15 in combined tension-torsion tests. Predicted results are compared with
experimental results to validate the performance of the new criterion in the intermediate stress triaxiality between 0 and 1/
3. The new criterion is also applied to predict the crack initiation site and the direction of crack initiation of LY12
aluminium alloy and HY 130 mild steel in mixed mode fracture tests to validate the performance of the new criterion in the
high stress triaxiality. The new fracture criterion gives consistent results for these materials in a wide stress triaxiality
range. It is shown that the new fracture criterion is a better supplement to the deficiency of fracture mechanics and also a
better amendment to traditional strength theory in complicated stress states. Therefore, the new fracture criterion is
recommended to be utilized to evaluate the fracture initiation of metal structures in nuclear waste storage and other
engineering applications.

1. Introduction

Metal containers of nuclear waste have been widely used
around the world because of their easy removal, radiation
protection, and durability. The disintegration and heat re-
leasing of nuclear waste can cause the deterioration of
material performance and deformation of the stored vessel,
thus leading to fracture initiation of the metal stored vessel
and waste material leaking. It is of major importance to be
able to evaluate and predict the fracture behavior for design

and analysis and testing purposes of nuclear waste con-
tainers, so appropriate fracture initiation criteria need to be
determined to avoid fracture initiation, especially to avoid
brittle fracture initiation. Despite extensive research efforts
and experimental testing programs undertaken by the nu-
clear industry, the issue of fracture initiation has not been
solved perfectly as the results obtained from such model and
specimen tests cannot predict the fracture behavior of metals
accurately [1-3]. Therefore, the main issue in nuclear waste
storage and other engineering applications is still to provide
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realistic information on the fracture mechanism and fracture
criterion of such materials and to assess the safety factor
against fracture initiation. Great efforts have been made in
the attempt to develop reasonable models for predicting the
occurrence of fracture in metal materials and structures
under various loading conditions [4-6].

The most widely known model for a ductile material was
put forth by Gurson in order to analyze the ductile fracture
phenomena [7]. In Gurson model, an extrainternal variable,
i.e., the void volume fraction, was introduced so as to capture
the growth of cavities and its concomitant influence on
material behavior. Tvergaard and Needleman modified the
Gurson model by introducing two adjustment factors to
account for the synergistic effects of void interactions and
material hardening [8-10]. This approach has shown great
success in predicting mode I crack growth and many other
fracture phenomena caused by void nucleation, growth, and
coalescence. The GTN model, although extensively used to
study ductile failure and crack propagation, is also known to
suffer from some limitations. For instance, the identification
of a large number of material constants is required for the
material under investigation. Consequently, it is difficult to
evaluate possible mutual influence of the parameters. Also,
the material constants are not physically based and cannot
be directly measured for a material. An iterative calibration
procedure, involving finite element simulations and ex-
perimental data, is necessary. Thirdly, the conjoint influence
of stress triaxiality and initial void volume fraction on void
growth and coalescence is not examined. The transferability
of parameters to multiaxial stresses is not always proven, and
possible stress triaxiality influence on damage parameters is
often neglected. Especially, the void volume fraction which
was used as the damage variable is a mesoscopic parameter
with many influential factors and difficult to describe ac-
curately. Therefore, the ductile fracture caused by void
growth and coalescence can be modeled by the GTN re-
lation, but the fracture caused by other mesoscopic mech-
anisms, for instance, the cleavage brittle fracture and the
ductile fracture caused by the extension of local shear band,
cannot be modeled.

Recently, there have been active studies on fracture
mechanisms in different stress states, and emphasis have
been laid on the relation between fracture criterion and
different fracture mechanisms [11-18]. For instance, Tang
and Wang [19] showed that the criterion based on only
brittle and ductile fracture is not sufficient for the prediction
of all fracture modes. It has also been shown that the tri-
axiality is an important factor for fracture. Bao and
Wierzbicki [20, 21] evaluated seven fracture models based on
the experimental results of Al 2024-T351 and proposed
fracture strain criteria based on three different branches with
shear mode for negative stress triaxialities, void-growth-
dominated mode for large positive triaxialities, and mixed
mode for lower positive stress triaxialities. Li et al. [22]
applied the modified Mohr-Coulomb criterion to predict
shear-induced fracture in sheet metal forming. In addition,
many research works have focused on verification of the
applicability of ductile fracture criteria to predict the fracture
of metals.

Science and Technology of Nuclear Installations

Despite current research achievements on fracture cri-
teria, there are still many unsolved issues to be explored. In
nuclear waste storage and other engineering practice, metal
structures are subjected to multiaxial stress states caused by
their external loading conditions or changes of geometry
during deformation. For a certain material, when the stress
state varies, the fracture mechanisms are different [6, 23-25].
Similarly, under the same stress state, the fracture mecha-
nisms may also change with varying material properties. For
different fracture mechanisms, the corresponding parame-
ters which dominate the fracture may vary, so it is impossible
to capture all the features of fracture initiation under dif-
ferent stress states with a single criterion. In order to ac-
curately evaluate and predict the fracture behavior, various
controlling parameters and functions are necessary to
predict fracture initiation of different mechanisms in the
new fracture criterion. Moreover, ductile fracture criteria
developed recently are mostly based on the assumption that
the equivalent plastic strain at fracture depends on the stress
triaxiality and regarded the equivalent plastic strain as
fracture controlling parameters. The effects of the equivalent
plastic strain on the fracture process, however, remain
unclear. Previous research has found that the fracture
mechanism of material depends on the amount of plastic
deformation in the fracture process, but the plastic de-
formation is not a leading factor which dominates the oc-
currence of fracture, and “the fracture occurs when the
plastic deformation is large” may be only a superficial
phenomenon. Therefore, it is necessary to determine the
controlling parameters and propose the fracture criteria for
different fracture mechanisms.

In this paper, a fracture criterion will be proposed that is
hopeful to overcome most of the limitations previously
discussed. Based on the four different fracture mechanisms
of metal materials [23], the effects of several parameters
including stress triaxiality, principal stress, and maximum
shear stress on the onset of fracture in metal materials are
discussed. Different parameters are introduced to predict the
fracture initiation of various fracture modes separately. By
combining the calculating results of stress field with ex-
perimental data, a fracture criterion based on different
fracture mechanisms is established. Different branches of
this function are taken into account corresponding to dif-
ferent fracture mechanisms. In addition, identification of
material parameters is discussed in detail. A series of tests
including combined tension-torsion tests and I-II mixed
mode fracture tests covering a wide range of stress tri-
axialities are used to verify this fracture criterion and cali-
brate material parameters and good correlation of tests and
predicted results is achieved, which will provide a reasonable
fracture initiation criterion for evaluating and predicting the
fracture behavior in the design and analysis of nuclear waste
containers.

In the following sections, we will present the experi-
mental investigations to evaluate the effects of different
stress states on the fracture mechanisms of commonly used
metal materials and demonstrate the effects of the stress state
on the fracture-controlling parameters and fracture criterion
corresponding to different fracture mechanisms. The stress



Science and Technology of Nuclear Installations

triaxiality R, is used here to indicate and distinguish dif-
ferent stress states, and the relationship between stress state
and its corresponding stress triaxiality is discussed in the
authors’ previous study [23].

2. Fracture Mechanisms in Different
Stress States

Based on our previous studies [23], four fracture mecha-
nisms for commonly used metal materials were discovered
and defined, which were quasicleavage brittle fracture,
normal fracture with void, shear fracture with void, and
plastic shear fracture without void, respectively. The SEM
(scanning electron microscope) images of the typical frac-
ture surfaces of these four fracture mechanisms are shown in
Figures 1(a)-1(d). From Figure 1(a), the fracture surface
seems ragged as a whole; the microcracks grow mainly along
grain boundaries, while there are no voids on this fracture
surface. In the microscopic view, there is no law of fracture
direction on a minor scale, while there is a possibility that the
direction of fracture surface is only related to the local
microstructures of materials and the directions of crystal
interfaces. However, in the macroscopic view, the direction
of fracture surface is approximately consistent with the plane
of the maximal tension stress. Figure 1(b) shows that most
microcracks have developed into voids, and the growth and
coalescence of voids lead to the fracture. The growth of voids
is dominated by the spherical tensor of stress. The fracture
surface is also consistent with the plane of the maximal
principal stress in the macroscopic view. Figure 1(c) shows
that the shape of voids has grown into an ellipsoid or a long
strip, the local shear bands have been produced among
ligaments of voids, and it is the propagation of local shear
bands that leads to this kind of fracture. From Figure 1(d),
the fracture surface seems smooth and there are almost no
voids, but there are many shear bands on the fracture
surface. The extension of shear bands leads to an integrated
plastic shear fracture in the specimen. Compared with the
shear fracture with void, voids have no influence on this kind
of fracture, so this kind of fracture is not affected by the
normal stress, while it is dominated by the shear stress
instead. Therefore, it is necessary to set up fracture criterion
separately for these four different fracture mechanisms,
because the controlling parameters dominated their fracture
initiation are completely different. For a certain kind of
metal material, with the stress state gradually changing from
triaxial tension to compression, if the stress triaxiality is
applied to describe the stress state, that is, with the de-
creasing stress triaxiality at the weakest position in the
specimen, the fracture mechanisms may change from
quasicleavage fracture to normal fracture with void, shear
fracture with void, and plastic shear fracture without void.
For a certain metal, whether it is an uncracked body or
cracked body, and no matter what loading conditions are,
the fracture mechanisms will be similar as long as the values
of stress triaxiality at the dangerous point are close. That is,
from a mesoscopic fracture mechanism point of view, the
essence of fracture in an uncracked body or in a cracked
body is the same. For instance, Zuo et al. [26, 27] have

demonstrated that for LY12 aluminium alloy, there are the
same normal fracture zone and shear fracture zone on both
the cup cone-shaped fracture surfaces of specimens in
uniaxial tension and the fracture surfaces of specimens in
I-II mixed mode loading, which illustrates that their mac-
roscopic fracture modes are similar. Meanwhile, seen from
the scanning electron micrograph (SEM) of the fractures, the
essence of fracture in I-II mixed mode specimen and in
uniaxial tension is also the same. In fact, a macrocrack exists
in a component or a structure, and it is equivalent to that a
special boundary condition is introduced in the component
or structure. The crack boundary condition easily leads to
the stress concentration near the crack tip, and thus com-
plicated triaxial tensile stress field is generated in the
component, which makes the value of stress triaxiality at the
crack tip larger than that in uncracked components.

In real components, the amount of plastic deformation
generated in the fracture process will be different with the
properties of materials themselves and multiaxial states of
stress loading conditions induced by both geometry changes
and external loading varying. The influence of plastic de-
formation on fracture and damage is also known as a
complicated problem existing in different views. Never-
theless, it is shown that the amount of plastic deformation
generated in the process of fracture has a direct impact on
fracture mechanisms through a lot of experiments in various
stress states of many metal materials. For a certain metal, the
strain incompatibility will emerge near the microdefects or
second-phase particles in the material once the triaxial stress
reaches an unacceptable magnitude, and then microcracks
will occur, leading to the localized stress concentration. With
the increasing plastic deformation during the fracture
process of metals, four fracture mechanisms under various
stress states can be concluded:

(1) When only a little plastic deformation appears
during the fracture process, the stress concentration
at the microcrack tips cannot be relaxed and is
further intensified with the growth of the micro-
cracks until the specimen fractures, quasicleavage
fracture will occur in the specimen.

(2) Compared with (1), when a little more plastic de-
formation which can relax the stress concentration at
microcrack tips produces during the fracture pro-
cess, these microcracks will blunt. When they blunt
wide enough, they will be evolved into ellipsoid
whose minor axis along the loading direction or
subspheroidal voids gradually. Growth and co-
alescence of voids finally leads to the fracture whose
mechanism is normal fracture with void occurring in
the specimen.

(3) When the plastic deformation appeared in the
fracture process is even more than (2), the further
development of stress centralization will be con-
strained, and the voids formed by blunted micro-
cracks are hence not easy to coalesce along the
loading direction, and then the shape of voids will
develop into ellipsoid whose major axis is along the
loading direction, a long strip, or a slender; However,
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FiGgure 1: The SEM images of the typical fracture surfaces of four different fracture mechanisms: (a) quasicleavage fracture, (b) normal
fracture with void, (c) shear fracture with void, and (d) shear fracture without void.

alarge local plastic slip may produce local shear band
among void ligaments, and propagation of shear
bands will lead to shear fracture with void in the
specimen.

(4) When the plastic deformation is too large to result in
stress concentration in the specimen, voids cannot be
produced; however, significantly continually large
plastic slip will produce a lot of shear bands and lead
to the integrated shear fracture in the specimen.
Compared with shear fracture with void, voids have
no influence on this kind of fracture; we therefore
define this fracture mechanism as plastic shear
fracture without void.

The amount of plastic deformation generated in the
process of fracture will mainly depend on the stress states
and the properties of materials such as grain size and grain
uniformity, and the amount of plastic deformation will have
a direct impact on the fracture mechanisms of metal ma-
terials. Therefore, for a given metal material, the fracture
mechanisms may change from quasicleavage fracture to
normal fracture with void, shear fracture with void, and
plastic shear fracture without void with the decreasing stress
triaxiality. Under the same stress state, the fracture mech-
anisms may also change according to the same rules with the
grain size and grain uniformity improving. For a given metal
material, the stress triaxiality R can be regarded as a gauge

to predict which fracture mechanism will occur, that is, there
are three demarcation values of stress triaxiality between
these four fracture mechanisms, and the relation can be
quantified. It is assumed that R, is the demarcation value of
stress triaxiality between quasicleavage fracture and normal
fracture with void, R, is the demarcation value between
normal fracture with void and shear fracture with void, and
R; is the demarcation value between shear fracture with void
and shear fracture without void for a certain kind of ma-
terial. Then, if R, >R, at the weakest position, the fracture
mechanism will be quasicleavage fracture; if R, <R, <R,,
the fracture mechanism will be normal fracture with void; if
R; <R, <R,, the fracture mechanism will be shear fracture
with void; and if R, < R, the fracture mechanism will be
shear fracture without void. The values of R, R,, and R; are
various for different materials.

3. Development of a New Fracture Criterion

3.1. Microscopic Analysis of Fracture Criterion. In the
mesoscopic viewpoint, the fracture initiation of these four
different mechanisms are dominated by dissimilar factors
involving transgranular propagation of microcracks, nu-
cleation, growth, and coalescence of voids, and extension of
shear bands in metals; therefore, a proper modeling of these
mechanisms at the mesoscale is the basis for the prediction
of ductile fracture in real components and structures.
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However, there are many physical quantities which can
aspect the fracture process, including the dimension, the
shape, and the orientation of the void, and the influence of
initial inclusion and void distribution on fracture and the
complexity of these quantities bring many difficulties to
practical application. For this reason, the influencing pa-
rameters of fracture process with a viewpoint of statistically
averaging will be discussed from a macroscopic view in this
paper. These four mechanisms will be carefully analyzed,
proper macroscopic parameters will be selected, and rea-
sonable models will be proposed in this section, respectively.

3.1.1. Quasicleavage Fracture. For the quasicleavage frac-
ture, transgranular propagation of microcracks leads to the
occurrence of fracture. Microcracks initiate at interfaces of
inclusions and second-phase particles with incompatible
plastic deformation. A number of models have been pro-
posed to explain the mechanism of microcrack propagation.
However, it is difficult to explain the position and direction
of microcrack initiation using the result of macroscopic
stress field calculation, due to the existence of the micro-
scopic tensile stress though the macroscopic mean stress is
negative, the position and direction of microcracks initiation
are possibly dominated by the microscopic stress fields, the
microstructures of materials, and the directions of crystal
interfaces. Nevertheless, through a large number of exper-
iments [23], it is found that the direction of fracture surface
is roughly consistent with the plane of the maximum tensile
stress (the first principal stress which is positive) in the
macroscopic view. The position of microcrack initiation is
usually located in the place where the plastic deformation is
incompatible, and it has been reported that the incompatible
plastic deformation is caused by the stress concentration and
triaxial tensile stress. From the analysis above, for the
macroscopic modeling of quasicleavage fracture, the posi-
tion of microcrack initiation can be considered as the po-
sition where the stress triaxiality is largest in the stress field,
and the direction of microcracks initiation can be thought of
as the plane of the maximum tensile stress. Consequently,
the initiation of quasicleavage fracture can be modeled as a
function of the stress triaxiality and the first principal tensile
stress.

3.1.2. Normal Fracture with Void. For normal fracture with
void, most microcracks have developed into voids, so the
growth and coalescence of voids lead to the fracture. Void
growth is mainly influenced by the mean stress according to
the experimental observation [11]. High mean stress ac-
celerates void growth, while negative mean stress suppresses
void growth, thereby delaying fracture. Coalescence of voids
is the final stage of normal fracture with void. Different
coalescence modes of voids may lead to different fracture
mechanisms and macroscopic fracture surfaces. For this
kind of fracture, the coalescence mode is the necking of the
ligaments between voids caused by the highest principal
stress. Thus, the mean stress can be seen as the dominating
factor regulating isotropic growth and the rate of coalescence
of voids. Accordingly, the mean stress is adopted to describe

the normal fracture with void caused by void growth and
coalescence here. Meanwhile, through a large number of
experiments [23], it is found that the fracture surface is
obviously consistent with the plane of the maximal tensile
stress in the macroscopic view. The position of fracture
initiation is usually located in the place where the stress
triaxiality is the largest because the degree of growth and
coalescence of voids in this position is the highest. From the
analysis above, for the macroscopic modeling of normal
fracture with void, the position of fracture initiation can also
be considered as the position where the stress triaxiality is
the largest in the stress field, and the direction of fracture
initiation can also be thought of as the plane of the maxi-
mum tensile stress. Consequently, the initiation of normal
fracture with void is modeled as a function of the mean stress
and the first principal tensile stress.

3.1.3. Shear Fracture with Void. For the shear fracture with
void, because the large plastic deformation in the process of
fracture can relax the stress concentration near the voids, the
voids are difficult to grow and coalesce along the direction of
the maximum tensile stress. Therefore, the shape of voids
will grow into an ellipsoid or a long strip, and local shear
bands will be produced among ligaments of voids, thus
shear-linking up of voids along the direction of the maximal
shear stress, and the propagation of shear bands are what
lead to this kind of fracture. Since shear fracture with void is
caused by the maximal shear stress and also affected by
growth and coalescence of voids, it is modeled by the
maximal shear stress and the stress triaxiality. The position
of fracture initiation can also be considered as the position
where the stress triaxiality is the largest in the stress field
because the shear-linking up of voids is still the main
mechanism of this kind of fracture, and the direction of
fracture initiation can be thought of as the plane of the
maximal shear stress.

3.1.4. Shear Fracture without Void. For the plastic shear
fracture without void, there are almost no voids, but many
shear bands on the fracture surface. The propagation of shear
bands along the direction of the maximal shear stress leads to
this kind of fracture. Compared with the shear fracture with
void, voids have no influence on this kind of fracture, so it is
not affected by the normal stress and is only controlled by
the maximal shear stress. Since shear fracture without void is
caused by the maximal shear stress, it is directly modeled by
the maximal shear stress. Meanwhile, it is also found that the
fracture surface is obviously consistent with the plane of the
maximum shear stress in the macroscopic view [23]. Because
the propagation of shear bands is the main mechanism of
this kind of fracture and the propagation of shear bands is
driven by maximal elastic shear stress, the position where the
shear stress is largest should be the weakest. Many reports
have shown that the distribution of elastic shear stress is
usually similar to the distribution of Von Mises equivalent
stress in the stress field. Therefore, the position of fracture
initiation can be considered as the position where the Von
Mises equivalent stress is largest in the stress field, and the



direction of fracture initiation can be thought of as the plane
of the maximal shear stress.

3.2. A New Fracture Criterion for Prediction of Fracture
Initiation. Based on the microscopic analysis of the four
different fracture mechanisms, a new fracture criterion is
proposed with selected models to describe the fracture
initiation of different mechanisms in the form of equations
M-03).

For quasicleavage fracture and normal fracture with
void, based on considerations discussed above, the maximal
tensile stress is a leading factor which dominates the oc-
currence of fracture, and the influence of the stress triaxiality
is considered; the fracture criterion can be given by

fl(o,»j) =0,+b,(0,+0;)=¢;, whenR,>R,, (1)

where b, represents the influence coeflicient, ¢,denotes the
critical value of equivalent stress f, (0;;) corresponding to
the onset of fracture initiation, and R, is the demarcation
value between normal fracture with void and shear fracture
with void. In this fracture criterion, equation (1) is used to
predict the initiation of the quasicleavage fracture and
normal fracture with void; it is assumed that the weakest
position is located in the position where the stress triaxiality
is largest in the stress field, and the direction of fracture
initiation is consistent with the plane of the maximum
tensile stress at the weakest position. When the stress tri-
axiality of the weakest position in the specimen is more than
or equal to R,, the fracture mechanism will be normal
fracture with void or quasicleavage fracture. The quasi-
cleavage fracture and normal fracture with void is assumed
to be proportional to the mean stress and stress triaxiality,
and the influence coefficients b, is introduced to equation (1)
to modulate the different effect of the stress triaxiality on
fracture initiation of the quasicleavage fracture and normal
fracture with void.

Shear fracture with void which is mainly caused by
shear-linking up of voids and evolution of local shear bands
is dominated by the maximal shear stress and influenced by
stress triaxiality, so the corresponding fracture function is
given by

fz(aij) = Tpax + 02 (R, —R3) =¢;, whenR; <R <R,,
(2)

where b, denotes the influence of stress state on shear
fracture with void for different materials, ¢, is the critical
value of equivalent stress f, (0;;) corresponding to the onset
of fracture initiation, and R; is the demarcation value be-
tween shear fracture with void and shear fracture without
void. Equation (2) is used for shear fracture with void, and it
is supposed that the weakest position is also located in the
position where the stress triaxiality is largest, and the di-
rection of fracture initiation is consistent with the plane of
the maximum shear stress at the weakest position. When
R; <R, <R,, the fracture mechanism will be shear fracture
with void. The shear fracture with void is represented by a
function of the stress triaxiality and maximal shear stress,
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and b, is introduced to equation (2) to model the different
effect of the stress triaxiality on fracture initiation of the
shear fracture with void.

Shear fracture without void is usually dominated by the
propagation of shear bands. Based on considerations dis-
cussed above, the associated fracture function for predicting
the shear fracture without void can be written in the form:

f3(0ij) = Tmax

where ¢; is the critical equivalent stress f;(o;;) corre-
sponding to the onset of shear fracture without void, and
when R, <R;, the fracture mechanism is shear fracture
without void. Equation (3) is used for shear fracture without
void, with the assumption that the weakest position is lo-
cated in the position where the Von Misses equivalent stress
is largest in the stress field, and the direction of fracture
initiation is consistent with the plane of the maximum shear
stress at the weakest position. The shear fracture without
void is described only by the maximal shear stress.

According to this fracture criterion, fracture initiates
when the equivalent stress f; (o; ]-) in equations (1)-(3) at the
weakest position in the specimen reaches the critical
equivalent stress ¢; level, and the weakest position and the
fracture initiation direction can also be predicted. The form
above can be easily implemented into numerical analysis to
describe fracture in complex loading conditions.

The existing fracture theory of metal material is divided
into traditional strength theory and fracture mechanics due
to some human factors, and then uncracked and cracked
bodies are discussed by them, respectively. However, from a
mesoscopic fracture mechanism point of view, the essence of
fracture in an uncracked body or in a cracked body is the
same. To a microelement, if the fracture mechanisms are the
same, the fracture criterion should be similar, that is, the
fracture criterion just depends on the stress state and de-
formation process of this microelement and is irrelevant to
whether it is located in the cracked or uncracked compo-
nent. Furthermore, an ideal crack does not exist in reality,
crack tip blunts inevitably due to the occurrence of plastic
deformation after loading especially for materials with good
ductility, then the stress and strain at crack tip must be
bounded; as a consequence, the crack propagation criterion
is essentially related in the traditional strength theory. The
fracture criterion proposed in this paper was based on
mesoscopic fracture mechanisms of different kinds of metals
in various stress states and could be applicable to different
fracture mechanisms of uncracked and cracked bodies.

=c;, whenR, <R, (3)

3.3. Parametric Study

3.3.1. Effect of the Material Constant b,. The material con-
stant b, modulates effect of the stress triaxiality on growth and
coalescence of voids before the occurrence of normal fracture
with void. As b, becomes large, influence of the stress tri-
axiality on fracture initiation increases, and the maximal
tension stress at fracture reduces. Effects of b, are presented in
the space of the stress triaxiality and the maximal principal
stress in Figure 2. We assume that ¢; = 500 MPa and keep ¢,
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constant, and the relationships between the maximal tension
stress 0, (y axis) and the stress triaxiality (R, — R,) (x axis) are
shown in Figure 2 when b, equals to 0.1, 0.2, 0.3, 0.4, and 0.5,
respectively. As Figure 2 illustrates, the maximal tension stress
at fracture is lower at high stress triaxiality than that at the low
stress triaxiality, and the change rate of maximal tension stress
increases with b, increasing from 0.1 to 0.5. This also matches
well with the mesoscopic analysis of normal fracture with void
in Section 3.1.2, in which high stress triaxiality promotes void
growth and coalescence, thereby accelerating normal fracture
with void. The effects of stress triaxiality on fracture initiation
of distinct materials are different; therefore, b, is a material
constant. Without the effect of the stress triaxiality, the
maximal tension stress at fracture will be identical for dif-
ferent stress states. In fact, the maximal tension stress at
fracture reduces with the increase of the stress triaxiality, and
a curved relationship between the maximal tension stress at
fracture and stress triaxiality has been shown in many reports
[19]; however, the fracture criteria with single parameter
cannot reflect this curved relationship. In equation (1), the
introduction of the material constant b, into the fracture
criterion can describe the linear relation between the maximal
tension stress at fracture and the stress triaxiality, which can
approximately substitute the curved relationship mentioned
above. Therefore, this fracture criterion can be used for
predicting all the fracture initiation whose mechanism is
quasicleavage fracture or normal fracture with void in dif-
ferent stress states.

3.3.2. Effect of the Material Constant b,. The role of the
material constant b, is quite similar to that of b;. The
material constant b, modulates the effect of the stress
triaxiality on fracture initiation of shear fracture with
void. We keep ¢, constant and assume that ¢, = 500 MPa,
and the relationship between the maximal shear stress
Tmax (v axis) and the stress triaxiality (R, — R;) (x axis) is
shown in Figure 3 when b,/c, equals to 0.1, 0.2, 0.3, 0.4,
and 0.5, respectively. As Figure 3 illustrates, the maximal
shear stress at fracture is lower at high stress triaxiality
than that at the low stress triaxiality, and the change rate of
maximal shear stress increases with b,/c, increasing from
0.1 to 0.5. Without the effect of the stress triaxiality, the
fracture stress will be identical for the same maximal shear
stress in different stress states, as proved in equation (3)
when b, = 0.

3.4. Calculation of Material Constants. There are five ma-
terial constants in the new fracture criterion: by, b,, ¢, ¢,,
and c;. These material constants should be determined by
experimental results. The common tests to be carried out for
metal materials include uniaxial tensile test, torsion test,
uniaxial compression test, combined tension-torsion test,
and the mixed mode fracture test. In each loading condition,
the principal stresses 0,, 0,, and 03, the stress triaxiality R,
and the maximal shear stress 7,,,, at the weakest position can
be calculated, so the new fracture criterion is reduced to a
simple equation. If the mechanism is quasicleavage or
normal fracture with void, the new fracture criterion is
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Figure 3: Effect of b, in the space of the stress triaxiality and
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reduced to a simple equation in forms of b, and ¢; if the
mechanism is shear fracture with void, the new fracture
criterion is reduced to a simple equation in forms of b, and
¢,; and if the mechanism is shear fracture without void, the
new fracture criterion is reduced to a simple equation in
form of c;. Therefore, the material constants b, and ¢, in
equation (1) should be calculated by considering at least two
experimental data points within the range from quasi-
cleavage fracture to normal fracture with void, and the
material constants b, and ¢, in equation (2) should be
calculated using at least two experimental data points at the
range of shear fracture with void and at least one



experimental data point is required to calculate c; in
equation (3) at the range of shear fracture with void.
Moreover, more experimental data points are preferred to
construct a fracture locus with high accuracy. Therefore, an
optimization method is suggested to calculate these material
constants such as the least square method (LSM) using more
experimental data points at the range of a certain fracture
mechanism.

For the material constant by, it should be a positive value
of greater than 0 and less than 1. This is because that the
material constant b, is defined as the influence coefficient
which describes the extent of the impact of stress triaxiality
on normal fracture with void. It may be justified that the
critical equivalent stresses c;, ¢,, and ¢; should be varied with
materials and should be constant for a certain material. For
the stress triaxiality demarcation values between these four
fracture mechanisms R;, R,, and R;, they are also material
constants and can be determined by a series of experiments
in a wide range of stress states.

4. Experiment Calibration and Verification
4.1. Application to the Prediction of QT400 Nodular Cast Iron

4.1.1. Experiments. The material used is the nodular cast
iron bar of QT400-15. Combined tension-torsion tests were
carried out using smooth axisymmetric specimens with a
gauge length of 50 mm and a cross section diameter of
10mm. A comprehensive investigation of the fracture
surfaces obtained in the tests of different tension-torsion
ratios (and thus under various stress states) is carried out by
using the scanning electron microscope at both low and high
magnification. The overall features are observed at low
magnification, while more details revealing the fracture
mechanisms are observed at higher magnifications. In all the
combined tension-torsion tests with different tension-tor-
sion ratios, unnoticeable necking was present until the loads
increased to their ultimate strengths, and the fracture sur-
faces were in the plane with different angles to the axis of
specimen. The macroscopic fracture surface is shown in
Figure 4. On a microscopic scale, Figures 5(a)-5(d) give the
SEM images of the fracture surfaces in the combined ten-
sion-torsion tests with different tension-torsion ratios, re-
spectively. All these figures demonstrate that lateral growth
and coalescence of voids dominated the fracture, and all the
fracture modes in the combined tension-torsion tests with
different tension-torsion ratios are normal fracture with
void. The experimental data points and the angles between
fracture surfaces and the cross section of specimen measured
in the tests with different tension-torsion ratios are shown in
Table 1.

In Table 1, P/T denotes the ratio of tensile load to
torsion moment setting in the experiment, P, and T,
represent the tensile load and the torsion moment at
fracture, respectively, ¢; is the angle between the fracture
surface and the cross section measured in the test, ¢, is the
angle between the plane of o, at the fracture initiation
point and the cross section, and R, is the value of stress
triaxiality at the weakest point. The results in Table 1
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F1GURE 4: The macroscopic fracture surfaces of QT400-15 nodular
cast iron in the tests of different stress states ranging from uniaxial
tension to torsion.

showed that the fracture surface is consistent with the
plane of the maximal tension stress o;.

4.1.2. Comparison of Predictions with Experimental Results.
Since all the fracture mechanisms in combined tension-
torsion tests of different ratios are normal fracture with void,
equation (1) is utilized for the fracture prediction. Material
constants b, and ¢, in the new fracture criterion are cal-
culated by the least square method using all the experimental
data points in Table 1: b; =0.09, ¢, = 535.8 MPa. Therefore,
the new fracture criterion for QT400-15 has a form of

f1(0;j) = 0, +0.09(0, + 05) <5358, when 0<R, <1/3.
(4)

Equation (4) can be utilized for fracture prediction of
QT400-15 in any stress states in the range from quasi-
cleavage fracture to normal fracture with void. That is, for
the quasicleavage fracture and normal fracture with void in
any stress states, when the equivalent stress f, (0;;) at the
fracture initiation point reaches its critical value ¢,, the
fracture initiation will occur. The equation of error calcu-
lation can be expressed as

n= fl(g’Cf)Clx 100%, (5)
1

where 7 denotes the error between the experimental point
and the result calculating from the new criterion. The
predicted results of equivalent stress f, (0;;) are compared
with the experimental data points in Table 2, and the pre-
dicted results of fracture direction are compared with ex-
perimental results in Table 1. The comparison clearly
demonstrates that the predicted results by the new criterion
are very close to the experimental data points from the
torsion to the uniaxial tension.

4.2. Application to Predict the Fracture Direction and the
Fracture Initiation Position of LY12 Aluminium Alloy

4.2.1. Experimental Results. Zuo [26, 27] carried out I-II
mixed mode fracture tests using compact tension-shear
specimen on aluminjum alloy LY12-M (annealed) and
LY12-CZ (quenched) covering a wide range of the stress
triaxialities which provide a clear clue to the effect of the
stress triaxiality on the fracture initiation direction and the
fracture initiation point of different mechanisms. The test
results showed that, for the LY12-CZ aluminium alloy, with
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FIGURE 5: SEM images of fracture surfaces for QT400 nodular cast iron in combined tension-torsion tests with different tension-torsion
ratios on the fracture surface of the specimen with tension-torsion ratio (a) P/T=0.0, (b) P/T=0.17, (c) P/T=0.38, and (d) P/T=0.72.

TaBLE 1: The experimental data points of QT400-15 nodular cast
iron in combined tension-torsion tests.

PIT 0.0 0.17 0.38 0.72 0
P, (kN) 0.0 15.5 253 344 421
T, (N-m) 115.5 90.3 66.7 47.2 0.0
o, (MPa) 588.5 568.6 555.0 5444 5366
0, (MPa) 0 0 0 0 0
o, (MPa) 5885  -371.6  -2144  —106.2 0.0
R, 0.0 0.08 0.16 0.24 0.33
¢ ) 42 38 32 22 0
9, () 45 39 33 24 0

TaBLE 2: The error calculation of the new fracture criterion in
different stress states.

PIT 0.0 0.17 0.38 0.72 0
R, 0.0 0.08 0.16 024 033
o, (MPa) 588.5  568.6 5550 5444 5366
o, (MPa) 0 0 0 0 0
0, (MPa) -5885 -371.6 -2144 —106.2 0
fi(o;) (MPa) 5355 5352 5357 5348 5366
n (%) 0.06 0.11 0.02 0.19 0.15

the loading conditions changing from mode I to mode II, the
positions of crack initiation were always located in the
blunted zone, the fracture mechanisms were normal fracture
with void, and the angles between the direction of crack
initiation and the original crack surface changed from 0° to

—64.5". For the LY12-M aluminium alloy, with the loading
conditions changing from mode I to mode II, the positions
of crack initiation were also always located in the blunted
zone; however, in the loading condition of mode I, the
fracture mechanism was normal fracture with void, the
direction of crack initiation was along the original crack
surface, while in the loading condition of mode II, the
mechanism was shear fracture with void, and fracture
surface was in the plane making the angle of —21° with the
original crack surface, and in the loading condition of I/II
mixed mode, the two mechanisms coexisted on the fracture
surface [26, 27].

4.2.2. Comparison of Predictions with Experimental Results.
The distributions of stress triaxiality, maximal principal
stress, and maximal shear stress in the specimen are cal-
culated in ANSYS wusing the real blunted model.
Figures 6(a)-6(e) show the distributions of the stress tri-
axiality at the crack tip with the loading conditions changing
from mode I (B.q=90") to mode II (B.q=0°), respectively.
Table 3 gives the position of maximal triaxiality at the crack
tip and the direction of the maximal principal stress and the
direction of the maximal shear stress at the position where
the maximal stress triaxiality is located in the loading
conditions from mode I to mode II. In Table 3, 0 is the angle
between the original crack and the line from the original
crack tip to the point where the maximal stress triaxiality is
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735095

FIGURE 6: The distribution of stress triaxiality at the crack tip in the loading conditions of (a) mode I (.q=90), (b) mixed mode I/II
(Beq=45"), (c) mixed mode I/II (B.q=30"), (d) mixed mode I/II (Bcq=15"), (e) mode II (Bq=0").

TaBLE 3: The position of maximal triaxiality at crack tip and the
maximal principal stress and the maximal shear stress at the po-
sition where the maximal stress triaxiality is located in the loading
conditions from mode I to mode IL

Loading condition () oy () o, ()
Beq =90°(mode I) 0 0 45

Bog =45° 58 —494 —44
Beg=30° 75 -55.7 -10.7
Bog =15 -85 -60.4 ~154
B.o = 0°(mode TI) ~99 -65.2 -20.2

located, a is the angle between the original crack surface and
the surface of the maximum principal stress at the point
where the maximal stress triaxiality is located, and «; is the
angle between the original crack surface and the surface of

the maximum shear stress at the point where the maximal
stress triaxiality is located, and the schematic diagram be-
tween 6 and « is shown in Figure 7. The calculation results
show that, with the loading conditions changing from mode
I to mode II, the positions of the maximum stress triaxiality
R, are always located in the blunted zone at the crack tip, and
the angles between the original crack surface and the line
from the original crack tip to the point where the maximal
stress triaxiality is located change from 0° to —99°, and the
maximal principal stress at the position where the maximal
stress triaxiality is located was in the plane making the angle
changing from 0°to —65.2°with the original crack surface. In
the loading condition of mode II, the maximal shear stress at
the position where the maximal stress triaxiality is located
was in the plane making the angle of —20.2°with the original
crack surface.
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FIGURE 7: The schematic diagram of the relationship between 0
and a.

For LY12-CZ, with the loading conditions changing
from mode I to mode II, since the fracture mechanism is
normal fracture with void, equation (1) is applied to predict
the fracture direction and the fracture initiation point. A
good match of the positions of the maximum stress tri-
axiality R, and the fracture initiation points has been shown,
as well as of the plane of the maximal principal stress and the
direction of fracture initiation. For LY12-M, equation (1) is
utilized for the fracture prediction in the loading condition
of mode I, while equation (2) is used for the fracture pre-
diction in the loading condition of mode II. Compared with
the experimental results, in the condition of mode I, the
fracture initiation point and the fracture direction are
predicted by equation (1) of the new criterion, i.e., the
position of the maximum stress triaxiality R, and the plane
of the maximal principal stress are consistent with the ex-
perimental results, and the fracture direction predicted by
equation (2), i.e., the plane of the maximal shear stress is
close to the fracture direction observed in the loading
condition of mode II. The direction of crack initiation and
the plane of the maximal principal stress at the fracture
initiation point in the loading condition of mode I are
compared in Figure 8(a), and the direction of crack initiation
and the plane of the maximal shear stress at the fracture
initiation point in the loading condition of mode II are
compared in Figure 8(b). The comparison clearly demon-
strates that the fracture directions and fracture initiation
positions predicted by the new criterion are close to the
experimental measurements from mode I to mode II.

4.3. Application to Predict the Fracture Direction and the Crack
Initiation Position of HY130 Steel

4.3.1. Experimental Results. Maccagno [24] carried out
mixed mode I/II testing on HY130 steel at room temper-
ature. The SEM of the fracture surface near the slit front of
the specimen loaded to f8.;=90" (mode I) showed that the
surface consists of many shallow parabolic dimples, while
the SEM of the fracture surface near the slit front of the
specimen loaded to f3.q = 45" and lower exhibits grooves. The
results for the fracture angle and the appearance of parabolic
dimples on the fracture surfaces suggest that mixed mode I/
II fracture of the HY130 steel tested at room temperature
occurs with the mechanism of shear fracture and in the
direction of maximum shear. However, through the com-
parison of the fracture surfaces for the specimen loaded with
Beq=90" (mode I) and B, =45" and lower, it is found that
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parabolic dimples are such a dominant feature on the
fracture surface of the specimen loaded to ﬁeq=90°, while
localized shear bands are dominate to the specimen loaded
to Beq=45" and lower, suggesting that the crack initiation
mechanisms changed from shear fracture with void to shear
fracture without void in the range from mode I to mode II
gradually [1, 24].

For the direction of crack initiation, the test results
showed that, the specimen loaded to B.q=90" (mode I)
shows the zig-zag profile which fails by a shear mechanism,
and the angle between the slit and the initial portion of the
crack propagation (i.e., the fracture angle) is about 45°. The
specimens loaded to f.q=75" and 60° also exhibit zig-zag
fracture profiles, and the initial fracture angles for these
specimens are about 35° and 20°, respectively. For all the
specimens loaded to 3. =45" and lower, the fracture profiles
reveal no tendency to zig-zag, and the trend is for the
fracture angle to decrease with increasing mode II.

4.3.2. Comparison of Predictions with Experimental Results.
The experimental results of HY130 indicated that none of the
common mixed mode I/II fracture criteria (discussed in ref.
[24]) can be used to describe this behavior, and the fact also
emphasizes that the fracture mechanisms and the fracture
criterion must be consistent with each other.

For HY130 steel, with the loading conditions changing
from mode I to mode II, that is, with the decreasing stress
triaxiality at the crack tip in the specimen, the crack initi-
ation mechanisms changed from shear fracture with void to
shear fracture without void; therefore, equation (2) is uti-
lized for the fracture prediction in the loading conditions of
Beq=90", 75°, and 60°, and equation (3) can be used for the
fracture prediction in the loading conditions of 8.q = 45" and
lower. Compared with the experimental results, in the
condition of f.q=90" the crack initiation point and the
fracture direction predicted by equation (2) of the new
criterion, i.e., the position of the maximum stress triaxiality
R, and the plane of the maximal shear stress, are consistent
with the experimental results, and the fracture initiation
point and the fracture direction predicted by equation (3),
i.e., the position of the maximum Mises equivalent stress and
the plane of the maximal shear stress, are also close to the
fracture direction observed in the loading conditions of
Beq=45" and lower. The comparison clearly demonstrates
that the rule of fracture mechanism changing with the stress
triaxiality, crack initiation positions and fracture directions
predicted by the new criterion are very close to the exper-
imental measurements from mode I to mode IL

Moreover, it is interesting to note that lightly tempered
HY130 tested at room temperature fractures by a shear
mechanism, while HY130 in the identical condition but
tested at —196°C fractures by a cleavage mechanism. The
fracture in all specimens of HY130 tested at —196°C loaded
from Beq=90" to B.q=60" was by transgranular cleavage,
while for the specimens loaded to f.q=45" and lower, a
dimpled region was observed, and the SEM of fracture
surface indicated the mechanism changed into normal
fracture with void. It is also suggested that the crack
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FiGure 8: The schematic diagrams of relationship between the direction of crack initiation and the distribution of stress triaxiality in the

loading condition of (a) mode I (b) mode II.

initiation mechanisms changed from quasicleavage to
normal fracture with void in the range from mode I to mode
IT with the stress triaxiality decreasing. These findings serve
to emphasize that the rule of fracture mechanism changing
with the stress triaxiality predicted by the new criterion is
reasonable, and no single fracture criterion can be expected
to describe all types of crack propagation in complex loading
situations. The actual microscale processes involved during
fracture must be considered, and the criterion must be
consistent with these processes.

4.4. Discussions. As what mentioned before, the amount of
plastic deformation generated in the process of fracture will
have a direct impact on the fracture mechanisms of metal
materials. The amount of plastic deformation will mainly
depend on the stress state and the property of the material
itself. From the mixed mode I/II test results on LY12-CZ and
LY12-M aluminium alloy at room temperature and HY130
steel at room temperature and —196°C, with the loading
conditions changing from mode I to mode II, that is, with
the decreasing stress triaxiality at crack tip in the specimen,
for HY130 steel at —196°C, the crack initiation mechanisms
changed from cleavage to normal fracture with void; for
LY12-CZ aluminium alloy at room temperature, the crack
initiation mechanism was normal fracture with void; for
LY12-M aluminium alloy at room temperature, the crack
initiation mechanism changed from normal fracture with
void to shear fracture with void; and for HY130 steel at room
temperature, the crack initiation mechanism changed from
shear fracture with void to shear fracture without void.
Obviously, under the same loading condition, with the

plastic deformation capacity of the material improving, the
amount of plastic deformation generated in the process of
fracture increased, and the fracture mechanisms also
changed regularly from quasicleavage fracture to normal
fracture with void, shear fracture with void, and shear
fracture without void.

5. Conclusions

The fracture mechanisms of metal materials changed reg-
ularly influenced by varied stress states and different ma-
terial characteristics. The major fracture mechanisms of
metal materials can be divided into four types including
quasicleavage fracture, normal fracture with void dominated
by nucleation, growth, and coalescence of voids, shear
fracture with void caused by propagation of local shear
bands among void ligaments and influenced by voids, and
shear fracture without void driven by unstable slip of shear
bands to both uncracked and cracked bodies. Different
fracture modes correspond to various physical mechanisms,
and the dominant factors resulting in the fracture initiation
will also be different for different fracture mechanisms.

The maximum tensile stress is a dominant factor for
initiation of normal fracture, and the maximum shear stress
for shear fracture. Nevertheless, different fracture mecha-
nisms were not clearly separated in existing fracture theories,
so the corresponding fracture criteria cannot readily be fitted
to different fracture mechanisms. Therefore, the influences
of different mechanisms on fracture initiation are fully
considered for establishing the fracture criteria, and it will be
more accurate to predict fracture initiation of metal
materials.
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A fracture criterion is newly proposed with consider-
ation of different fracture mechanisms including quasi-
cleavage fracture, normal fracture with void, shear fracture
with void, and shear fracture without void. These four
different mechanisms are described as different functions of
the stress triaxiality, the principal stress, and the maximal
shear stress. Quasicleavage fracture and normal fracture
with void are described as a function of the principal stress,
shear fracture with void is a function of the stress triaxiality
and maximal shear stress, and shear fracture without void is
only controlled by the maximal shear stress. The new
fracture criterion is successfully applied to predict the
fracture initiation location and the fracture direction of
nodular cast iron QT400-15 from the uniaxial tension to the
torsion. Comparison of the predicted fracture equivalent
stress by the new fracture criteria to the experimental data
demonstrates the high accuracy of the new fracture criterion.
The crack initiation site and the direction of crack initiation
of LY12 aluminium alloy and HY130 steel in I/II mixed
mode fracture tests can also be properly estimated by the
new fracture criterion.

The fracture criterion constructed in this paper with
consideration of different fracture mechanisms, reflecting
mesoscopic mechanisms with macroscopic statistical pa-
rameters, is a better supplement to the deficiency of fracture
mechanics in solving mixed mode fracture problems and
also a better amendment to application of traditional
strength theory in complicated stress states can be applied to
predict fracture initiation of cracked and uncracked metal
specimen.

This paper outlines the preliminary results of the fracture
criteria for predicting the fracture initiation based on dif-
ferent fracture mechanisms of the metal materials under
various stress states. Further experimental and numerical
studies will be conducted to validate the present conclusions
and determine their applicability and accuracy for other
metal materials.

Data Availability

The data (test data including SEM images, fracture images,
and other test data) used to support the findings of this study
are available from the corresponding author upon request.
Previously reported (test data) data were used to support this
study and are available at https://doi.org/10.1016/0956-
7151(94)90385-9, https://doi.org/10.1016/0013-7944(92)
90233-5, and http://www.wanfangdata.com.cn/details/detail.
do?_type=degree&id=Y220521. These prior studies are cited at
relevant places within the text as references [1, 24, 27].

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the Natural Science Foundation
of China (grant no. 11302167) and the Science and Tech-
nology Project in Baoji (grant no. 2018JH-26).

13

References

[1] D. Bhattacharjee and J. F. Knott, “Ductile fracture in HY100
steel under mixed mode I/mode Il loading,” Acta Metallurgica
et Materialia, vol. 42, no. 5, pp. 1747-1754, 1994.

[2] Y. Bao and T. Wierzbicki, “A comparative study on various
ductile crack formation criteria,” Journal of Engineering
Materials and Technology, vol. 126, no. 3, pp. 314-324,
2004.

[3] T. Wierzbicki, Y. B. Bao, Y. W. Lee, and Y. Bai, “Calibration
and evaluation of seven fracture models,” Int ] Mech Sci,
vol. 47, no. 4-5, pp. 719-743, 2005.

[4] T.B. Stoughton and J. W. Yoon, “A new approach for failure
criterion for sheet metals,” International Journal of Plasticity,
vol. 27, no. 3, pp. 440-459, 2011.

[5] M. Dunand and D. Mohr, “On the predictive capabilities of

the shear modified Gurson and the modified Mohr-Coulomb

fracture models over a wide range of stress triaxialities and

Lode angles,” Journal of the Mechanics and Physics of Solids,

vol. 59, no. 7, pp. 1374-1394, 2011.

G. Trattnig, T. Antretter, and R. Pippan, “Fracture of aus-

tenitic steel subject to a wide range of stress triaxiality ratios

and crack deformation modes,” Eng Fract Mech, vol. 75, no. 2,

pp. 228-235, 2008.

[7] A. L. Gurson, “Continuum theory of ductile rupture by void
nucleation and growth: Part I-yield criteria and flow rules for
porous ductile media,” Journal of Engineering Materials and
Technology, vol. 99, no. 1, pp. 2-15, 1977.

[8] V. Tvergaard and A. Needleman, “Analysis of the cup-cone
fracture in a round tensile bar,” Acta Metallurgica, vol. 32,
no. 1, pp. 157-169, 1984.

[9] V. Tvergaard, “On localization in ductile materials containing
spherical voids,” International Journal of Fracture, vol. 18,
no. 4, pp. 237-252, 1982.

[10] V. Tvergaard, “Effect of void cluster on ductile failure evo-
lution,” Meccanica, vol. 51, no. 12, pp. 3097-3105, 2016.

[11] Y. Zhu, M. D. Engelhardt, and R. Kiran, “Combined effects of
triaxiality, Lode parameter and shear stress on void growth
and coalescence,” Engineering Fracture Mechanics, vol. 199,
pp. 410-437, 2018.

[12] M. Dunand and D. Mohr, “Effect of Lode parameter on plastic
flow localization after proportional loading at low stress
triaxialities,” Journal of the Mechanics and Physics of Solids,
vol. 66, pp. 133-153, 2014.

[13] Y. Bai and T. Wierzbicki, “A new model of metal plasticity
and fracture with pressure and lode dependence,” In-
ternational Journal of Plasticity, vol. 24, no. 6, pp. 1071-1096,
2008.

[14] S. Balaguru, V. Murali, and P. Chellapandi, “Effects of dif-
ferent operating temperatures on the tensile properties of the
grid plate hardfaced with colmonoy in a pool type sodium fast
reactor,” Science and Technology of Nuclear Installations,
vol. 2017, Article ID 5926105, 9 pages, 2017.

[15] S. Liu, C. J. Yuh, and X. K. Zhu, “Tensile-shear transition in
mixed-mode I/II fracture,” Int J Solids Struct, vol. 41, no. 22-
23, pp. 6147-6172, 2004.

[16] H. Zhu and F. Qi, “Mechanical properties and fracture be-
haviors on 6061 aluminum alloy under shear stress state,”
Rare Metals, vol. 30, no. 5, pp. 550-554, 2011.

[17] S. M. Graham, T. Zhang, X. Gao, and M. Hayden, “Devel-
opment of a combined tension-torsion experiment for cali-
bration of ductile fracture models under conditions of low
triaxiality,” International Journal of Mechanical Sciences,
vol. 54, no. 1, pp. 172-181, 2012.

[6


https://doi.org/10.1016/0956-7151(94)90385-9
https://doi.org/10.1016/0956-7151(94)90385-9
https://doi.org/10.1016/0013-7944(92)90233-5
https://doi.org/10.1016/0013-7944(92)90233-5
http://www.wanfangdata.com.cn/details/detail.do?_type=degree&id=Y220521
http://www.wanfangdata.com.cn/details/detail.do?_type=degree&id=Y220521

14

(18]

(19]

(20]

[21]

(22]

(23]

(24]

(25]

(26]

(27]

M. Giglio, A. Manes, and F. Vigano, “Ductile fracture locus of
Ti-6Al-4V titanium alloy,” International Journal of Me-
chanical Sciences, vol. 54, no. 1, pp. 121-135, 2012.

A. M. Tang and J. Wang, “Test analysis of the fracture modes
for some metal materials,” Journal of Experimental Mechanics,
vol. 18, no. 4, pp. 440-444, 2003, in Chinese.

Y. Bao and T. Wierzbicki, “On fracture locus in the equivalent
strain and stress triaxiality space,” International Journal of
Mechanical Sciences, vol. 46, no. 1, pp. 81-98, 2004.

Y. B. Bao and R. Treitler, “Ductile crack formation on notched
Al 2024-T351 bars under compression-tension loading,”
Materials Science and Engineering: A, vol. 384, no. 1-2,
pp. 385-394, 2004.

Y. Li, M. Luo, J. Gerlach, and T. Wierzbicki, “Prediction of
shear-induced fracture in sheet metal forming,” Journal of
Materials Processing Technology, vol. 210, no. 14, pp. 1858-
1869, 2010.

Z. Li, J. Shi, and A. Tang, “Investigation on fracture mech-
anisms of metals under various stress states,” Acta Mechanica,
vol. 225, no. 7, pp. 1867-1881, 2014.

T. M. Maccagno and J. F. Knott, “The mixed mode I/II
fracture behaviour of lightly tempered HY130 steel at room
temperature,” Engineering Fracture Mechanics, vol. 41, no. 6,
pp. 805-820, 1992.

M. Mostafavi, D. J. Smith, and M. J. Pavier, “Fracture of
aluminium alloy 2024 under biaxial and triaxial loading,”
Engineering Fracture Mechanics, vol. 78, no. 8, pp. 1705-1716,
2011.

H. Zuo, Y. H. Chen, and C. Q. Zheng, “Mixed mode ductile
fracture experiment and its controlling parameter,” Acta
Mechanica Sinica, vol. 31, no. 5, pp. 534-540, 1999, in
Chinese.

H. Zuo, Mechanical mechanism and criterion of elastoplastic
mixed mode FRACTURE, Ph.D thesis, Northwestern Poly-
technical University, 1999, Xi’an, China, in Chinese.

Science and Technology of Nuclear Installations



Hindawi

Science and Technology of Nuclear Installations
Volume 2019, Article ID 5769147, 12 pages
https://doi.org/10.1155/2019/5769147

Research Article

Hindawi

Study on Transmutation of Minor Actinides as Burnable Poison in

VVER-1000 Fuel Assembly

Vinh Thanh Tran®,! Hoai-Nam Tran ®,> Huu Tiep Nguyen,1 Van-Khanh Hoang,l

and Pham Nhu Viet Ha®'

IInstitutefor Nuclear Science and Technology, VINATOM, 179 Hoang Quoc Viet Str., Cau Giay Dist., Hanoi 100000, Vietnam
2Institute of Fundamental and Applied Sciences, Duy Tan University, Ho Chi Minh City 700000, Vietnam

Correspondence should be addressed to Vinh Thanh Tran; tvthanh@vinatom.gov.vn and Pham Nhu Viet Ha;

hapnv0915@gmail.com

Received 29 March 2019; Revised 8 August 2019; Accepted 21 August 2019; Published 3 November 2019

Guest Editor: Dimitrios Tsaoulidis

Copyright © 2019 Vinh Thanh Tran et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Thermal reactors have been considered as interim solution for transmutation of minor actinides recycled from spent nuclear fuel.
Various studies have been performed in recent decades to realize this possibility. This paper presents the neutronic feasibility study
on transmutation of minor actinides as burnable poison in the VVER-1000 LEU (low enriched uranium) fuel assembly. The
VVER-1000 LEU fuel assembly was modeled using the SRAC code system, and the SRAC calculation model was verified against
the MCNP6 calculations and the available published benchmark data. Two models of minor actinide loading in the LEU fuel
assembly have been investigated: homogeneous mixing in the UGD (Uranium-Gadolinium) pins and coating a thin layer to the
UGD pins. The consequent negative reactivity insertion by minor actinides was compensated by reducing the gadolinium content
and boron concentration. The reactivity of the LEU assembly versus burnup and the transmutation of minor actinide nuclides
were examined in comparison with the reference case. The results demonstrate that transmutation of minor actinides as burnable
poison in the VVER-1000 reactor is feasible as minor actinides could partially replace the functions of gadolinium and boric acid

for excess reactivity control.

1. Introduction

It is recognized that the negative fames of nuclear energy,
i.e., the current nuclear power plants (NPPs) being oper-
ated worldwide for electricity generation, are the release of
radioactive materials under normal, abnormal, or accident
conditions and the by-products of highly radioactive, long-
lived spent nuclear fuels. Hence, a closed nuclear fuel cycle
has been considered as the best option to overcome the
issues with disposal of used fuel to geologic repository. On
average, a light water reactor (LWR) with electric capacity
of 1000 MWe produces 20-30 metric tons of spent nuclear
fuel annually, which consist of approximately 95wt.%
uranium, 1 wt.% plutonium, 4 wt.% fission products, and
minor actinides (MAs) [1, 2]. In the used fuel, the trans-
uranic elements, i.e., plutonium and MAs, dominate the

decay heat load to the repository and cumulative long-term
radiotoxicity to the environment. To lessen the burden for
disposal and storage of spent nuclear fuel and to reduce its
cumulative radiotoxicity to the environment, separation
and transmutation of the plutonium and MAs in the used
fuel are indispensable [3]. It has been realized that the
transmutation of these actinides into either short-lived
fission products or valued fissile or stable isotopes can be
accomplished in fast reactors, subcritical reactors, or
thermal reactors [1, 2, 4-8].

Fast reactors and subcritical reactors have been studied
as the most potential candidates for transmutation of the
actinides, thanks to their hard neutron spectra. However,
these future technologies are still not mature nowadays and
require at least several decades or even longer to be well
proved and deployed on a large commercial scale. This
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indicates that an interim solution to the used nuclear fuel,
i.e., transmutation of the plutonium and MAs, is needed in
near-term until the commercial deployment of fast reactors
or subcritical reactors in future. LWRs, e.g., pressurized
water reactors (PWRs), which are the most proven nuclear
energy technologies, have been thus extensively studied as
well for their transuranic transmutation capability with
consideration to their numerous numbers currently being
operated commercially in the world. Namely, once the ac-
tinide transmutation capability of LWRs is demonstrated,
the current LWRs can be immediately deployed on a large
scale to destroy the actinides for the sake of generating
power and reducing the burden from disposal and storage of
used fuel. In this regard, the MA transmutation in LWRs has
drawn much attention so far to serve as a near-term solution
to the issues with spent fuel and various methods of loading
MAs into the LWRs have been investigated to realize such
possibility. Nonetheless, most of the studies are reported
with the Western PWRs [9-16]. Similar studies with the
Russian water-water energy reactors (VVERSs) have rarely
been found in the literature although a large number of
NPPs based on the VVER technologies are being operated in
various East European and Asian countries [17, 18].

The VVER reactor is obviously a potential candidate for
transmutation of actinides in the spent fuel stock-pile, and
various methods of loading and burning transuranic ele-
ments in the Western PWRs may be adopted similarly to the
Russian VVERs. In the past studies, transmuting MAs in the
burnable poison rods [19, 20] or in some other locations in
the PWR fuel assemblies has been found technically feasible
and recommended as potential transmutation methods for
LWRs, especially the unique advantage of loading MAs to
partially replace the excess reactivity control functions of
gadolinium and boric acid.

The present study therefore aims at investigating the
neutronic feasibility of MA transmutation in a VVER-1000
low enriched uranium (LEU) fuel assembly [21]. The goal is
to determine how efficient the MAs (neptunium, americium,
and curium) recycled from spent fuel can be transmuted in
the VVER-1000 fuel assembly. The MA loading into the
VVER-1000 fuel assembly will be performed without sig-
nificant modification of the assembly configuration, because
any significant change of the fuel assembly design will lead to
a penalty in the cost for fuel fabrication process and re-
spective changes in reactor core design. The SRAC code
system [22] is used for modeling the VVER-1000 LEU fuel
assembly based on the ENDF/B-VII.0 library. The calcula-
tion model with SRAC is verified against the Monte Carlo
calculations with the MCNP6 code [23] and the available
published benchmark results. In recent publications, the
burnable absorber rods have been suggested as potential
locations for loading and burning MAs [18-20] and
therefore two approaches are examined in this study: (a)
MAs are mixed homogeneously in the UGD (Uranium-
Gadolinium) pellets and (b) a coating layer of MAs is in-
cluded to the UGD pellets. The constraint for these MA
loadings is to ensure insignificant change in the reactivity of
the fuel assembly while providing considerable MA trans-
mutation rate.
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The paper is organized as follows. The analysis model
and methods of loading MAs into the VVER-1000 LEU fuel
assembly are given in Section 2. The verification of the SRAC
model for the VVER-1000 LEU fuel assembly is presented in
Section 3. The results and feasibility of burning MAs in the
VVER-1000 LEU fuel assembly are shown and discussed in
Section 4. Lastly, concluding remarks and further works are
represented in Section 5.

2. Calculation Methodology

The VVER-1000 LEU fuel assembly specified in the OECD
VVER-1000 LEU and MOX (mixed oxide) Assembly
Computational Benchmark [21] is utilized in the present
investigation to examine the feasibility of MA transmutation
as burnable poison in the VVER-1000 reactor. The con-
figuration and main design parameters of the VVER-1000
LEU fuel assembly are shown in Figure 1 and Table 1, re-
spectively. It is recalled that the benchmark model is
designed to verify the computational codes for VVER-1000
LEU and MOX fuel calculations in support for the weapon
grade plutonium disposition mission. It consists of two
different hexagonal fuel assemblies: a uniform LEU fuel
assembly and a profiled MOX fuel assembly. The LEU as-
sembly consists of 300 fuel pin cells with 3.7 wt.% **°U, 12
UGD pin cells with 3.6 wt.% >*°U, and 4wt.% Gd,O, 18
water filled guide tubes for control insertion, and one central
water filled instrumentation tube. The MOX assembly
consists of 138 fuel pin cells with 4.2 wt.% fissile Pu in the
central region, surrounded by 96 fuel pin cells with 3 wt.%
fissile Pu and 66 fuel pin cells with 2 wt.% fissile Pu at the
outermost region, 12 UGD pin cells with 3.6 wt.% >*°U and
4wt.% Gd,03, 18 water filled guide tubes, and one central
water filled instrumentation tube. These two assemblies are
representative of the advanced designs under active R&D in
Russia for VVER-1000 reactors and similar to the designs
that are expected to be used in the plutonium disposition
mission. In these assembly designs, the burnable absorber
Gd,0; is mixed with UO, to form the UGD pin cells for
excess reactivity control at the beginning of cycle.

The VVER-1000 LEU fuel assembly is modeled in this
work using the SRAC code system. In the SRAC simulation,
the one-sixth of the LEU fuel assembly is modeled with the
PIJ module (see Figure 2), the fuel burnup calculations are
performed with the BURN-UP module, and the 107 energy
groups based on the ENDF/B-VIILO nuclear data library are
used. The LEU fuel assembly modeled with SRAC is verified
against the Monte Carlo code MCNP6 calculations and the
published benchmark data for the S1 state, i.e., the normal
operating poisoned state with '**Xe and '*’Sm equilibrium
concentrations. The parameters to be compared include the
infinite multiplication factor (k-inf) of the fuel assembly
versus burnup and nuclide concentrations.

According to [24], a combination of VVER-1000 and fast
reactors was recommended for transmuting actinides
recycled from spent fuel. The VVER-1000 reactor can be
used for burning the plutonium in the form of MOX fuel.
The fast reactor can be used for burning the MAs recycled
from spent fuels of the VVER-1000 and fast reactors and the
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. Central tube cell
O Fuel cell (UO,)

Figure 1: Configuration of the VVER-1000 LEU fuel assembly.

. Guide tube cell
. Fuel cell (with Gd,03)

TaBLE 1: Main design parameters of the VVER-1000 LEU fuel
assembly.

Parameter Value
Number of UO, fuel cells 300
Number of fuel cells with Gd 12
Number of guide tubes 18
Number of central tubes 1
Fuel cell inner radius (cm) 0.3860
Fuel cell outer radius (cm) 0.4582
Central tube cell inner radius (cm) 0.5450
Central tube cell outer radius (cm) 0.6323
Pin pitch (cm) 1.2750

Fuel assembly pitch (cm) 23.6

Fuel temperature (K) 1027.0
Nonfuel temperature (K) 575.0
235U enrichment (wt.%) 3.7
Gd,O; density (g/cm3) 7.4

plutonium recycled from the spent fuel of the fast reactor.
Another study showed the possibility of actinide trans-
mutation in the VVER-440 reactor by loading the non-
uranium pins consisting of actinides recycled from spent
fuel to the periphery of the VVER-440 fuel assemblies [17].
The replacement of UGD pins in the VVER-1000 reactor by
target elements containing a mixture of graphite and
transmuted actinides has been also studied for the trans-
mutation of americium and curium, and it was reported that
the VVER-1000 reactor can operate in the self-service mode,
ie, the mode of transmutation when the number of
transmuted nuclides is equal to the amount of their buildup

in the fuel of the reactor itself [18]. It indicates that the VVER
reactors can be used not only for the weapon grade plu-
tonium disposition mission but also for the burning of
actinides recycled from used fuel. Thus, the MA trans-
mutation capability of VVER reactors should be carefully
examined.

In this investigation, we intend to load the MAs in the
UGD pins of the VVER-1000 LEU fuel assembly for their
transmutation without significant change in the fuel as-
sembly configuration. The purpose is to investigate the
transmutation capability of the VVER-1000 LEU fuel as-
sembly. To this end, we consider two approaches to load the
MAs into the fuel assembly while tuning the gadolinium
content and boron concentration: (1) mixing MAs homo-
geneously with UO, and Gd,0; in the UGD pellets and (2)
coating a thin layer of MAs around the UGD pellets. The
rationale is that MAs can partially act as burnable poison and
thus can partially replace the functions of the gadolinium
and boric acid to control excess reactivity of the fuel as-
sembly [19, 20].

It is recalled that the greatest industrial experience exists
for UO, fuels for LWRs without any special shielding
consideration in the fabrication process. Additionally, MOX
tuels, which are fabricated in glove boxes with steel or lead
shielding, have been mastered at the industrial level, espe-
cially with highly automated plants operating in France and
the UK [1, 2]. However, the fabrication of MA bearing fuels
with high gamma and neutron doses from MAs requires
extra biological protection in the form of lead (for gamma
radiation) and a combination of water, lead, and cadmium
or boron (for neutron radiation). Also, adequate shielding
should be provided during the transport and handling of
fresh MA containing fuels [2]. These challenges for fabri-
cation, transport, and handling of MA fuels must be
overcome in a dedicated MA fuel development program. The
present work focuses mainly on the neutronic feasibility of
MA transmutation as burnable poison in the VVER-1000
tuel assembly.

For the purpose of this study, the MA vector consisting
of neptunium, americium, and curium from spent fuel of the
VVER-440 [5] is adopted and given in Table 2. The pa-
rameters to be investigated are the k-inf of the fuel assembly
versus burnup and the transmutation rates of MAs in the
VVER-1000 LEU fuel assembly. The results are expected to
reveal the MA transmutation possibility in the VVER-1000
LEU fuel assembly and the capability of MAs to substitute
partially the gadolinium and boric acid in the VVER-1000
reactor.

3. Verification of the SRAC Model for the VVER-
1000 LEU Fuel Assembly

The SRAC calculation model of the VVER-1000 LEU fuel
assembly was verified against the MCNP6 calculations and
the benchmark mean (BM) values [21]. The Monte Carlo
calculations with the MCNP6 code using a modern nuclear
data library were performed herein to support the verifi-
cation of the SRAC deterministic model. In the SRAC
calculations, the ENDF/B-VILO library that is the latest one
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FIGURE 2: One-sixth model of the VVER-1000 LEU fuel assembly with SRAC.
TaBLE 2: MA vector of VVER-440 spent fuel.
MA vector
Isotope 237Np 241Am 242mAm 243Am 242Cm 243Cm 244Cm 245Cm 246Cm
Fraction (at.%) 48.89 31.56 0.11 14.65 0.001 0.049 4.43 0.26 0.05

integrated with the SRAC code system was used whereas the
ENDEF/B-VIL1 library was utilized in the MCNP6 simula-
tion. The burnup calculation for the VVER-1000 LEU fuel
assembly was then performed with SRAC and MCNP6
under the operating poisoned condition (the SI state) [21].
Under this condition, the fuel temperature is 1027 K and the
moderator temperature is 575 K with equilibrium '**Xe and
’Sm concentrations and a power density of 108 MWt/m’
up to a burnup of 40 MWd/kgHM. In both the SRAC and
MCNP6 calculations, the UGD pins have been radially di-
vided into five rings as required in the benchmark document
[21] to account for the shielding effect due to the gadolinium
isotopes and allow the calculation of nuclide concentrations
as a function of the radial position in the UGD pins.

In the MCNP6 simulation, the statistical error of
~30 pcm was obtained as the neutron history of 5x 10° for
parallel depletion calculation was selected. Burnup calcu-
lations were performed with 160 steps of 0.25 MWd/kgHM.
MCNP6 includes the new depletion capability linking steady
state flux calculations in MCNP6 and nuclide depletion
calculations in CINDER90 [23]. A steady state flux calcu-
lation is run to determine the system eigenvalue, group
fluxes, energy integrated reaction rates, fission multiplicity,
and recoverable energy per fission. CINDER90 then uses
these values generated by MCNP6 to perform depletion
calculation for number densities of the next burnup step.

MCNP6 takes the new number densities generated by
CINDERO90 for the next steady state flux calculation. This
linked process is repeated until the end of the final burnup
step. However, the default nuclear data in MCNP6 are given
at certain temperatures for heavy isotopes (293.6, 600, 900,
1200, and 2500 K) while the fuel temperature of 1027 K is
needed in this calculation. There are various methods to cope
with such kind of temperature dependence [25]. One of the
suitable methods for MCNP6 is the on-the-fly (OTF)
methodology for fitting of Doppler broadened cross sections
and this method was applied in the present study. The OTF
data for heavy isotopes in the VVER-1000 LEU fuel assembly
that correspond to the temperature range of 293.6 to 1200 K
were created from the ENDF/B-VILI library at the tem-
perature of 293.6 K.

The PIJ module with its cell burnup routine of the SRAC
code system [22] was utilized for the burnup calculation of
the VVER-1000 LEU benchmark assembly. The PI] module
that is based on the collision probability method was used for
lattice cell calculations. The cell burnup routine used one-
group collapsed flux distribution and the collapsed micro-
scopic cross sections to solve the depletion equation using
Bateman’s method. The burnup calculation using the cell
burnup routine of the PIJ] module was performed with 40
steps of 0.25 MWd/kgHM followed by 5 steps of 1.0 MWd/
kgHM and 10 steps of 2.5 MWd/kgHM. The 107 neutron
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energy groups based on the ENDF/B-VIILO library were
collapsed to four groups for use in the SRAC calculations.

The results for the k-inf as a function of burnup for the
S1 state, i.e., the operating poisoned state, are shown in
Figure 3. It can be seen that the k-inf calculated using SRAC
agreed well with that calculated with MCNP6 and the BM
value. Comparing with the BM values, the maximum dif-
ferences of k-inf obtained from SRAC and MCNP6 calcu-
lations are 352 and 413 pcm, respectively, whereas those for
other computational codes used in the benchmark such as
MCU, TVS-M, WIMS8A, HELIOS, and MULTICELL are
440, 400, 460, 260, and 360 pcm, respectively [21]. The re-
activity curve of the fuel assembly is relatively flat in the early
burnup stage due to the use of Gd,O3 in the UGD pins for
excess reactivity control. As the gadolinium isotopes burn
out, the reactivity decreases with burnup in a nearly linear
manner due to the effect of fissile material depletion and
neutron absorber accumulation. It can also be seen that the
effect of gadolinium depletion on the reactivity curve was
well simulated by SRAC and MCNPé6. The differences in the
results obtained from SRAC and MCNP6 are attributed to
the different transport and depletion calculation methods,
the different nuclear data libraries used in SRAC and
MCNP6, and the models using the two codes.

In addition, it was also confirmed that the nuclide
concentrations for Cell 1 (UO, pin) and Cell 24 (UGD pin)
as specified in the benchmark problem [21] as well as the
radial nuclide concentrations for five rings of Cell 24 (UGD
pin) calculated with SRAC and MCNP6 generally compare
well with the BM values. Therefore, it is demonstrated that
the SRAC calculation model for the VVER-1000 LEU fuel
assembly developed in this study is reliable and it will be
used for the investigation of MA transmutation possibility in
the VVER-1000 LEU fuel assembly.

4. MA Transmutation in VVER-1000 LEU
Fuel Assembly

4.1. Homogeneous Mixing of MAs in the UGD Pins. As the
MAs are homogeneously mixed in the UGD pins of the
VVER-1000 LEU fuel assembly, the gadolinium content and
boron concentration were adjusted with varying content of
MAs in order to maintain the reactivity of the fuel assembly.
It is because the MAs can act as burnable poison and thus
can partially replace functions of the gadolinium in the UGD
pins and boric acid in the coolant [19, 20]. In this calculation,
the content of MAs was loaded from 6 wt.% to 10 wt.%; the
content of the gadolinium was reduced from 4 wt.% in the
reference case to 2 wt.%, 2.5 wt.%, and 3 wt.% and the boron
concentration was reduced correspondingly to compensate
the negative reactivity insertion by the MAs. Table 3 sum-
marizes the cases investigated here.

Although in the current practice the MA content in MA
bearing fuels should be limited to a few percent (up to
5wt.%) for the homogeneous case 2], the relatively high MA
content from 6wt.% to 10wt.% was selected in this in-
vestigation to allow high MA loading amount so as to
demonstrate a considerable MA transmutation rate from
neutronic viewpoint. As the VVER-1000 LEU fuel assembly

1.20 T T T T

LisH
1.10 4

1.05

k-inf

1.00 -

0.95

0.90 T T T T T T T
0 5 10 15 20 25 30 35 40

Burnup (MWd/kgHM)

—— Benchmark mean
--- SRAC
MCNP6

FiGure 3: Infinite multiplication factor (k-inf) of the VVER-1000
LEU fuel assembly versus burnup obtained with SRAC and
MCNP6 calculations.

TasLE 3: MA content, gadolinium content, and boron concen-
tration used in this investigation.

Gadolinium content, wt.%; Boron

MA content, wt.% .
concentration, ppm

6 2; 550 2.5; 500 3; 450
2; 500 2.5; 450 3; 400
10 2; 450 2.5; 400 3; 350

used in this study has 12 UGD pins, its configuration can be
redesigned to accommodate more UGD pins (up to 36 pins)
[26, 27]. With a larger number of the UGD pins, equivalent
or even higher MA loading amount in the UGD pins as
compared with this study can be easily obtained with the MA
content not higher than 5wt.%.

As shown in Table 3, the gadolinium content was first
reduced to 2wt.% and the boron concentration was de-
creased from 600ppm (reference case) to 550 ppm,
500 ppm, and 450 ppm with respect to the MA content of
6 wt.%, 8 wt.%, and 10 wt.%. The results of the k-inf of the
VVER-1000 LEU fuel assembly versus burnup were dis-
played in Figures 4-6 for the cases when reducing the
gadolinium content to 2 wt.% and loading the MA content
of 6, 8, and 10 wt.%. It was found that the fuel cycle length
when loading MAs from 6 to 10 wt.% and decreasing the
gadolinium content to 2 wt.% was substantially reduced as
compared to the reference case. As can be seen in
Figures 4-6, the combined reduction of gadolinium con-
tent to 2wt.% and respective boron concentration could
lead to a cycle length comparable to the reference case.
However, the excess reactivity in these cases was generally
higher at the early burnup steps and became smaller than
the reference case after about 7 MWd/kgHM as gadolinium
burned out.

The gadolinium content was therefore increased from 2
to 2.5wt.% to expect a decrease of the aforementioned high
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excess reactivity at the early burnup steps and the boron
concentration was adjusted to 500 ppm, 450 ppm, and
400 ppm with respect to the MA content of 6 wt.%, 8 wt.%,
and 10 wt.%. Figures 7-9 show that the behavior of the k-inf
versus burnup in the case of reducing the gadolinium
content to 2.5 wt.% was somewhat different from that with
the gadolinium content of 2 wt.%. Namely, the excess re-
activity in the cases of reducing only the gadolinium content
to 2.5 wt.% was smaller, leading to smaller cycle lengths. To
overcome this disadvantage, reducing the boron concen-
tration to 500 ppm, 450 ppm, and 400 ppm with respect to
the MA content of 6 wt.%, 8 wt.%, and 10 wt.% could lead to
a comparable cycle length while still keeping the excess
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reactivity equivalent or even somewhat lower than the
reference case as can be seen in Figures 7-9.

The gadolinium content was further increased from 2.5
to 3wt.% and the boron concentration was adjusted to
450 ppm, 400 ppm, and 350 ppm with respect to the MAs
content of 6 wt.%, 8 wt.%, and 10 wt.%. It was found that the
behavior of the k-inf versus burnup in these cases (see
Figures 10-12) is very similar to that with the gadolinium
content of 2.5wt.% as mentioned previously. Nonetheless,
the cycle length when loading 6 wt.%, 8 wt.%, and 10 wt.% of
MAs with the gadolinium content of 3wt.% was further
improved and became almost identical to the reference case
as the boron concentration was reduced to 450 ppm,
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400 ppm, and 350ppm, respectively, as shown in
Figures 10-12. Moreover, the excess reactivity at the be-
ginning of the cycle was also generally reduced in com-
parison to the reference case.

The results illustrated in Figures 4-12 also imply that the
MAs with the content of up to 10 wt.% can be loaded into the
VVER-1000 LEU fuel assembly without significantly af-
fecting the fuel cycle length by means of reducing the
gadolinium content and the boron concentration to offset
the negative reactivity insertion by the MAs. For the MA
loading from 8 to 10 wt.%, it was found that the lower excess
reactivity and equivalent cycle length as compared to the
reference case can be obtained with the gadolinium content
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being reduced to around 2.5-3.0 wt.% and the boron con-
centration being reduced to around 350-400 ppm. As a
result, loading 10 wt.% of MAs into the UGD pins is rec-
ommended for the sake of excess reactivity control and high
loading amount of MAs while keeping almost the same cycle
length with the reference case.

The transmutation of the MA isotopes is shown in
Figures 13-17 for the cases when loading 10 wt.% of MAs
and adjusting the gadolinium content and boron concen-
tration. As can be seen in these figures, the concentrations of
*7Np, **' Am, and **’Am decreased with fuel burnup while
those of ***Cm and ***Cm accumulated with fuel burnup.
Figures 13-17 also indicate that the transmutation of the MA
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FIGURE 13: Transmutation of **’Np versus burnup when loading
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isotopes versus burnup slightly depends on the adjustments
of the gadolinium content and boron concentration. After
306 days, the *>’Np concentration reduced to ~15.63%, the
*'Am concentration reduced to ~38.58%, and the ***Am
concentration reduced to ~18.48%, whereas those of ***Cm
and **’Cm increased to ~51.60% and ~103.13% as illustrated
in Table 4 when loading 10 wt.% of MAs and reducing the
gadolinium content to 3 wt.% and boron concentration to
350 ppm. Hence, *>’Np, **'Am, and ***Am can be signifi-
cantly transmuted with a transmutation rate as high as
38.58% for **' Am. Nevertheless it is noticed that ***Cm and
*Cm accumulate with high rates though their concen-
trations are relatively small. This issue was also reported in
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recent publications for thermal reactors [2, 20]. It is recalled
that the radiotoxicity of MAs in spent fuel from power
reactors is mainly contributed by **' Am (half-life of 432.2
years) and 24Cm (half-life of 18.1 years). If actinides from
PWR-type reactors over 100 years of storage are considered,
the radiotoxicity of **' Am contributes more than 90% of the
total radiotoxicity while the contribution from other acti-
nides is less than 10% [18]. Hence, transmutation of **! Am
could contribute to a significant reduction of the radio-
toxicity level of the long-lived radioactive waste.

The results demonstrate that the transmutation of
MAs recycled from spent nuclear fuel in the VVER-1000
fuel assembly is feasible from neutronic viewpoint and the
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total transmutation rate of ~20% can be achieved. Also,
the role of MAs as burnable absorbers in partial re-
placement to the gadolinium and boric acid in the VVER-
1000 reactor was confirmed and in line with recent
publications for PWRs [19, 20]. It is worth noting that the
reduction of the boron concentration not only could help
attain a more negative moderator temperature coefficient
during the core lifetime but also could allow minimizing
the operation of a complicated chemical control system as
well as reducing the corrosion of structural materials [26].
Furthermore, the reduced gadolinium content could help
improve the thermal conductivity and melting point of the
UGD pins [28].

TaBLE 4: Transmutation rate in case of homogeneous loading with
10wt.% of MAs.

Initial Residual Mass Disappearance
reduced
Isotope amount  amount at rate after 306
(g) 306 days (g) after 306 days (%)
days (g)
ZNp  896.78 756.59 140.19 15.63
Am  580.05 356.29 223.76 38.58
M3Am  269.52 219.72 49.80 18.48
#Cm  81.54 123.62 —42.08 —51.60
25Cm 4.79 9.73 -4.94 -103.13
Total  1832.67 1465.94 366.73 20.01

4.2. Coating a Thin Layer of MAs to the UGD Pins. In addition
to homogeneous mixing of MAs in the UGD pins as above,
the heterogeneous loading of MAs in the UGD pins of the
VVER-1000 LEU fuel assembly was also considered herein.
The MAs were coated as a thin layer at the outside of the
UGD pellets as shown in Figure 18. The thickness of the
cladding was kept untouched and the outer radius of the
UGD region was reduced to accommodate the layer of MAs.
For the purpose of MA burning, the MA content of 10 wt.%
was selected in this investigation. The MA-coated layer (see
Figure 18) equivalent to homogeneous loading with 10 wt.%
of MAs is 0.01981 cm thick. Similar to the case of homo-
geneous mixing, the gadolinium content and boron con-
centration were also reduced to compensate the negative
reactivity insertion by the MAs.

The results of the k-inf of the VVER-1000 LEU assembly
versus burnup when coating MAs to the UGD pins and
reducing the gadolinium content and boron concentration
are shown in Figures 19-21 in relation to the reference case.
It can be seen that the cases of reducing only the gadolinium
content led to a significantly lower excess reactivity at the
beginning of the cycle and a considerably shorter cycle
length. This behavior of the k-inf versus burnup is very
similar to that shown in Figures 6, 9, and 12 for the cases of
homogeneous loading. Hence, the boron concentration was
again reduced to 450 ppm, 400 ppm, and 350 ppm with
respect to the gadolinium content of 2 wt.%, 2.5 wt.%, and
3 wt.%. Figures 19-21 show that the excess reactivity at the
early burnup steps when reducing both the gadolinium
content and boron concentration was smaller than or
comparable to the reference case. Nevertheless, the cycle
length when reducing the boron concentration to 350 ppm
became identical to the reference case, while that with the
boron concentration of 400 ppm and 450 ppm was some-
what shorter. Consequently, reducing the gadolinium
content to 3wt.% and boron concentration to 350 ppm is
recommended when coating with 10 wt.% of MAs to the
UGD pellets.

The transmutation of the MA isotopes when coating with
10wt.% of MAs and reducing the gadolinium content to
3wt.% and boron concentration to 350 ppm is given in
Table 5. Comparing the results shown in Tables 4 and 5
shows that the difference in the transmutation rate of the
MA isotopes between homogeneous and heterogeneous
loadings was relatively small. However, the transmutation
mass in the case of heterogeneous loading was ~6.8% higher
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FIGURE 19: The k-inf versus burnup when coating a thin layer of
MAs to the UGD pins and reducing GD to 2 wt.%.

than that of homogeneous loading. It is because the spatial
self-shielding effect due to the heterogeneous loading of
MAs will affect the burnup of the fuel and the transmutation
of MAs [20]. For the case of heterogeneous loading in this
study, the core neutrons reach the MA layer firstly and the
MA layer is thin enough, leading to such increase in the
transmutation of MAs as compared to the case of homo-
geneous mixing. Furthermore, the spatial self-shielding ef-
fect also affected the depletion of '>Gd and ""’Gd as
illustrated in Figures 22 and 23, which show that the
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TaBLE 5: Transmutation rate in case of heterogeneous loading with
10 wt.% of MAs.

Mass

Initial Residual Disappearance
reduced
Isotope amount amount after after rate after
(2 306 days (g) 306 days (g) 306 days (%)
ZNp  896.78 746.44 150.34 16.76
2Am  580.05 341.73 238.32 41.09
Am 26952 218.40 51.12 18.97
2Cm  81.54 122.82 —41.28 —50.63
Cm 479 11.60 -6.81 -142.17
Total  1832.67 1440.98 391.69 21.37
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gadolinium isotopes depleted somewhat slower in the case of
heterogeneous loading.

5. Conclusions

The possibility of MA transmutation as burnable poison in the
VVER-1000 LEU fuel assembly was examined using the SRAC
code system. The SRAC calculation model for the VVER-1000
LEU fuel assembly was verified against the MCNP6 calcula-
tions and the available published benchmark results. Two
models of MA loading were considered: homogeneous mix-
ture in the UGD pellet and heterogeneous coated layer around
the UGD pellet. The gadolinium content and the boron
concentration were reduced correspondingly to compensate
the negative reactivity insertion by MA loading.
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It was found that the MAs can be loaded up to 10 wt.%
into the UGD pins and the combined reduction in the
gadolinium content and boron concentration could help
facilitate the excess reactivity control at the beginning of the
fuel cycle without significant effect on the cycle length. As in
the current practice the MA content in MA bearing fuels
should be limited to a few percent (up to 5wt.%) for the
homogeneous case [2], the limitations regarding the rela-
tively high MA content from 6wt.% to 10wt.% can be
possibly overcome by increasing the number of the UGD
pins (up to 36 pins) in the VVER-1000 fuel assembly
[26, 27]. Increasing the number of the UGD pins could
reduce the MA content in the UGD pins less than 5wt.%
while allowing a high total MA loading amount in the whole
assembly and thus avoid serious shielding issues in the
fabrication, transport, and handling of MA bearing fuels.

For both cases of homogeneous and heterogeneous
loadings, the total transmutation rate of ~20% could be
obtained. However, the comparison between the two cases
shows that the transmutation mass could be increased by
~6.8% for the case of coating a thin layer of MA to the UGD
pins. The results show that *>’Np, **' Am, and **’Am can be
significantly transmuted with a transmutation rate as high as
~40% for **' Am. This advantage is somewhat offset by the
unfavorable accumulation of ***Cm and ***Cm at high rates
with fuel burnup. However, if actinides from PWR-type
reactors over 100 years of storage are considered, more than
90% of the total radiotoxicity is contributed by **' Am [18].
Therefore, transmuting **'Am could lead to a significant
decrease of the total long-term radiotoxicity of MAs.

Consequently, it is highly recommended that trans-
mutation of MAs as burnable poison in the VVER-1000
reactor is feasible taking into account the fact that the excess
reactivity control and the inherent safety characteristics of
the VVER-1000 reactor can be further improved as MAs can
partially replace the gadolinium and boric acid. Further
investigation on transmutation of MAs at a full core level
and MOX core of the VVER-1000 reactor when coating a
thin layer of MA to the UGD pins is being planned.
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In this study, we first examined the sorption of Pd on MX-80 in Na-Ca-ClO, solution as a function of pH_ (3-9) and ionic strength
(0.1 M-4 M) and confirmed that the experimentally derived K, values could be fitted by a 2-site protolysis nonelectrostatic surface
complexation and cation exchange (2SPNE SC/CE) model using three binary surface complexation constants previously estimated.
Then, we investigated the sorption of Pd on MX-80 in Na-Ca-Cl-ClO, solution as a function of pH_ (3-9) and Cl"/ClO,” molar
concentration ratio (0-co) at the ionic strength = 4 M. We found that the sorption of Pd on MX-80 in Na-Ca-Cl-ClO, solution
could be simulated only by the three binary and one ternary surface complexations (S-OH + Pd** + 4Cl~ «— S-OPdCl,*” + H").
This suggests that the contribution of other ternary surface complexations such as =5-OH + Pd** + xCI~ «— =S-OPdCl, * ™"~ +H*

(x =1, 2 and 3) to Pd sorption in Na-Ca-Cl-ClO, solution with ionic strength = 4 M was negligibly small.

1. Introduction

Canadian sedimentary rocks are being considered as poten-
tial host rocks for a deep geologic repository (DGR) for
used nuclear fuel. Some of these rocks in Canada (for
example, Southern Ontario, Michigan Basin [1]) contain Na-
Ca-Cl type brine solutions with total dissolved solids (TDS)
concentration up to 350 g/L or with the ionic strength
(I) as high as 7.2 M. Sorption of radionuclides onto host
rocks surrounding a DGR and onto materials comprising
the engineered barrier system is considered an important
mechanism for retarding their subsurface transport from the
repository to the biosphere [2-6]. Therefore, it is important
to elucidate the sorption behaviour of radionuclides not only
on host rocks, but also on engineered barrier materials such
as bentonite.

The Nuclear Waste Management Organization of Canada
(NWMO) has been maintaining a database of sorption distri-
bution coefficients, K, for Canadian sedimentary rocks and
bentonite [2]. Palladium is selected as an element of interest
by the NWMO, but the only existing relevant sorption data
for Pd on bentonite had been measured in 0.01 and 0.1 M NaCl
solutions [7]. Hence, sorption of Pd onto Queenston shale,

illite (the major mineral constituent of Queenston shale),
and MX-80 bentonite (the candidate material for engineered
barrier in Canada) in Na-Ca-Cl solutions with pH_ ranging
from 3 to 9 and I ranging from 0.01 M to 6 M was studied in
our previous paper [8]. The 2-site protolysis nonelectrostatic
surface complexation and cation exchange (2SPNE SC/CE)
model [9, 10] with SIT parameters was applied to the pH_
dependence of K, values for illite and MX-80 (I < 4 M),
and the optimized surface complexation and cation exchange
constants were estimated [8]. Since Pitzer parameters for Pd
in Na-Ca-Cl solution are not completely compiled, we did
not apply the 2SPNE SC/CE model to the K,; values at I = 6
M. We found that Pd sorption could largely be accounted for
with the formation of the =S-OPdOH, =S-OPd(OH), ", =S-
OPdCIl,”" surface species, and the =S-0O,Pd exchange species
with 2Na" for both sorbents, with the additional =S-OPd*
surface species for MX-80. We included four possible ternary
surface complexations (=S-OH + Pd** + xCI~ «— =S-
OPdCL "™V~ 4+ H*; x = 1 - 4) in the fitting by 2SPNE SC/CE
model, but only one reaction (=S-OH + Pd** +4Cl™ «— =S-
OPdCI,*™ + H*) was found to contribute to the sorption in
Na-Ca-Cl solutions with high I.
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In this work, we first measured the sorption of Pd on
MX-80 in Na-Ca-ClO, solutions as a function of pH_and I
and studied whether the experimentally derived K; values in
the absence of CI™ can be simulated by using our previously
optimized constants. Then, we measured the sorption of
Pd on MX-80 in Na-Ca-CI-ClO, solutions as a function of
pH, and CI"/ClIO,  molar concentration ratio (0-co) at I
= 4 M and investigated the contribution of ternary surface
complexation to the Pd sorption on MX-80 at [ = 4 M.

2. Materials and Methods

2.1. Chemicals, Solids, and Solutions. All chemicals used
were reagent grade and were supplied from Fisher Scientific.
Deionized water was prepared using a Milli-Q Direct 8 (18.2
MQ-cm). The MX-80 bentonite sample was supplied by the
American Colloid Company and was used as received. Pd
used in experiments was derived from a 1000 + 1 ug/mL
standard solution with a natural isotopic abundance supplied
by Agilent Technology. A Precise Controlled Atmosphere
Glove Box (GB) supplied by Labconco was filled with N, gas
(>99.999 %). The concentration of O, in the GB was smaller
than 2 ppm.

The reference brine solution in Southern Ontario, SR-
270-PW, is proposed by the NWMO [2]. It has a Na/Ca molar
concentration ratio of 2.7. In this study, Na-Ca-ClO, solutions
(Na/Ca molar concentration ratio = 2.7) with I = 0.1, 1, 2, 4
M were prepared by NaClO,-H, O and Ca(ClO,),-4H,0, and
Na-Ca-Cl-ClO, solutions (Na/Ca ratio =2.7; CI'/ClO, " ratio
=0.01, 0.1, 1, 10, 100, co) with I = 4 M were prepared by NaCl,
CaCl,-2H,0, and NaClO,-H, 0. Na-Ca-ClO, solution with I
=4 M was considered a case of CI"/ClO, " ratio = 0.

The pH values indicated on the pH meter (pH, ..cure)
should be considered as operational values at high ionic
strength (I > 0.1 M) [11]. The relationships between the
operational pH, ... and the molar H" concentrations
(pH. = -loggy,) or the molal H" concentration (pH,, =
—logmyy, ) were discussed in detail by Altmaier et al. [12, 13].
In this study, the relationships between pH_ ... . (Fisher
Scientific Accumet AB 150/micro accupHast pH combination
electrode) and pH_ in solutions were determined by titration
(Metrohm Ti-Touch 916), and the pH,_ .. Vvalues were
converted to the pH_ values.

2.2. Sorption Experiments. All sorption experiments were
carried out in triplicate at 25°C. In preliminary tests, the
sorption of Pd on the wall of a polycarbonate reaction vessel
was found to be negligible. Initial concentration of Pd for
all sorption tests was 1.0 x 107/ M and was confirmed to be
smaller than solubility of Pd [8]. The liquid/solid ratio was
set to be 0.5 m*/kg.

We followed the sorption experimental procedure we
conducted in Np(V) and Np(IV) sorption previously [14-
16]. In the GB, MX-80 was added into a polycarbonate
reaction vessel and Na-Ca-ClO, or Na-Ca-Cl-ClO, solution
was added into the reaction vessel. The suspensions were
kept in the GB for 3 to 4 days for preequilibration (the pH.
of solutions in contact with MX-80 was confirmed to be
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stabilized within 1 day in the preliminary tests). The reaction
vessels were removed from the GB and the liquid and solid
were separated by centrifugation for 120 min at 18,000 rpm
(Beckman Coulter, Allegra X-30R). The reactions vessels
were then transferred back into the GB and the liquid was
removed by pipette. Na-Ca-ClO, or Na-Ca-CI-ClO, solution
was then added into the reaction vessel again, and a portion of
the Pd standard solution was spiked into the reaction vessel.
The pH_ of the solution was adjusted to the predecided values
at 3 < pH_ <9 by addition of 0.01 M HCIO,, 0.01 M HCI, or
0.01 M NaOH solution in the GB, and the reaction vessel was
tightly sealed. Change in I and CI"/ClO, ratio by addition
of HCIO,, HCI, or NaOH could be neglected.

The reaction vessels were transferred from the GB to an
incubator at 25°C (Infors HT Ectron) and were shaken for
14 days. Fourteen days were enough to reach to the sorption
equilibrium [8]. The pH, of the solution was measured once
a day in the GB and readjusted to the original pH_ value
if the pH_ changed by more than + 0.3 from the original
value. After 14 days, the liquid was separated from the solid
by centrifugation for 120 minutes at 18,000 rpm at 25°C. We
previously confirmed that the liquid phase was sufficiently
separated from the solid phase by this method [14]. The pH_
of the liquid was measured in the GB, and an aliquot was
sampled from the liquid phase of each reaction vessel. The
concentration of Pd in the aliquot was measured by ICP-MS
(Agilent ICP-MS 8800).

The K, value (m’/kg) is calculated according to Equation
(1), where C, is the initial concentration of Pd in solution (1.0
x1077 M), C,, the concentration at sorption equilibrium (M),
L the volume of liquid used in the sample (m?), and M the

mass of solid used (kg). In this paper, the sorption of Pd on
MX-80 is described by K; values.

Ci - Ceq
Kd = C
eq

L
i 1)

2.3. Sorption Modelling. The pH, I, and CI"/ClO, ratio
dependence of K, values for MX-80 was fitted using the
2SPNE SC/CE model with the program PHREEQC [17].
The specific-ion interaction theory (SIT) was used for the
computational method, as it accounts for the electrostatic
interactions of all other ions in solution with the one ion of
interest. This is necessary for accuracy when computing activ-
ity coeflicients in solutions of high I. The Pitzer computational
method can be more accurate in higher I solutions; however,
Pitzer parameters for Pd were not completely known at the
present. SIT is known to be inaccurate at I > 4.0 M and,
therefore, sorption was modelled at I < 4.0 M in this study
[18].

The Japan Atomic Energy Agency (JAEA) thermody-
namic database (TDB) was chosen as the reference database
since it contains the necessary thermodynamic data for Pd
[19]. However, no thermodynamic data for PAOH" and
Pd(OH)42_ are available in JAEA TDB, so the values con-
tained in the SIT database (v9a) included in the PHREEQC
[20] were added to the JAEA TDB. The hydrolysis and
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TaBLE 1: Thermodynamic data of Pd(II) species used in this work [19, 20].
Hydrolysis and complexation reaction log K Reference
Pd*" + H,0 - H" «— PdOH" 1.86 [18]
Pd** + 2H,0 - 2H* «— Pd(OH), -3.49 171
Pd*" + 3H,0 - 3H" «— Pd(OH),~ -15.48 [17]
Pd* +4H,0 - 4H* «— Pd(OH),> -29.36 [18]
Pd** + ClI” «— PdCl* 5.00 [17]
Pd** +2CI™ «— PdCl, 8.42 171
Pd** +3Cl™ «— PdCl,~ 10.93 [17]
Pd** + 4CI” «— PdCI,> 13.05 [17]
Pd*" + 3Cl" + H,0 - H" «— PdCl,0H* 3.77 [17]
TABLE 2: Optimized surface complexation and cation exchange constants [8].
Sorption reaction log K
Binary surface complexation:
=S-OH + Pd*" «— =S-OPd" + H" 82+0.2
=S-OH + Pd** + H,0 «— =S-OPdOH + 2H" 23402
=S-OH + Pd** + 2H,0 «— =S-OPd(OH),” + 3H" 55+0.2
Ternary surface complexation:
=S-OH + Pd** + 4Cl” «— =$-OPdCl,>” + H* 13.05 + 0.2
Cation exchange:
2=5-ONa + Pd** «— (=5-0),Pd + 2Na* 5.90 + 0.2

complexation constants used in this work are summarized in
Table 1.

The specific surface area and the cation exchange capac-
ity of MX-80 were 26.2 m?®/g [21] and 102.1 meq/100g
[22], respectively. However, the sorption site capacity was
not measured. Hence, we assumed that the sorption site
capacity is proportional to the specific surface area [14].
As shown in Supplementary Materials, the contribution of
cation exchange reaction to the sorption of Pd on MX-80 was
negligibly small. Therefore, the slight difference in the value
of the cation exchange capacity did not affect the calculation
results. Since the concentration of Pd in the solution was
much smaller than the total sorption site number in the
MX-80 used, the slight difference in the value of the specific
surface area also did not influence the calculation results.

In the 2SPNE SC/CE model, Bradbury and Baeyens
considered both strong and weak surface sites [9, 10]. In our
previous work [8], we could simulate the Pd sorption on MX-
80 in Na-Ca-Cl solution by considering the strong site only
and estimate the optimized surface complexation and cation
exchange constants at I = 0 M, as shown in Table 2.

For the Pd sorption in Na-Ca-ClO, solutions, the 2SPNE
SC/CE model calculation was conducted using the binary
surface complexation and cation exchange constants illus-
trated in Table 2.

For the Pd sorption in Na-Ca-Cl-ClO, solutions, we
included the additional three ternary surface complexations
(=S-OH + Pd** + xCI” «— =S-OPdCL, "™V~ + H; x =
1 - 3) in the modelling. Bradbury and Baeyens proposed
the linear free energy relationships (LFER) between the
surface complexation constants for montmorillonite and the

hydrolysis constants [9]. In the fitting of the 2SPNE SC/CE
model to the K; values experimentally derived, we set the
initial values for additional ternary surface complexation
constants, by assuming that the proposed LFER equation for
montmorillonite can be used for the surface complexation
constants and the PACL,_*"2~ complexation constants (x=1-
3). The initial value of ternary surface complexation constant
for =S-OH + Pd** + 4CI” «— =S-OPdCl,”” + H" was set
as 13.05. In the fitting, the values of four ternary sorption
reaction constants were used as the fitting parameters to
obtain the best optimized fitting, and other values were fixed.

3. Results and Discussion

3.1 Sorption in Na-Ca-CIlO, Solution. The pH_ and I depen-
dence of K,; values for MX-80 is plotted in Figure 1. It was
found that the K; values decreased with pH_ (3-7) and then
became constant against pH_ (7-10). Little dependence of K
values on I was also observed. These tendencies are consistent
with the previous study by Tachi et al. [7].

The 2SPNE SC/CE model with the binary surface com-
plexation and cation exchange constants previously estimated
in the Na-Ca-ClI solutions [8] was applied to the pH_ and I
dependence of K,; values in the Na-Ca-ClO, solutions. The
model calculation results are also illustrated in Figure 1. We
could find the consistency between the experimental and
calculation results.

In the pH region of 3 - 10, PA(OH), is a dominant
species in the solution (Pd speciation in Na-Ca-ClO, solution
at I = 4 M is shown in Figure S-1. Pd speciation at I < 4
M is not shown here). As shown in Figure S-8, the binary
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FIGURE L: pH_ and I dependence of K, in Na-Ca-ClO, solutions.
Plots are the experimentally measured K; values. The solid lines
are the 2SPNE SC/CE model calculation results. The error bars
represent the standard deviation of triplicate measurements.

surface complexations =5-OH + Pd** «— =S-OPd* + H",
=S-OH + Pd** + H,0 «— =S-OPdOH + 2H", and =S-
OH + Pd** + 2H,0 «— =S-OPd(OH),” + 3H" dominate
the sorption at pH = 3-6, 6-8, and 8-10, respectively. This
indicates that Pd sorbs on MX-80 markedly in the acidic
pH region through the =S-OH + Pd** «— =S-OPd* + H'
surface complexation in the absence of Cl”. From Figure S-8,
the contribution of cation exchange reaction was also found
to be negligibly small. These demonstrate that the binary
surface complexation constants we previously estimated [8]
can be used to simulate the sorption of Pd on MX-80 in the
Na-Ca-ClO, solutions quantitatively.

3.2. Sorption in Na-Ca-CI-ClO, Solutions. Figure 2 illustrates
the pH_ and CI"/ClO, " ratio dependence of K, values for
MX-80. We found that the K; values at pH_ < 7 decreased
as the CI"/ClO, " ratio increased. Particularly, the K; values
at pH, < 6 for MX-80 were drastically suppressed in the
presence of CI” even at CI"/ClO," ratio = 0.01, compared
to the K, values in the absence of Cl~ (Figurel). On the
other hand, the K; values at pH_ = 7 - 9 slightly increased
with CI7/ClO," ratio up to 1 and did not change any more at
Cl"/ClO, ratio > 10.

The Pd speciation in Na-Ca-Cl-ClO, solutions at I =
4 M at CI"/CIO," ratio = 0.0, 0.1, 1, 10, 100 and infinity
are shown in Figures S-2-S-7, respectively. It was found
that the pH region of PdCl,>~ dominance expanded with
CI"/ClO, ratio, while that of Pd(OH), dominance shrank.
Figure 2 suggests that the formation of PdCl,>” complex
strongly suppressed the Pd sorption, especially the surface
complexation =S-OH + Pd** «— =S-OPd* + H", on MX-
80 at pH_ <7

Science and Technology of Nuclear Installations

102 ¢
10" b
5 100
£}
&
v 107! E
1072 ¢
1073
3
@ ratio=0.01 —— Model (0.01)
® ratio=0.1 —— Model (0.1)
® ratio=1 —— Model (1)
® ratio=10 —— Model (10)
® ratio=100 —— Model (100)
® ratio=00 ——— Model (00)

FIGURE 2: pH_ and CI/ClO,  molar concentration ratio depen-
dence of K, in Na-Ca-CI-ClO, solutions at I = 4 M. Plots are
the experimentally measured K, values. The solid lines are the
2SPNE SC/CE model calculation results. The error bars represent
the standard deviation of triplicate measurements.

The fitting results of the 2SPNE SC/CE model to the
experimentally measured K; values using three binary and
four ternary surface complexations and cation exchange
reaction are also drawn in Figure 2. It was shown that
the pH, dependence of K; values in the wide range of
ClI'/CIO,  ratio could be also quantitatively fitted by the
2SPNE SC/CE model. It was found that the fitting results
could be obtained only with three binary and one ternary
surface complexations as we studied in Na-Ca-Cl solutions
[8]. Namely, only the ternary surface complexation, =S-OH
+ Pd** + 4CI" «— =S-OPdCl,>” + H", among the four
complexations considered in the modelling contributed to
the Pd sorption on MX-80 in Na-Ca-Cl-ClO, solutions. The
contribution of other three ternary surface complexations
was negligible. The surface complexation constant for this
ternary sorption reaction was estimated as 13.3 + 0.3. This
value is consistent with 13.05 + 0.2 which was previously
estimated [8].

The pH dependence of surface complexation and cation
exchange reaction at ClI"/ClO,  ratio = 0, 0.01, 0.1, 1, 10,
100 and infinity is shown in Figures S-8-S-14, respectively.
Three binary surface complexations dominated the sorption
at CI'/ClO, ratio = 0. In the presence of Cl, the surface
complexation, =S-OH + Pd** «— =S-OPd* + H", was
drastically suppressed even at ClI"/ClO, ratio = 0.01. As
the CI"/ClO, " ratio increased, the contribution of surface
complexations, =5-OH + Pd*" «— =S-OPd* + H" and =S-
OH + Pd** + H,0 «— =S-OPdOH + 2H*, became small and
was finally zero. This led to the decrease in the measured K
values at pH_. < 7 On the other hand, the contribution of
ternary surface complexation, =S-OH + Pd*" + 4ClI” «—
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=S-OPdCl,’” + H*, became large at C17/ClO,” ratio = 0.1
and was significant and dominated the sorption at C1"/ClO,~
ratio > 1. The increase in the measured K; values at pH_7-9
was attributed to this ternary surface complexation.

The complexation constant for Pd** + 3Cl~ + H,O -
H" «— PdCl3OH27 is compiled in the JAEA TDB (Table 1).
Although PdCl,OH*" did not appear in Na-Ca-CI-ClO,
solutions at I = 4 M (Figures S-1-S-7), the 2SPNE SC/CE
model including the ternary surface complexation =S-OH
+ Pd** + 3CI" + H,0 «— =S-OPdCl,OH*" + 2H" was
also applied to the measured K, values to make sure of
the contribution of ternary surface complexation in the Pd
sorption on MX-80. However, it was found that this ternary
surface complexation could be negligible.

4. Conclusions

The K ; values of Pd for MX-80 were systematically measured
as a function of pH_, I, and CI"/ClO,  molar concentration
ratio in Na-Ca-ClO, (3 < pH. <9 and 0.1 M < I < 4M) and
Na-Ca-CI-ClO, (3 < pH, <9 and 0 < CI"/CIO, ratio < oo;
I =4 M) solutions.

It was found that the pH_, I, and CI"/ClO, " ratio depen-
dence of K, values was quantitatively fitted by the 2SPNE
SC/CE model. The model calculation indicated that, in the
presence of Cl~, the contributions of binary surface com-
plexations were suppressed while that of the ternary surface
complexation dominated the sorption as the CI"/CIO, ™ ratio
increased.

It was also found that the pH_ dependence of K; values
for MX-80 in the Na-Ca-Cl-ClO, solutions at I = 4 M
could be simulated by considering only one ternary surface
complexation reaction (=S-OH + Pd*" + 4ClI” «— =S-
OPdCI,>” + H") besides the binary surface complexation
reactions in all range of CI"/ClO, " ratio (0-00).
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Supplementary Materials

Figure S-1: Pd speciation in Na-Ca-CI-ClO, solution
(CI"/CIO, ™ molar concentration ratio = 0) at I = 4 M. Figure
S-2: Pd speciation in Na-Ca-Cl-ClO, solution (Cl"/CIO,~
molar concentration ratio = 0.01) at I = 4 M. Figure S-3: Pd
speciation in Na-Ca-Cl-ClO, solution (Cl"/ClO,” molar
concentration ratio = 0.1) at = 4 M. Figure S-4: Pd speciation
in Na-Ca-CI-ClO, solution (Cl"/ClO,” molar concentration
ratio = 1) at I = 4 M. Figure S-5: Pd speciation in Na-Ca-
Cl-ClO, solution (CI"/CIO,  molar concentration ratio =
10) at I = 4 M. Figure S-6: Pd speciation in Na-Ca-Cl-ClO,
solution (CI"/CIO,  molar concentration ratio = 100) at [ =
4 M. Figure S-7: Pd speciation in Na-Ca-Cl-ClO, solution
(CI"/CIO,” molar concentration ratio = co) at I = 4 M.
Figure S-8: Pd sorption reaction on MX-80 in Na-Ca-Cl-
ClO, solution (CI"/CIO,” molar concentration ratio = 0)
at I = 4 M. Figure S-9: Pd sorption reaction on MX-80 in
Na-Ca-CI-ClO, solution (CI"/ClO,  molar concentration
ratio = 0.01) at I = 4 M. Figure S-10: Pd sorption reaction
on MX-80 in Na-Ca-CI-ClO, solution (Cl/ClO,  molar
concentration ratio = 0.1) at I = 4 M. Figure S-11: Pd sorption
reaction on MX-80 in Na-Ca-Cl-ClO, solution (Cl /ClO,~
molar concentration ratio = 1) at I = 4 M. Figure S-12: Pd
sorption reaction on MX-80 in Na-Ca-Cl-ClO, solution
(CI"/CIO, ™ molar concentration ratio = 10) at I = 4 M. Figure
S-13: Pd sorption reaction on MX-80 in Na-Ca-Cl-ClO,
solution (CI"/ClO,” molar concentration ratio = 100) at
I = 4 M. Figure S-14: Pd sorption reaction on MX-80 in
Na-Ca-CI-ClO, solution (CI"/ClO,  molar concentration
ratio = 00) at I = 4 M. (Supplementary Materials)
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This paper describes the development of a discrete event simulation model using the FlexSim software to support planning for
soil remediation at Korean nuclear power plants that are undergoing decommissioning. Soil remediation may be required if site
characterization shows that there has been radioactive contamination of soil from plant operations or the decommissioning process.
The simulation model was developed using a dry soil separation and soil washing process. Preliminary soil data from the Kori 1
nuclear power plant was used in the model. It was shown that a batch process such as soil washing can be effectively modeled
as a discrete event process. Efficient allocation of resources and efficient waste management including volume and classification
reduction can be achieved by use of the model for planning the soil remediation process. Cost will be an important criterion in the

choice of suitable technologies for soil remediation but is not included in this conceptual model.

1. Introduction

This paper describes the development of a conceptual simu-
lation model that can be used for logistics planning for site
remediation at Korean nuclear power plants and specifically
the Kori 1 reactor site. A FlexSim discrete event simulation
model of the site soil remediation and waste management
process was developed to support optimization of perfor-
mance, resources, and time and to minimize nuclear waste.
Cost will be an important criterion in the choice of suitable
technologies for soil remediation but is not included in this
first conceptual model.

Kori Unit 1, the oldest nuclear power plant (NPP)
in Korea, was permanently shut down in June 2017. The
decommissioning of Kori Unit 1 will follow in the future
and site remediation will be carried out at the end of the
decommissioning project.

Operation of a nuclear power plant may lead the release
of radioactive materials to the soil and groundwater at the
site which could migrate to the surrounding environment.
Small radioactive releases may not be discovered until the
NPP undergoes decommissioning and must be remediated
to prevent migration of radioactive materials [1].

Nuclear power plant site remediation is performed after
site structures have been removed and is the last step in

decommissioning. Remediation may be required remove
contamination from the site soil to allow the reuse of the site
subject to the regulatory requirements for site release.

Site remediation has two safety-related objectives. One
is to reduce radiation exposure to workers and the general
public, and the other is to reduce the radioactivity to the level
required for the intended use of the site after its release.

Korea does not have domestic experience in NPP decom-
missioning and site remediation. Furthermore, the decom-
missioning and remediation work at Kori 1 has not started
and so the site soil and groundwater conditions have not
been characterized. The extent and nature of radioactive
contamination at the site is uncertain, and as such the
development of this simulation model must be preliminary.
This does not diminish the fact that effective planning is
necessary to reduce project uncertainty and risk to achieve
the site remediation objectives.

A review of the literature for site remediation has shown
that simulation modeling is a useful tool for planning
decommissioning and site remediation. The literature has
also shown the value of simulation models for design and
optimization of industrial processes. In order to develop a
preliminary simulation model, soil washing was chosen for
the remediation technology.


http://orcid.org/0000-0002-6931-9541
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6789506

Science and Technology of Nuclear Installations

i Strategic Planning |
| |
l l
I ! .
| 1. Define Problem PR SlFe .
\ ! Investigation
I
1 ! T
| l i !
[ :
i 2. Define Objectives D
l N (Site End-Use) ARt SRR
|
! ¢ | Risk
Information N I ! Assessment
! T
Management ! 3. Identify Alternative ! !
! Approaches to Achieve  fq----F------- 1
[ Objectives ! |
. I :
Quality ! i ! :
Assurance P I \
| .
Management ! 4. Evaluate Alternative } Conj}tlr;mts
Lal A h |
i pproaches i | Uncertainties
|
| y | |
I ! i
} 5. Select Feasible Approach |€----p------- 4
I ! ‘
I ! I
| 1
7.Monitorto | i 7777777777777 !
Validate '
Yy 6. Implement R

FIGURE 1: IAEA integrated planning process [1].

Once decommissioning commences at the Kori 1 site, the
simulation model can be further developed to include actual
site conditions and data for radionuclide contamination.

This paper includes a literature review of remediation
planning, soil remediation technology, and the application
of discrete event simulation for nuclear-related industrial
process operations. Selection of the appropriate technology
and a conceptual process model based on soil washing is
presented. A discrete event simulation model was developed
and verified.

2. Literature Review

International and Korean domestic experience in remedia-
tion planning, applicable technologies, and the use of discrete
event simulation for remediation projects was reviewed.

2.1. Planning for Remediation. The International Atomic En-
ergy Agency (IAEA) defined soil remediation as an iter-
ative process that includes identification of contaminants,
spatial distribution, appropriate decontamination technol-
ogy, performing remediation, verification of effectiveness,
and postremediation monitoring. IAEA recommended that
plans for decommissioning and remediation should consider
the interfaces and interactions between both processes to
improve effectiveness and efficiency and reduce overall costs.
The IAEA process for site remediation is shown in Figure 1.

The figure depicts an iterative decision process for selecting
the appropriate technology. IAEA recommended that deci-
sion tools such as simulation modeling, multicriteria decision
analysis, and risk assessment be used to select the remediation
technology [1].

The OECD Nuclear Energy Agency (NEA) defines reme-
diation as a six-phase process as shown in Figure 2 [3]. The
phases are defined as follows:

(i) Phase 1: problem identification

(ii) Phase 2: remedial investigation (assessment and char-
acterization)

(iii) Phase 3: remedy planning (alternative evaluation and
selection)

(iv) Phase 4: remedial action (implementation)
(v) Phase 5: project closeout

(vi) Phase 6: institutional control

The Nuclear Energy Agency (NEA) recommended the
development of a conceptual site model (CSM) as the as part
of an overall site remediation process as shown in Figure 2.
The CSM is based on characterization data including site
geology, soil classification, and contaminant type, concen-
tration, and spatial distribution. The CSM is used to guide
remediation planning and implementation [3].
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The Electric Power Research Institute (EPRI) summa-
rized the experience in US decommissioning and site reme-
diation projects. EPRI found that contamination below struc-
tures was difficult to identify and characterize until after
the structures are removed in the decommissioning phase.
Therefore, site characterization must be an iterative process
performed throughout a decommissioning project [4].

2.2. Soil Remediation Technologies. The US EPA issued the
Technology Reference Guide for Radioactively Contaminated
Media that summarized technologies for the remediation of
radioactive contamination in soil and groundwater. The guide
focused on existing technologies rather than experimental
approaches [5].

The guide identified solvent extraction (Figure 3) as an
established ex situ technology to remove radionuclides from
soils to reduce the volume of nuclear waste or reduce its
classification. Solvent extraction has been widely used in
the nuclear industry, for example, in conventional uranium
milling operations. Solvent extraction, when used for soil
remediation, is operated as a batch process to remove the
radionuclides. The solvent containing the contaminants is
then volume reduced for disposal.

Other methods can be used in combination with solvent
extraction. These include physical separation and water
washing [5].

Physical separation is an established technology for
removing radionuclides from soil. Radionuclides preferen-
tially adsorb soil fines (silts and clays) as opposed to the
course fraction (sand and gravel). Thus, the fine-grained soils
tend to capture the radionuclides, and physically separating
the fine and course fractions is the basis for decontamination.
The simplest physical separation method is dry separation
that uses sieving with successively finer screens to separate
the fines from course fraction. This method concentrates
the contaminated soil and reduces the volume of soil for
treatment or disposal [5].

A more complex dry separation method, the segmented
gate system, uses radiation detectors to improve the separa-
tion factor for some radionuclides (Figure 4). This method
effectively treats soils contaminated with gamma emitting
radionuclides. This method is normally only used for soil
contaminated with no more than two radionuclides with
different gamma energies [5].

Soil washing is an established technology that is often
used in combination with dry separation. Soil washing is
an ex situ process using water and surfactants to remove
radionuclides from soil. Soil washing can reduce bulk soil
or minimize the waste by selectively removing fine-grained
particles (silts and clays), which contain most of the contam-
ination, from the bulk soil. It is possible based on the principle
that contaminants are generally bound more tightly to the
fine-grained particles and not to the larger course grained.

The contaminated wash solution can be volume reduced
for disposal. Soil washing is more effective for soils containing
less than 25% fines and more than 50% course material.
Effectiveness diminishes for soils with more than 10% total
organics. Soil washing has been used to treat soil con-
taminated with radionuclides including plutonium, radium,
uranium, thorium, technetium, strontium, and cesium [5]. A
process flow diagram of the soil washing process is shown in
Figure 5.

The electrokinetic remediation (ER) process has been
used to remove radionuclides from low permeability soil. The
ER process is an emerging in situ or ex situ soil remediation
technology that can separate radionuclides from soil, sludge,
and sediment (Figure 6). ER removes metals and organic
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contaminants from low permeability soil. ER uses electro-
chemical and electrokinetic processes to desorb, and then
remove, metals and polar organics. In situ ER is performed
by applying low voltage direct current across electrode pairs
that are implanted in the ground containing contaminated
soil. The current carries ions and charged compounds to the
electrodes. The negatively charged contaminants move to the
cathode and the positively charged anions move to the anode.

The Korean Atomic Energy Research Institute (KAERI)
has developed an ex situ electrochemical method using
soil washing, electrokinetic separation, and waste solution
treatment for soils contaminated with radionuclides. This
method has been tested successfully at the bench scale [10].

Electrokinetic technology has been demonstrated at the
pilot scale and at full scale at several US sites. Geokinetics
International Inc. has demonstrated an in situ electrokinetic
remediation process at five sites in Europe [11].

2.3. Discrete Event Simulation for Soil Remediation. Simu-
lation models are an abstraction of the real system that
represent the key characteristics and features of a specific

system or process. Simulation models may be discrete or
continuous.

Discrete event simulation (DES) uses a transaction-based
approach to model the dynamic behavior of a system. In
discrete event simulation state changes occur only at discrete
times as opposed to continuous simulations in which the state
variables change continuously. DES is an appropriate tool for
modeling batch processing systems [12].

Heilala et al. discussed the use of DES as a system
analysis tool to evaluate production system concepts, system
configuration, and control logic. Simulation models provide
the ability to evaluate the throughput of a system, identify
bottlenecks, and answer “what-if” questions about proposed
changes to the system. Process of optimization requires
decisions to be made in a comprehensive way, including
budget, schedules, and possible resources such as engineers
and technologies. Figure 7 shows the potential for using
simulation in the planning phase [7].

Dottavio et al. have demonstrated the application of DES
for nuclear power plant decommissioning, site remediation,
and nuclear waste management. Nuclear waste flows for a
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typical decommissioning process were modeled using the
FlexSim software application. The purpose was to identify
and evaluate improvements in process performance. The
authors identified process rate limiting steps and other key
performance parameters [13].

DES models have been used by the Sellafield Operational
Research Group in number of varied nuclear waste manage-
ment applications and as an overall project planning tool in
decommissioning [14].

Worker radiation dose modeling has been integrated with
DES models by both Los Alamos National Laboratory and the
Sellafield Operational Research Group [14, 15].

3. Selection of Soil Remediation Technology

As shown in Figures 1 and 2, the soil treatment tech-
nology alternatives must first be identified and evaluated
based on site-specific objectives and criteria. In general,
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the site-specific objectives should consider (i) current or
future site use, (ii) availability, appropriateness, and cost
of remediation technologies, (iii) budget and timeframe,
and (iv) regulatory requirements. Site investigation and
characterization should be performed to determine the type
and distribution of radioactive contamination. Finally, the
alternative technologies should be evaluated against the
technical, regulatory, and economic criteria to select the
preferred alternative.

The remediation options considered in this study are sol-
vent extraction, dry soil separation, soil washing, electroki-
netic remediation, and the KAERI combined soil washing
and electrokinetic separation process. The combination of
dry soil separation and soil washing (hereafter referred to
as soil washing) was determined to be the most appropriate
technology to demonstrate the use of DES for soil remedia-
tion for Korean nuclear power plant sites.

There are several reasons for selecting a soil washing
technology at the conceptual stage in developing the DES
model for this study. First, the soil washing process is
relatively simple and is based on the physical properties of
soils. It excludes the consideration of chemical and electrical
properties of contaminated soils. Second, soil washing has
been used extensively in commercial applications and is easily
modified to remove various radionuclides from soils. And
third, the waste water from soil washing is less difficult to
manage than the solvents in an extraction process. Finally,
the soil washing process has a model structure similar
to the KAERI ex situ electrochemical method which we
think is a viable option, and a simple soil washing model
could be modified to use the KAERI methodology in future
applications. Soil washing is, therefore, a good technical basis
for the simulation model.

4. Soil Remediation Process

4.1. Principles. Soil washing is a repetitive batch process that
is time-consuming and has considerable uncertainty due
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to the lack of Korean domestic experience. It is based on
the principle that contaminants are generally bound more
tightly to the fine-grained particles and not to the larger
course grained soil. Because of this, data for the particle
size distribution of the soil at the remediation site is needed
to model the soil washing process. Figure 8 shows the
radioactivity concentration according to the soil particle size
near a Korean nuclear facility. The figure shows the inverse
relationship between particle size and radioactivity [8].

The soil washing process uses dry soil sieving in the
first stage to separate the fine and course fractions prior to
water washing. This reduces the contaminated soil volume
prior to the washing stage potentially reducing secondary
waste generation. Soil washing must be used with other treat-
ments, such as precipitation, filtration, and/or ion exchange.
Through this multistage process, the contaminated residuals
(fine particles and washing solution) are treated and volume
reduced for disposal. The cleaned soil that meets regulatory
clearance requirements could be returned to the site and
reused as backfill.

4.2. Operational Procedure. Soil washing systems normally
use a six-step process [9]:

(1) Pretreatment: large size material such as rubble is
removed, or optionally crushed, and scrubbed if
necessary.

(2) Separation: course and fine grain soils are separated.

(3) Coarse-grained treatment: the remaining fine grain
material is separated

(4) Fine-grained treatment: silt is separated from clay.

(5) Process water treatment: process water is recycled or
treated for disposal.

(6) Residuals management: remediated soil can be recy-
cled as backfill at the nuclear site. Fines and sludge
are contaminated and must be managed as radioactive
waste.

Soil washing processes range from relatively simple meth-
ods with several particle separation processes to complex
methods including several additional processes such as mag-
netic or chemical treatments. However, simple soil washing
processes are commonly used in the most soil washing
systems and they generally remove fine fractions from the
bulk soil. Simple designs have a combination of screening,
classification and solids dewatering. The typical equipment
used for most soil washing processes is summarized in Table 1
[2].

After the completion of soil separation according to its
particle sizes using equipment listed in Table 1, additional
equipment should be considered for treatment of concen-
trated residue and process water. In order to discharge the
concentrated residue from soil washing system, the clay is
subjected to dewatering process through press filter equip-
ment. For the treatment of process water which is essential
in physical separation processes, ion exchangers can be used.
Water is continuously consumed during the operation, so
make-up water is supplied and used process water is recycled
in the system during operation [2].
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TaBLE 1: Typical soil washing equipment [2].

Exploitable Soil Process Equipment
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Specific Gravity Dense Media Separators
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Shaking Tables

Froth Flotation Systems

Surface Chemistry

5. FlexSim Simulation Model

5.1 Process Model. The soil washing process has two main
objectives. These are to reduce the volume of waste through
separation by particle size and to properly manage the
concentrated residues. The process in the diagram (Figure 9)
is a relatively simple abstraction that contains only elements
that are essential to meet the two main objectives.

The first step in developing the simulation model is
to visualize the target system through schematization. The
simplified soil washing system is expressed in Figure 9 as a
process flow block diagram.

Each block represents the equipment used in the soil
washing process and the work being performed in each stage.
Black and blue arrows, respectively, indicate the flow of soils
and wash water. The black arrow implies process logic such
as the distinction and separation of the soil flow according
to particle sizes. Soil screening and an attrition scrubber
are used for the pretreatment phase; two sand screws, a
cyclone, and a filter press, are used for the separation phase.
It is assumed that the treatments of coarse- and fine-grained

soils, such as rinsing and dewatering, are included in each
of the blocks for simplification of the model. Wash water is
injected to each block for separation and circulated through
a water treatment system. Additional water must be injected
to compensate for water lost with the cleaned soil. Finally, the
treated sludge/residue must be managed as radioactive waste.

5.2. FlexSim Model Development Approach. A simulation
model of the soil washing process was developed using
FlexSim, a discrete event simulation modeling application
that is widely used in industries such as material handling,
manufacturing, logistics, transportation, and mining [16].
In this study, a simple process model representing a soil
remediation plant was developed to demonstrate the use of
simulation for planning a soil remediation process.

To be effective, simulation development should use a
systematic approach. In this study, development of the sim-
ulation used the following approach [7]:

(i) Project definition

(ii) Process mapping (static diagram)
(iii) Simulation model (dynamic)
(iv) Verification

(v) Simulation of cases for study

(vi) Findings, conclusions, and recommendations

5.3. FlexSim Model Assumptions. The simulation model has
several simplifying assumptions as follows:

(i) Fifteen tons of soil can be treated per a batch. The
system has 240 tons/day processing capacity under 8-
hour operation a day.

(ii) There is no need for warming-up between the idle
state and steady state. In the simulation, the system
equipment enters the steady state immediately with
the beginning of operation.

(iii) Due to lack of detailed commercial data except
for general information about overseas experience,
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assumptions are applied to the process rate and capac-
ity for system components and the overall process.

(iv) The system has enough capacity to operate without
bottlenecks.

(v) There are no unplanned shutdowns due equipment
failure or maintenance activities.

In the development of the simulation model, among
various resources and functions of FlexSim, four basic objects
were used to visualize the soil remediation process. Those
objects are sources, queues, processors, and sinks and are
defined as follows [16].

Source. The source creates flow items and releases them to a
downstream object. The simulation user can control the rate

at various nodes at which the source creates flow items so that
they arrive on a fixed schedule, a regular continuous rate, or a
random statistical distribution. In the reference model, a fixed
(scheduled) arrival scenario simulates the batch process.

Queue. The queue stores flow items until a downstream object
is ready to take them. By default, the queue releases flow items
on a first-in-first-out basis, but other options are available.

Processor. Processors simulate flow items being processed at
a station. Processors simulate a time delay, beginning with a
setup time followed by the process time. The user can also
require the processor to use an operator during the setup
and/or process time. The user can also set processors to
handle more than one flow item at a time. In the reference
model, constant process times are used.
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Sink. The sink removes flow items from a simulation model
when the items passed the final process.

In the simulation model the key elements control the
movement of contaminated media (soil and wash water) as
operational characteristics of the system. The target media are
generated from the sources then transferred and separated
according to the intended logic in the simulation.

5.4. System Layout. The soil washing process is visualized
in the simulation model using FlexSim software based on
the process flow block diagram as shown in Figure 10.
The simulation was constructed by creating objects and
connecting them according to the flow of soil within the soil
washing system.

Figure 10 shows a screenshot of the soil washing sim-
ulation model from the 3D output of the FlexSim model.
The excavated soil from the contaminated site is fed to the
feed hopper on the left side of the figure, and the soil that
has been cleaned through dry separation is sent to each
queue according to the grain size, i.e., rubble, gravel, sand,
silt, and sludge/clay. While the separation and treatment of
soil are proceeding, wash water is circulating within the
water circulation system located in the upper part of the
figure. Some of the wash water is consumed, because water
is contained in cleaned (discharged) soil. To compensate for
water loss, make-up water is injected to the water supply tank.

5.5. Simulation Logic. Once the physical structure of the
simulation model is set, the next step is to create the logic that
determines how the soil and water flows into and through
the simulation model. In the soil washing process, each
equipment element is designed to separate soils according to
their particle size.

5.6. Flow of Soils. In the simulation model, the processor
objects are used to represent the components in the soil
washing process. First, variables are designated as the soil
“item” according to the attributes of each unit soil that will
enter the system. Then each processor located downstream
classifies and cleans the soil based on the input variables. For
example, “Sandscrew2” (Figure 10) classifies sand particles

with a value “3” for the “item.type” variable and sends them
to the “queue” and sends soil particles other than sands to the
next element, “processor: cyclones”.

The particle size distribution of the soil excavated at
the site must be determined. Preliminary soil particle size
distribution data obtained from soil samples around the
perimeter of the Kori site by KAERI was used to obtain a more
realistic as it is the best available preliminary data [2]. Table 2
lists the raw soil data, the soil excavation/cleanup rates, and
the derived input data.

The input data in Table 2 were derived from the raw data
through simple processing. The input data were developed by
averaging the numerical values for particle size distribution
obtained from 10 samples around the Kori NPP site. A value
of 1% for the rubble (>60mm) was assumed. Because the
main concern in the washing process is silt and clay, this
assumption does not impact the results. The composition of
the silt and clay in the input data column was obtained from
10 samples by estimating the values from the standard soil
texture diagram [17]. Once the soil particle size distribution
is input, the “source” object generates the soil “items” prob-
abilistically according to the distribution of the input and
provides the soil particles to the system.

The excavation rate to feed soil to the system and the
cleanup rate to remediate the soil were also assumed. On a
commercial scale, there were large nonnuclear projects with a
throughput of 20-100 tons/hour [5]. In this study, the system
capacity was assumed to be 240 tons/day (30 tons/hour for
8 hours a day). The faster processing speed as compared
to excavation speed is an intentional assumption to avoid
bottlenecks in the system.

5.7. Flow of Wash Water. In the model, the wash water
system was schematized but not integrated with the soil
treatment system. This was simplifying assumption and for
their integration additional “processors” for combining and
separating soil and water will be needed at junction points
such as scrubbers, screws, cyclones, and filter presses.

As soils are cleaned by soil washing, the soil moisture
content increases. The moisture content of the soil is the ratio
of the weight of the water in the soil. In this simulation,
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TABLE 2: Soil input data for the model [2].
Parameters Raw Data Input Data
Type Value Type Value
Excavation Rate - - - 30.0 tons/hr
0
Gravel (>4.75mm) 6.3% Rubble (>60mm) 1.0%
Gravel (60~4.75mm) 5.3%
Particle Size of Soil Sand(4.75~0.075mm) 83.4% Sand (4.75~0.075mm) 83.4%
i ~ 0,
Silt & Clay(<0.075mm) 10.3% Silt (0.075~0.015mm) 3:9%
Clay (<0.015mm) 6.4%
Cleanup Process Rate - - - 36.0 tons/hr
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Water Consumption

Water Treatment

Filter Pfess

Rubble
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Silt Sludge_Waste
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FIGURE 11: Logistical simulation model operation.

increase of soil moisture content is assumed as 10%. That
means that 3 tons of water is consumed per batch and 3
tons of make-up water is supplied to the water supply tank.
Recycling of wash from dewatering during the process could
be included in future revisions of the model.

5.8. Verification. Verification was performed to assure that
the simulation was working as intended.

In this study, the simulation model was verified by
checking the output of the simulation. In the simulation, we
can observe the visualized soil washing process and the waste
throughput. Once the simulation starts, 30 tons of soil per
hour is supplied to the feed hopper and the soil washing
system operates at 36 tons per hour. Due to difference
between the soil excavation rate and process rate, this system
can be maintained as a 1-hour batch process.

The object for comparison is the particle size distribution
that was input into the “source” object. Figure 11 shows a
screenshot during operation of simulation. In the feed hopper
on the left of the figure, soil particles in different colors are
mixed randomly according to the probabilistic input data for
soil particle size distribution. They are separated and treated
by “processors” according to their values in “item.type”
variable. As a result of simulation, separated and cleaned soils
are stacked in the “queues”.

Table 3 shows the process results after 2 hours of
operation. The results show that the process output is
approximately equal to the input meaning the simulation
is operating correctly according to the intended logic. The

model generates detailed processing data as a numerical table
or graphical chart as shown in Figure 12.

The system is shown to be operating in a batch process
as seen in Figure 12 which shows that the soil in the feed
hopper accumulates and is emptied repeatedly. The State
Pie diagram in Figure 12 shows utilization of the system
equipment elements.

6. Discussion

The purpose of this report is to suggest that the decommis-
sioning and site remediation projects can be optimized and
improved by applying simulations to the soil remediation
planning. In this section we discuss the application of
simulation to the soil remediation planning.

In a soil washing system batch or continuous operation
has advantages and disadvantages. In this study, the simula-
tion model used the batch process condition by controlling
the excavation rate and cleanup rate. The difference between
the batch and the continuous is not significant in system
operation. However, due to radioactive waste management
regulatory requirements may be necessary to process the soils
in batches based on site characterization and waste classifica-
tion. Batch operation can avoid the regulatory issues related
to blending radioactive wastes with different classifications.

Bottlenecks are a major concern in terms of efficient
operation of the system. Looking at the “State Pie” in
Figure 12, cyclones and filter presses at the downstream
are relatively free because the idle state is dominant, while
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FIGURE 12: Graphical report for soil washing (at 2 hours).
TABLE 3: Simulation results at 2 hours of operation.
Queue Rubble Gravel Sand Silt Sludge Total
Processed Soil (ton) 0.588 3.111 50.031 2.354 3.916 60.000
Ratio (%) 0.98% 5.19% 83.39% 3.92% 6.53% 100.00%
Input Data (%) 1.0% 5.3% 83.4% 3.9% 6.4% 100.00%
Error (%) -2.00% -2.08% -0.01% 0.51% 2.03% -

four upstream devices have very high utilization. This means
that the upstream devices are relatively overloaded and the
downstream devices are relatively overdesigned.

One way to prevent bottlenecks is to increase the device’s
capacity, but in terms of system maintenance and reliability,
it may be better to distribute the flow into parallel devices
rather than a single larger device. This preliminary simulation
model does not include the failure of the equipment or the
downtime due to maintenance; however a more detailed
simulation model will be able to evaluate system component
failure and scheduled downtime.

Figure 13 depicts a soil remediation and waste manage-
ment system. In this study we have modeled the soil washing
process (Module 2). Module 1 represents soil excavation
module in which excavated soil from the contaminated
site is transferred to a soil treatment system to clean the
soil. In Module 3, the waste management system is shown

downstream from the soil remediation process. For future
development of this model, we should develop Module 1 and
Module 3.

Process optimization requires making decisions in a com-
prehensive way, including cost, schedule, and resources such
as personnel and equipment. Figure 7 shows the potential
for using simulation in the planning phase [13]. We can view
the soil remediation system as a production system with
nuclear waste as the product. As we further develop our soil
remediation simulation model, we should include more detail
that will allow a holistic evaluation of the waste production
system.

7. Conclusions

In this study, we investigated the applicability of discrete
event simulation for a soil washing process for planning
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FIGURE 13: Expanded soil remediation process model.

site remediation. It was shown that a batch process such as
soil washing can be effectively modeled as a discrete event
process. Based on the literature review, efficient allocation of
resources and efficient waste management including volume
reduction can be achieved by use of the model for planning
the soil remediation process.

Furthermore, we suggest extending the scope of the
simulation model. The scope could extend beyond soil reme-
diation to include the entire site remediation process from
site excavation to waste management. This suggests that the
simulation model can be used as a tool for decision analysis
and planning of nuclear power plant decommissioning and
remediation projects.

In future work, a conceptual site model (CSM) as sug-
gested by NEA (Figure 2) should be developed to define
the site-specific problems to be solved by remediation. Site
characterization data should be incorporated in the CSM
when such data becomes available for Kori 1. At that time, a
more detailed simulation model can be developed to include
site soil properties, radionuclides of interest, and a specific
soil washing process. More broadly, site remediation starts
with a site investigation and development of the site con-
ceptual model and shows possibilities for the integration of
excavation, soil treatment, waste characterization, packaging,
storage, and worker dose exposure assessment.
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Data analyses of radioactive contamination of the RBMK-1500 reactor’s steam pipelines (SP) and components of high pressure rings
(HPR) are presented in this paper. Also, modelled results of the SP-HPR system are compared to the results of other RBMK-1500
systems at Ignalina NPP Unit 1. Characteristics of SP-HPR components, thermal-hydraulic conditions of the coolant, and system
operational regimes were evaluated employing the computer code LLWAA-DECOM (Tractebel Energy Engineering, Belgium).
The presented results complement radiological characterization activities and facilitate the decommissioning process of nuclear
facilities with RBMK type reactors. Analysis of the modelled results showed that the spread of radioactive contamination is very
uneven between different components of the SP-HPR. The overall activity level of deposits of the SP-HPR is mostly determined
by activated corrosion products and is lower than the activity level in the main circulation circuit (MCC) and nonpurified water

subsystem activity of the purification and cooling system (PCS).

1. Introduction

The Ignalina NPP is the only nuclear power plant in Lithuania
which was operating two Russian design RBMK-1500 type
reactors. Unit 1 was commissioned in 1983 and Unit 2 in
1987. The original design lifetime was projected for up to
30 years; however, Unit 1 was shut down at the end of
2004 and Unit 2 at the end of 2009. At the moment, both
units are under decommissioning. Such kind of reactors
and their technological systems are under decommissioning
for the first time in the world. Therefore, there is a lack
of knowledge about the radioactive contamination of such
kind of systems, especially about radionuclides important to
decommissioning and disposal. Moreover, it is worldwide
recognized that the radiological characterization is one of
the key issues then planning for decommissioning of NPPs.
Thorough radiological characterization ensures that proper
safety measures are used to reduce personnel exposure,
minimization of radioactive waste and optimal utilization of
disposal facilities and also minimization of costs [1, 2].
Surface contamination of the systems’ components with
radioactive substances is a result of the contaminated coolant
circulating within these systems. There are two mechanisms

for the coolant in technological systems to be contaminated
with radioactive substances: contamination by activated cor-
rosion products and contamination by fission products and
actinides [3].

Despite design and operational measures developed to
reduce corrosion of the technological systems, corrosion
products are released in kilogramme quantities per year
into most water-cooled reactor circuits [4]. Corrosion rate is
dependent on many factors, such as materials of components,
coolant chemistry, flow regime, and temperature [5]. Cor-
rosion products can be divided into soluble and particulate
types and are involved in different transfer mechanisms
between the coolant and the surface of systems’ components
[6]. Corrosion products are moved to the reactor core with
the coolant and activated by neutron flux. This neutron
activation is possible for both ions and particles. Activated
corrosion products flow with the coolant to the reactor
systems which are located outside of the core, where they
deposit on the surfaces of the components and cause their
surface contamination. The components located in the core
corrode as well, and due to erosion, these radioactive particles
are also transferred with the passing coolant to the systems
located outside of the reactor core [7].
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TABLE 1: Main SP-HPR components.

No. Name of the component Marking

1 Steam pipes from drum-separator to steam headers SP-HPR-1
2 Steam headers SP-HPR-2
3 Steam pipe between drum-separators SP-HPR-3
4 Steam pipes to turbine SP-HPR-4
5 Pipe to high pressure ring SP-HPR-5
6 High pressure ring SP-HPR-6
7 Inlet pipes of main steam relief valves and fast acting pressure reducing valve SP-HPR-7
8 Pipe to steam reception chamber SP-HPR-8

The fission process produces more than 200 radionu-
clides, either directly or indirectly by decay chains and in
case of claddings defect, these fission products can be released
from the fuel rods into the coolant and contaminate the sys-
tems outside of the core. Additionally, during manufacturing,
the outer surfaces of the fuel rods might be contaminated with
uranium oxide which in active zone will also form and release
to the coolant fission products as well [8].

2. Steam Pipelines and High
Pressure Rings (SP-HPR)

Steam pipelines (SP) and high pressure rings (HPR) ensure
the removal of steam from the drum-separators to turbines
and to accident localisation system, therefore protecting
the main circulation circuit (MCC) against overpressure.
The main SP-HPR components are listed in Table1 and a
simplified scheme is shown in Figure L

Steam by steam pipes (1) is supplied from two drum-
separators to four steam headers (2) for one MCCloop. Steam
from the middle of steam headers (2) via four main steam
pipes (4) is supplied to the turbine. Steam from headers (2)
via four steam pipes (5) is supplied to high pressure rings
(6) and then via pipes (8) to the accident localisation system’s
(ALS) steam intake chambers if overpressure conditions are
reached. In each HPR, there are one fast acting reducing
device (BRU-B valve) and six main steam relief valves
(MSRV) installed.

3. Methodology

There is a number of complicated processes related to
radioactive contamination of the systems described above.
Therefore, when modelling the whole contamination process,
it is necessary to consider such complicated processes as for-
mation of radioactive particles, their deposition on surfaces,
erosion of deposits and metal oxides, and transfer of particles
by the flowing coolant. To analyse these processes in great
detail, it is necessary to use complicated numerical solution
models, which require time-consuming calculations even
when the computational resources are relatively high. For this
reason, in practice simplifications are made by implementing
empirical and semi-empirical models in computer codes
(PACTOLE [9], CRUDTRAN [10], ACE-II [11], CATE [12],
etc.).

Assessment of the radioactive contamination of SP-HPR
components listed in Table 1 was done employing LLWAA-
DECOM computer code (Tractebel Energy Engineering, Bel-
gium). The code is used to model the activity deposited on the
surfaces of the components which is in contact with radioac-
tive liquid or gaseous fluids. The code uses a set of modelling
equations to estimate the Brownian diffusion velocity, the
particle velocity in the coolant, probabilistic settling of
particles, and the nuclides deposition and release rates. Its
application is validated for the range of input parameters that
is typical for nuclear reactors (turbulent flow of coolant, high
Re numbers, appropriate nuclide list, etc.). Moreover, many
codes are oriented towards evaluating activity of relatively
short-lived nuclides which are important while reactor is
still in operation; meanwhile, LLWAA-DECOM is intended
for evaluating activity of waste considering decommissioning
and disposal. The validation results of this code are presented
in [13], where it is demonstrated that there is rather good
agreement between the modelled and the measured results
of dose rates and the deposits activity.

Specific activity of the deposits on the walls of the system
components is described using the following equation [13]:

PV~ Kye oy (1= fropry) -

where W; is specific activity of ith nuclide of deposits,
[Bq/m*]; K stands for particle deposition coeficient, [m/s];
Cv; is specific activity of ith nuclide of the coolant, [Bq/m®];
frspr; is soluble part of ith nuclide in the coolant; K, stands
for particle relaxation coefficient, [s7]; A; is decay constant
of ith nuclide, [s™]; ¢ is time.

Particle deposition and erosion ratio is described by
complex deposition (K,) and relaxation coefficients (K,) for
operation cycles of systems. These coefficients on their own
are calculated taking into account the following aspects:

W; = (K, +1;)  (0)

(i) particle speed because of Brownian forces and
because of coolant flow velocity;

(ii) particle physical properties (diameter, density, and
solubility);

(iii) coolant characteristics (temperature, viscosity, Reyn-
olds number, average flow rate, and water pH);

(iv) parameters related to physical characteristics of sys-
tem’s components and operation characteristics of the
system itself.
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F1GURE 1: Simplified SP-HPR scheme.

In addition, local sensitivity analysis was performed for com-
ponents with the highest contamination level to determine
parameters that have the highest impact on uncertainty of
the modelling results. Additional runs of the model with
minimum (-20% of nominal value) and maximum (+20% of
nominal value) values of the parameters were necessary to
perform such analysis. In total impact of 10 input parameters
and volumetric activity of Co-60 and Fe-55 was analysed.

4. Results

Analysis of the modelling results on SP-HPR components’
contamination shows (Figure 2) that steam pipes to the tur-
bine (SP-HPR-4) and steam pipes from the drum-separator
to headers (SP-HPR-1) with steam headers (SP-HPR-2) are
the most contaminated components. The contamination of

other components is much lower and comprises less than 1%
of the contamination of the most contaminated component
(SP-HPR-4).

Such variation in the activity of the deposits on the
components is defined by different values of the relevant
system operation, geometric, and coolant characteristics in
the components of the system. There is no coolant filtration
in this system, and therefore the average coolant activity is
constant (an assumption that coolant is fully saturated during
the operation cycle). The difference in the deposits of the
components for the SP-HPR is mostly caused by the differ-
ences in coolant velocity. As stated in [18, 19], the particle
deposition rate increases as the velocity of the coolant
increases. This is related to the intensity of coherent structures
near the wall. Turbulent fluctuations of the coolant flow
increase, especially the normal component v’ of the turbulent
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FIGURE 3: The interrelation between the contamination level and the coolant velocity.

flow, therefore increasing the particle transfer towards the
walls. This dependency is also demonstrated in Figure 3. The
contamination level is higher of those components in which
the coolant flow velocity is higher. For instance, the average
coolant velocity through SP-HPR-4, SP-HPR-1, and SP-HPR-
2 components is high and therefore increases the particle
deposition rate.

The relative activity of radionuclides in the deposits is
changing because of the radioactive decay process. Changes
of the relative activity of radionuclides for the most con-
taminated component of SP-HPR are shown in Figure 4(a).
At the final shutdown of the reactor, Fe-55, Fe-59, Mn-54,
and Co-60 nuclides are dominant in the contamination of
the SP-HPR. The long-lived nuclide Ni-63 is dominant in

the deposits after 35 years since the short-lived radionuclides
(Fe-55, Co-60, Mn-54, and Fe-59) decay in a short period
of time. The activity of other long-lived nuclides remains
practically unchanged, so their contribution to the total
activity increases.

Nuclides that emit y radiation define the doses of direct
irradiation to workers during dismantling of the system com-
ponents. Changes of the radionuclides’ relative impact to dose
rate at the outer surface of the most contaminated component
of SP-HPR are shown in Figure 4(b). At the final shutdown
of the reactor, y radiation from the deposits on SP-HPR
components is mostly determined by Mn-54, Co-58, Fe-59,
and Co-60. But due to longer half-life, Co-60 is the most
significant contributor to the total dose rate five years after
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the final shutdown. Moreover, the total dose rate decreases
rapidly during the first 5 years (more than 90%) due to the
decay of short-lived radionuclides.

The scattering in the deposit activity ratio (at the final
shutdown of the rector) between the most (the top of the
bar) and the least (the bottom of the bar) contaminated

components of the SP-HPR, MCC [14], PCS [15], LSWS [16],
and CPSCC [17] systems compared to the activity of the MCC
characteristic component (main circulation pump, MCP) is
presented in Figure 5. As is shown in the chart, the activity
of SP-HPR is lower than that of MCC and PCS nonpurified
water subsystem. It is noteworthy that the deposit activity
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of SP-HPR system components is more scattered compared
to other subsystems. This is because HPRs are considerably
less contaminated than SPs. The most contaminated and the
least contaminated components of SP-HPR constitute about
27% and less than one-tenth thousands of percent of activity,
respectively, compared to the activity of the MCC MCP.
Scattering of relative deposit activity after final shutdown
of the reactor for a specific radionuclide of the SP-HPR and
other RBMK-1500 systems’ components is shown in Figure 6.
The top and the bottom of the bar represent maximum and
minimum relative activity of a components deposits per
radionuclide and per system compared to the total deposit
activity for those subsystem’s particular components. The
highest activity in deposits of the SP-HPR is caused by
radionuclides generated from activation of corrosion prod-
ucts as in other systems chosen for comparison. Scattering of
activity for SP-HPR components per radionuclide is similar as

in the MCC. For both systems, the highest activity in deposits
is from Fe-55: MCC 47%-58% and SP-HPR 47%-57% of total
activity. Fission products (as Cs-134 and Cs-137) in smaller
quantities are deposited on all systems’ components (except
CPSCC, which should not have nuclides that are generated
during nuclear fuel fission or transmutation because con-
taminated water from this system does not mix directly with
MCC water). The contribution of these radionuclides to the
total activity is rather small (usually less than 1%), so they are
marked as “other”.

Sensitivity analysis data on contamination of SP-HPR-4
component with Fe-55, which is the main contributor to the
total activity at the reactor’s final shutdown, are graphically
presented in a tornado diagram (Figure 7). The parame-
ters are presented in line with uncertainty importance on
the deposits contamination. Uncertainty of average coolant
velocity is the most important. Reduction of its value by 20%
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will give 40% decrease in the deposit contamination with Fe-
55. Increase of the coolant temperature (°C) parameter by
20% will result in increased deposit activity caused by Fe-55
by about 54%. Uncertainty of the activity of this radionuclide
in coolant is also important. Uncertainty of pipe diameter and
cycle length is not that important estimating the contribution
of Fe-55 to the contamination of SP-HPR-4 component.

Figure 8 shows sensitivity analysis data of the deposits
contamination with Co-60 of SP-HPR-4 component. Five
years after the final shutdown of the reactor, Co-60 is the
main contributor to the total dose. Similarly as with Fe-55,
the uncertainty of average coolant velocity has the highest
impact evaluating the SP-HPR-4 component’s contamination
uncertainty with Co-60. The velocity variation from -20%
to +20% from the nominal value will result in ~41% and
~56% activity variation, respectively. Uncertainty of fluid
temperature and Co-60 activity in the fluid are also of high
importance, whereas uncertainties of the diameter of the pipe
and the length of the cycle are not that important.

5. Conclusions

Component contamination of steam pipelines (SP) and
high pressure rings (HPR) was modelled and analysed in
this investigation. Modelling data were compared with the
contamination results of other systems of the RBMK-1500
reactor. Based on this, the following conclusions have been
drawn:

(1) Steam pipes to the turbine (SP-HPR-4) and steam
pipes from the drum-separator to headers (SP-HPR-
1) with steam headers (SP-HPR-2) are the most
contaminated components. Contamination of other
components is much lower and comprises less than
1% of the contamination of the component with the
highest level of contamination (SP-HPR-4) contami-
nation.

(2) Just after the final shutdown of the reactor, y radiation
from the deposits on SP-HPR components is mostly

determined by Mn-54, Co-58, Fe-59, and Co-60. But
due to longer half-life, Co-60 is the most significant
contributor to the total dose rate five years after
the final shutdown. Moreover, the total dose rate
decreases rapidly during the first 5 years (more than
90%) due to the decay of the short-lived radionu-
clides.

(3) Contamination of the SP-HPR system is lower in
comparison with the main circulation circuit (MCC)
and purification and cooling system’s (PCS) nonpuri-
fied water subsystem, and activity scattering amongst
the components of the SP-HPR is larger in compari-
son to other subsystems.

(4) Highest activity in deposits of the SP-HPR is caused
by radionuclides generated from activation of cor-
rosion products as in other RBMK-1500 systems.
The highest activity in deposits is from Fe-55, i.e.,
47%-57% of total SP-HPR contamination.

(5) Sensitivity analysis results showed that the most
important input parameters are average coolant
velocity, coolant temperature, and volumetric activity
in the coolant.
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HPR: High pressure rings

MCC: Main circulation circuit

MCP: Main circulation pump

PCS: Purification and cooling system
SP:  Steam pipelines.
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The management of spent nuclear fuel assemblies of nuclear reactors is a priority subject among member states of the International
Atomic Energy Agency. For the majority of these countries, the destination of such fuel assemblies is a decision that is yet to be
made and the “wait-and-see” policy is thus adopted by them. In this case, the irradiated fuel is stored in on-site spent fuel pools
until the power plant is decommissioned or, when there is no more racking space in the pool, they are stored in intermediate
storage facilities, which can be another pool or dry storage systems, until the final decision is made. The objective of this study is
to propose a methodology that, using optimization algorithms, determines the ideal time for removal of the fuel assemblies from
the spent fuel pool and to place them into dry casks for intermediate storage. In this scenario, the methodology allows for the
optimal dimensioning of the designed spent fuel pools and the casks’ characteristics, thus reducing the final costs for purchasing
new Nuclear Power Plants (NPP), as the size and safety features of the pool could be reduced and dry casks, that would be needed
anyway after the decommissioning of the plant, could be purchased with optimal costs. To demonstrate the steps involved in the
proposed methodology, an example is given, one which uses the Monte Carlo N-Particle code (MCNP) to calculate the shielding
requirements for a simplified model of a concrete dry cask. From the given example, it is possible to see that, using real-life data,
the proposed methodology can become a valuable tool to help making nuclear energy a more attractive choice costwise.

1. Introduction

In 2018 there were a total of 451 nuclear reactors in operational
conditions (i.e., connected to the electrical grid of their
countries) in the world. These reactors made up a total
of 0,391 TW of installed electrical power. That year, these
reactors utilized 65014 tons of uranium. In 2015, 2.44 trillions
of kWh was generated by thermonuclear sources, which
equals about 11.5% of all electrical energy produced that year
[1].

Depending on the operator’s decision, the spent fuel
discharged from a nuclear reactor goes through one of the
possible management strategies listed below [2].

(i) Once-trough cycle, when the fuel is sent to be dis-
posed in a repository.

(ii) Closed cycle, when the fuel is reprocessed and reused
in a nuclear reactor.

(iii) The “wait-and-see” policy, when the fuel is stored
indefinitely and the decision on either reprocessing or
disposal is made at a later moment.

Any one of these strategies demands that the spent fuel is
stored for an initial period of time.

Hogselius [3] argued that it is possible to consider the
exportation of spent fuel to countries that detain reprocessing
technology as a fourth possible policy. In general, the repro-
cessed fuel returns to its origin country after the operation.

Hogselius also identifies five factors that can influence the
decision of a country to opt for one of these policies. They are:
military ambitions and nonproliferation, technological cul-
ture, political culture and civil society, geological conditions
and energy policy [3].

A new approach that is also being considered is the
Advanced Fuel Cycle [4], which is considered to be a closed
cycle strategy whose goal is to use chemical separation


http://orcid.org/0000-0002-6736-2693
http://orcid.org/0000-0001-6502-2129
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/4309545

technologies to remove the constituents of the spent fuel that
contribute the most to its decay heat generated and volume,
such as separating pure uranium that can be reprocessed
or disposed as low-level waste and separating cesium and
strontium, removing the short-term heat load.

The three main objectives of pool storage of spent fuel
are cooling the fuel assemblies, shielding the workers, and
the public from radiation emitted from the fission products
present in the fuel and to avoid criticality accidents. A typical
spent fuel pool has a depth of approximately 12 m and an area
of 12 m x 12 m. The walls are usually built out of reinforced
concrete with 1.2 m to 2.4 m thickness. The inside walls of the
pool are lined with stainless steel [5].

Dry casks were first used in 1986 at the Surry power plant
as a temporary solution until a permanent destination was
defined. However, no permanent solution was ever put in
practice by the majority of operators [6].

The storage of spent fuel in dry casks has the same
basic safety objectives as storage in pools. However, for dry
casks, these objectives must be fulfilled without the use of
water and mechanical devices. Cooling must be achieved
passively, through air and the structural materials that are
used to construct the cask. Shielding is also achieved by the
choice of materials that make up the cask which may be
lead, concrete and/or steel, to attenuate gamma photons, and
metals or boron impregnated resins to attenuate neutrons.
The criticality control is achieved by the arrangement of
the fuel assemblies inside the cask and by racking baskets
that contain boron in their structure to absorb neutrons and
maintain the geometry of the fuel [5].

The decision begins with the choice of purpose of the
container, i.e., storage only or storage and transport. The main
difference between the two options is the fuel temperature
allowable for transport casks, as it needs to be considerably
lower so that the materials that are used comply with weight
and dimension requirements of available means of transport
[7].

The crucial technical parameters for a licensed dry cask
design are majorly defined by the characteristics of the fuel to
be stored or transported, especially its physical dimensions,
initial enrichment, burnup, and the initial cooling time after
the plant operation, which determines the heat generation
rate at the beginning of storage or transport [5].

A plan for the management of spent fuel that is elaborated
efficiently can result in the design of a spent fuel pool that
occupies a smaller area than one that is designed to store
for undetermined time the fuel from the whole life span of
a nuclear power plant.

The aim of the study presented in this paper is to propose
a methodology to optimize the time to remove fuel elements
from the initial storage spent fuel pools at reactor sites,
taking into account the refueling schedule of the power plant,
the isotopic concentrations in the fuel at the time of its
removal from the pool (i.e., the source term) and its storage
costs. In consequence, it is possible to determine the most
efficient dimensions for the spent fuel pool and the optimal
design features of an intermediate storage system, assuming
that, during the design stage of a new plant, it has been
determined that, sometime in its lifetime, the spent fuel will
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be moved to an intermediate facility that employs dry storage
casks. The proposed methodology is therefore intended for
countries that have chosen dry casks as solution for interim
storage of spent fuel and does not consider interim storage in
pools. It is assumed that regulatory requirements, such as the
mechanical limits of the casks and the spent fuel pool, are to
be addressed by the designer after the initial dimensioning
optimization is fulfilled, which is the goal of the proposed
methodology.

Spencer et al. [8] developed a methodology to optimize
the loading configurations of fuel assemblies in dry casks that
minimize the number of casks to be employed, their heat load
and the time at which they meet transportation requirements.
That study, however, does not intend to optimize, in terms of
cost, the design features of either the spent fuel pool nor of
those the dry casks.

Figure 1 presents a general description diagram of the
methodology proposed in this paper.

2. Materials and Methods: Steps Required for
the Application of the Methodology

The steps required for the application of the methodology are
listed below. They do not necessarily have to be followed in
this exact order.

(1) Definition of the operation scenario of the NPP.

(2) Definition of the type and average characteristics of
the fuel assembly to be used in the NPP.

(3) Simulation of the NPP’s operation using reactor
physics codes.

(4) Definition of the type of dry cask to be employed for
the intermediate storage of spent fuel.

(5) Modeling of the storage costs for the spent fuel pool,
in relation to the number of fuel assemblies to be
stored in it and modeling of the storage costs for
the chosen dry cask, considering the number of fuel
assemblies to be stored in it and the parameters of the
spent fuel at the time it is removed from the spent fuel
pool.

(6) Establishment of the dose rate limits at the points of
interest for the installation licensing.

(7) Establishment of the temperature limits of the struc-
tural materials that compose the dry casks.

(8) Market research of the costs involved in the construc-
tion of the spent fuel pool and the dry casks.

(9) Application of the obtained models and input data to
an optimization algorithm.

Figure 2 presents a flow diagram of all the steps involved and
the following sections describe them in further detail.

2.1. Operation Scenario. At this step, the main characteristics
of the NPP must be defined. They are the number of
units operating at the NPP, type of reactor, i.e., Pressurized
Water Reactor (PWR), Boling Water Reactor (BWR), etc.,
reactor power, duration of the refueling cycle, number of fuel
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FIGURE 2: Flow graph of the steps involved in the proposed methodology.

assemblies used in the reactor, number of fuel assemblies that
return to the reactor after a refueling outage and the life span
of the NPP.

2.2. Fuel Assembly Parameters. It must be observed that
inside a nuclear reactor there are fuel assemblies with dif-
ferent characteristics, arranged in such a manner to allow
for the correct and efficient operation of the plant. At each
refueling, this arrangement is altered and as such, it is difficult
to predict, at the design stage of the plant, the parameters
of all the fuel assemblies that will need to be stored. This
methodology uses as input data the parameters of a typical
fuel assembly that is usually employed with the chosen reactor
type and the hypothesis of equilibrium [9] is adopted.

The fuel assembly parameters that must be known are the
number of fuel rods per assembly, assembly pitch, assembly
height, initial UO, mass, initial enrichment and burnup.

2.3. Simulation of the NPP’s Operation. It is necessary that a
simulation of the operation of the plant is carried out, using
reactor physics codes. This simulation provides information
on the isotopic concentrations and residual heat present in
the irradiated fuel. It is also necessary to simulate how the
isotopic concentrations change and the decay heat decreases
during the time the spent fuel is stored in the pool.

2.4. Choice of Dry Cask Type. At this stage, the type and
characteristics of the dry casks to be employed must be



defined. They are: purpose (i.e., storage or storage and
transport); capacity (i.e., number of fuel assemblies that can
be stored in it); materials used for shielding; and heat removal
capacity.

2.5. Modeling of Storage Costs. It is necessary to obtain a
function that describes the costs involved in the management
of spent fuel, which is a function of the initial storage time
of the fuel in the spent fuel pool. A fraction of the cost is
independent of the time the fuel stays in the pool, such as
personnel and machinery involved in the transference of the
tuel to the dry casks and the costs for the construction of the
dry casks that are not dependent on the parameters of the
spent fuel assemblies.
As such, it is possible to define

Ctotul (t) = Csfp (t) + Ncaskccusk (t) + Cconst (1)

C(t) = Cypp (1) + NegeiCoasic (1) @)

where ¢ is the initial cooling time, i.e., the time the spent fuel
assemblies are stored in the at-reactor spent fuel pool, C,,,(t)
is the total costs of management of spent fuel, Cy,(?) is the
costs of storage in the spent fuel pool that are function of t,
N . is the number of casks that will be needed to store all the
fuel assemblies from the NPP’s life span, C,,(t) is the cost
of storage in one dry cask that is a function of ¢, C,,,, is the
fraction of the cost of storage that is not a function of ¢, and
C(t) is the total costs of the fuel storage which is a function
of t. Costs from racking space in the pool as a margin for
emergencies can be considered as part of C,,,,, as this does
not depend on the initial cooling time.

Figure 3 presents a sketch of the expected behavior of the
contributions of the spent fuel pool and the dry casks cost to
the overall cost of the spent fuel management.

For the spent fuel pool model, the defining parameter
is the maximum number of fuel assemblies that are to be
stored in it simultaneously. The costs associated with the heat
removal and shielding of the radiation from the spent fuel are
all lumped into a single value (Cy,) that represents the cost of
storage per fuel assembly in the pool.

The number of fuel assemblies stored simultaneously in
the pool depends on the rate of removal of fuel assemblies
from the reactor, in accordance with the refueling schedule
of the NPP, and the rate of removal of fuel elements from
the pool, after the initial cooling period. Figure 4 presents the
flow of fuel assemblies in and out of an at-reactor spent fuel
pool that may be shared by the # units of a NPP.

Cefp (t) can therefore be written as

const

Cypp () = Cpamax [N (,T)] 3)

where N(t,T) is the number of fuel assemblies in the pool
at time T from the beginning of the NPP operation and in
function of the initial cooling time t and max[N(¢, T)] is the
maximum value of N(t,T) during the life span of the NPP.
N(t,T) is thus defined as

T T
N@T) = JT N, (T)dT - JT N,, (6T)dT  (4)

0
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where N,,(T) is the number of fuel assemblies that are
placed in the pool at time T from the beginning of the NPP
operation and N (%, T) is the number of fuel assemblies that
are removed from the pool at time T and in function of the
initial cooling time .

As stated earlier, the outflow of fuel assemblies from the
pool depends on the time they stay in it for initial cooling.
However, in this optimization problem, the cost of the dry
casks is also dependent of the initial cooling time. The pricing
of the dry casks is related to the characteristics of the fuel
assemblies that are to be stored in them. The main parameters
to be taken into consideration are the number of assemblies
to be stored in a single cask, the decay heat and the activity
of the fission products still present in the fuel at the time of
transference to the casks [11]. These last two parameters are
functions of t.

The main radiation sources that should be considered for
the shielding design of a dry storage unit are primary gamma
rays emitted from fission products and actinides, gamma rays
from Cobalt-60 in the fuel assemblies’ structural materials,
secondary gamma rays from the radiative capture of neutrons
by cask materials, neutrons from subcritical and spontaneous
fission and neutrons emitted from («, n) reaction of fissile
material [6].

Chen et al. [12] made an accuracy and computational
efficiency comparison of dose rate calculations for a spent
fuel storage cask using the MCNP and SAS4 (Shielding
Analysis Sequence 4) computer simulation codes, whose
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main differences are the cross-section libraries and the
imbedded variance reduction techniques MCNP has. In
this comparison, MCNP’s overall performance was better,
although SAS4 was more efficient when the only concern was
the dose rate measured at the side of the cask.

Gao et al. [6] used MAVRIC (Monaco with Automated
Variation Reduction using Importance Calculations) to com-
pare the dose rate distributions, with high level of detail,
of a TN-32 cask, designed by Transnuclear [13], with two
geometry models and two cross-section datasets. The study
concludes that primary gamma rays contribute to ~91% of the
total dose rate at the side surfaces of the cask and to ~99% at
the top surface.

It is assumed for this study that measures for maintaining
the subcriticality are guaranteed by the geometry of the
positioning of the fuel assemblies inside the casks and by the
use of boron in the spacing baskets inside the casks. The costs
that result from these measures are not considered in this
analysis, though they will be considered in future studies, as
optimal positioning of the fuel assemblies in the casks might
contribute to reducing the costs of boron used in the spacing
brackets.

2.6. Dose Rate Limits. The dose rate limits to be respected
by the dry cask design are those that are established by the
regulatory agencies of each country. These limits will establish
the minimal shielding capacity that the cask designer must
demonstrate.

In the United States, these limits are established in
accordance with 10 CRF part 72 [14]. However, as observed
in NUREG 1536 [15], the federal regulation does not impose
specific dose rate limits for individual dry casks, as acceptable
dose rates depend on various factors, such as the geometry
of the dry casks array, time the workers need to stay in
the vicinity of the casks and the proximity to areas usually
inhabited by workers. In previous evaluations, in the light of
10 CFR part 72 [14], US NRC has accepted dose rates ranging
from 0.2 mSv/h to 4 mSv/h. NUREG 1536 [15] also states that
the dose rates must be calculated at a distances of 1 m from
points such as the surface of the cask and the air vents, as these
dose rates typically contribute to the exposure of the workers.

2.7. Temperature Limits. The temperature limits of the mate-
rials that compose the selected dry casks, as well as their heat
removal capacities, define the maximum decay heat allowed
for the fuel assemblies to be stored in them.

Li et al. [16] presented a thermal analysis of a vertical
storage dry cask containing 32 fuel assemblies with a total
decay heat load of 34 kW using the ANSYS/FLUENT code.
Several configurations of cannister fill gas, internal pressure
and basket material were studied in order to determine peak
cladding temperature and cannister surface temperatures.
For this study, the dry cask was modeled after the HI-STORM
100 system by HOLTEC International [17].

2.8. Market Research. To obtain results with economic rele-
vance, its necessary that a market research is carried out in
order to estimate the costs of storage per fuel element in the
spent fuel pool and the costs for the acquisition of the dry

casks with the minimal parameters to guarantee the integrity
of the fuel assemblies stored in them and that the minimal
shielding capacity that must be fulfilled.

The change of unit costs over time was not considered in
this analysis, though it might be the subject of future studies
with the contribution of specialists in the economics field.

2.9. Optimization. The final step is the coding of an optimiza-
tion algorithm, using all the data gathered up to this point, to
obtain the optimal time to remove the fuel assemblies from
the spent fuel pool and transfer them to the dry casks. The
fuel assemblies’ parameters, the NPP operational data, and
the values obtained from the market research are used as
input data to the problem. The function that models the sum
of spent fuel pool and dry casks costs is used as a fitness
or objective function to be minimized. The temperature and
dose rate limits are used as restrictions for the algorithm.

3. Example of Application

3.1. Hypothetical NPP. To demonstrate the methodology;, it
is necessary to establish a hypothetical model of a NPP that
will operate in accordance with the premises adopted for this
study. This NPP will be referred to as the Hypothetical NPP
or the HNPP.

The HNPP is comprised of one reactor unit of the PWR
type, whose electrical power is 640 MW. Its main parameters
are as follows:

(i) Number of fuel assemblies: 121.
(ii) Number of fuel rods per assembly: 235.
(iii) Fuel assembly pitch: 19.82 cm.
(iv) Fuel assembly height: 4 m.
(v) Initial UO, mass per Fuel Assembly: 0.47 MTU.
(vi) Average refueling enrichment: 4.0%.
(vii) Average Maximum Burnup: 55000 MWd/t.
(viii) Refueling frequency: 12 months.
(ix) Fraction of the core that is removed after refueling:

~33%.

It is established that the HNPP will operate for 60 years, will
only be shut down for refueling and that it will operate at its
nominal power during its whole life span.

The following simplifications will be adopted for the
HNPP operation:

(i) From the first operational cycle, it is considered that
the core is at equilibrium.

(ii) At each refueling, the new core will have the same
configuration as the one before it.

(iii) All the fuel assemblies that are going to be stored have
the same isotopic concentrations and decay heat. In
this case the average parameters were adopted, in view
of the available data.

(iv) Only normal operation will be considered. Accidental
scenarios are not studied.



Considering that the reactor core has 121 fuel assemblies and
that approximately one-third of them is removed during a
refueling outage and assuming that ~1% of these assemblies
fail and must remain in the spent fuel pool, we can assess
that 40 fuel assemblies will be removed at each refueling
operation. For this reason, a dry cask design that can store 24
fuel assemblies was chosen, similar to the one made available
by HOLTEC with their HI-STORM 100 system [17], and two
of them (with 20 fuel assemblies each) will be needed for each
refueling operation.

As the life span of the HNPP is 60 years, refueling is
carried out every 12 months, and in the last year of operation
the whole fuel will be removed from the reactor core, the total
number of dry casks that will need to be purchased is

N, = 124 (5)
The failed fuel assemblies will not be considered in the
example, as they require special analysis before disposal.

3.2. Dry Cask Selection. A single purpose cask design, i.e.,
storage only, was selected for this example. The simplified
model of the cask comprises an internal cylindrical canister
which holds up to 24 fuel assemblies arranged in baskets
where 20 assemblies will be stored.

An outer concrete cylinder provides shielding from the
radiation within. Two concrete lids, at the top and at the
bottom provide shielding from the radiation that may come
from those directions.

Air ducts in between the two cylinders allow for the
passive removal of decay heat from the fuel. Boron injected
traps placed in the air ducts ensure that no radiation flows
through the air inlets at the bottom of the cask and the outlets
at the top of the cask.

3.3. Spent Fuel Data. For this example, the fuel data was
obtained from NUREG 7227-“US Commercial Spent Nuclear
Fuel Assembly Characteristics: 1968-2013” [10]. This docu-
ment provides a compilation of fuel assemblies from BWR
and PWR reactors arranged by various burnup, initial enrich-
ment and initial cooling time values. In this document,
with data obtained from the GC-859 database, simulations
were carried out using the ORIGEN code and information
such as decay heat, isotopic concentrations and activity were
presented.

The document presents these values for initial cooling
times of 5 hours, 1 day, 90 days, 1 year, 5 years, 10 years, 100
years and 200 years, for three PWR and three BWR groups
arranged in accordance with the year the fuel assemblies were
removed from their respective reactors. This arrangement
coincidentally places the assemblies in groups with roughly
similar median initial enrichment and burnup values [10].

From the PWR-3 group, where the HNPP reactor param-
eters fall, the isotopic concentrations and activity data were
obtained. The values that occur in between the available
initial cooling times were interpolated.

3.4. Cost Modeling. The model that represents the costs of
the spent fuel pool is used as described in Section 2.6. The
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FIGURE 5: Model for the thickness of the materials used for the
shielding of radiation.
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FIGURE 6: Approximate model of the radioactive source inside the
cask.

model that represents the costs of the dry casks is described
as follows.

Figure 5 shows the model for the thickness of the
materials used for the shielding of radiation from the source
comprised of the fuel elements inside the cask, where L, is
the air ducts thickness and L, is the concrete layer thickness.
The stainless steel lining of the inner cask, represented by the
dotted line, is not considered in this example, as well as the
contribution of the air in the cooling ducts, so L, = 0 cm. The
influences of the structural materials of the fuel assemblies
and the boron injected baskets are also not considered. These
assumptions make the example analysis more conservative.

The bundle of 20 fuel assemblies that make up the source
inside the cask are then approximated to a cylinder, as
described by Figure 6 and Equations (6) and (7). The approx-
imation considers the 24 available slots for fuel assemblies
inside the cask, even though 4 of them are left unused. For
this example, as the approximation considers a homogeneous
cylindrical source, it does not matter which slots remain
empty. The empty slots may contribute to optimizing the
shielding capacity of the cask and must be considered in a
more accurate model of the source.
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r’= (3LFA)2 + Ly (6)
VS = T[rthA (7)
where

r is radius of the cylinder that approximates the
geometry of the source.

Ly, is length of the side of the fuel assembly.
hpg, is height of the fuel assembly.
V' is source volume.

From the values defined in Section 3.1,
r=60.71lcm (8)

Vg = 46.324m’ )

Considering that the mass of UO, in one fuel assembly is 0.47
MTTU, for the whole source term, the mass of UO, in a single
cask is 9.4 MTU.

The cost of the whole array of dry casks, as considered in
this example, is then defined as

2
Ccask = Cchask [T[ (T + Lc) (hFA + 2LC) - VS] (10)

where C, is the cost per unit volume of concrete and L. is the
concrete shielding thickness.

In a more realistic case, (10) must include the other
contributions to the cost of the cask array, as defined by the
analyst.

3.4.1. Concrete Thickness Calculation. As stated in Section 2.7,
in the past US NRC has accepted dry casks designs that
could demonstrate dose rates ranging from 0.2 mSv/h to
4 mSv/h [15]. Both the lower and upper boundaries were
chosen for this example, with the objective of demonstrating
the influence the dose rate limits has on the optimization
process, as part of a simple sensitivity analysis. It was decided
that these dose rates would be calculated at a point located 1
meter away from the lateral surface of the cask, measured at
its centerline as it is expected that it is where the dose rate is
highest for the cylindrical source considered.

The calculation of the thickness of concrete needed to
limit the dose rates was done with the MCNP code [18]. To
accomplish this, the geometry of the cask was modeled on the
MCNP input file and the concrete thickness was varied from
10 cm to 50 cm in increments of 10 cm. The dose rates were
measured with a ring detector tally, centered at the Z axis and
with radius equal to 1 meter plus the thickness of concrete
shell and the radius of the source cylinder.

To simplify this model, the only isotope that was con-
sidered in the source was Cesium-137, because at each decay
it emits a photon with a fixed energy of 0.6617 MeV, which
is high enough so that it penetrates the shielding and can
be measured at the detector. The detector tally was modified
such as the results would be presented in pSv per 1 Bq
activity in the source. To obtain the actual dose rate on the
measured location, this value is then multiplied by the activity

TABLE I: Activity and mass of Cesium-137 in the spent fuel per MTU
(adapted from [10]).

Cesium-137 - PWR-3 (47 GWd/MTU)

Initial Cooling Time Activity (Ci/MTU) Mass (g/MTU)
5 hours 1.48E+05 1.71E+03
1 day 1.48E+05 1.71E+03
90 days 1.47E+05 1.70E+03
1 year 1.45E+05 1.67E+03
5 years 1.32E+05 1.52E+03
10 years 1.I8E+05 1.36E+03
50 years 4.68E+04 5.39E+02
100 years 1.48E+04 1.71E+02
200 years 1.48E+03 1.71E+01

TABLE 2: Activity and mass of Cesium-137 in the spent fuel per cask.

Inital Cooling Time Activity (Ci) Mass (g)

5 hours 1.39E+06 1.61E+04

1 day 1.39E+06 L.61E+04

90 days 1.38E+06 1.60E+04

1 year 1.36E+06 1.57E+04

5 years 1.24E+06 1.43E+04

10 years L.11E+06 1.28E+04

50 years 4.40E+05 5.07E+03

100 years 1.39E+05 1.61E+03

200 years 1.39E+04 1.61E+02
TABLE 3: MCNP simulation results.

Concrete

thickness Doszgjll:c(ie(c;gva)tt the Relative Error

(cm)

10 5.36E-08 0.0109

20 2.18E-10 0.0495

30 6.36E-13 0.0712

40 1.86E-16 0.1721

50 1.90E-19 0.1095

of the source. This approximation underestimates the activity
of the source, but serves the purpose of demonstrating
the methodology. Table 1 presents the activity and mass of
Cesium-137 in the spent fuel per MTU and Table 2 presents
these values for the mass of initial UO, in one dry cask
[10]. Table 3 presents the results obtained from the MCNP
simulations.

The MCNP user manual [18] states that for a measure-
ment at a point or ring detector to be reliable, its associated
relative error must be smaller than 0.05. Due to restraints to
hardware resources available for this study, this desired value
could not be reached. However, as the order of magnitude of
the values with the lowest relative error achieved were in the
expected range, it was decided that they were acceptable for
demonstration purposes of this example. The values that fall
in between the 10 cm increments were interpolated.



3.5. Decay Heat Removal. The calculation of the heat removal
capacity of dry casks is usually done using Computational
Fluid Dynamics (CFD) codes. The purpose of such studies is
to determine the behavior of the materials chosen and verify
if they fulfill the cooling requirements [19]. For the present
example, heat removal analysis was not carried out, and it
is assumed that the temperature limits of the materials are
always respected. In a real case, these limits would be used
as boundaries for the optimization algorithm.

3.6. Market Research. For this example, a market research
was not done. Instead, the values for the storage per fuel
assembly in the spent fuel pool and for the unit volume of
concrete used in the dry casks were varied and the algorithm
was run several times. This was carried out as part of the
sensitivity analysis presented in Section 4.

3.7. Optimization Algorithm. For the example, the final step
of the methodology, which is the optimization algorithm
execution, was done using the “Global Optimization” toolbox
available in MATLAB® [20]. The chosen method was the
Genetic Algorithm.

Genetic algorithms are inspired by the evolutionist the-
ory, in which the stronger individuals have a better chance to
pass on their genes through reproduction. Natural selection
dictates which individuals’ characteristics in one generation
survive to the next. The two basic operators that create
new solutions from the previous generation’s solutions are
crossover, in which two individuals’ genes are combined to
form new individuals; and mutation, that introduces diversity
to the population and avoids premature convergence to
an optimal solution that may not be the global one. The
suitability of an individual solution to an objective function,
called fitness, determines the probability that it survives to the
next generation [21].

Functions to calculate the costs of the dry cask and the
spent fuel pool, as well as for calculating the dose rates
measured at the point located at 1 meter from cask surface
location were coded. The fitness function to be minimized
was defined as equal to the sum of the dry cask and pool costs
and the dose rate function was used as a constraint for the
algorithm.

4. Results and Discussion

To evaluate the behavior of the optimization algorithm, as
well as the effects of changes in the input parameters of
the problem on the algorithm’s output, a simple sensitivity
analysis was carried out. For this, the values for dose rate
limits and unit prices for the storage per fuel assembly at the
pool and cubic meter of concrete were varied in relation to
each other.

Table 4 presents the sensitivity analysis for the Cesium-
137 fraction of the source obtained from the Genetic Algo-
rithm for a dose rate limit of 0.2 mSv/h and for a dose rate
limit of 4 mSv/h. The unit prices are measured in Monetary
Units (M.U.) and are displayed within a range where changes
to the results could be observable. The parameters of the sce-
nario and the simplifications made during the development

Science and Technology of Nuclear Installations

of the example defined the range where these changes could
be observable.

Analyzing the results, it is noticeable that, for the algo-
rithm to work in a range where changes in the result can be
observed, the value of a cubic meter of concrete must be high
in relation to the storage cost of a fuel assembly in the pool.
This is a consequence to the simplification of the dry cask
model used for this example, as in a real design, there are
other characteristics that depend on parameters of the spent
fuel that vary with the initial cooling time, such as materials
for neutron shielding and passive decay heat removal features.

Secondly, it is observed that the example scenario is much
more sensible to changes in the concrete shielding thickness
than it is to changes in initial cooling time, for example, an
increase of 1 mm to shielding thickness has a larger impact on
the measured dose rate than an increase of 12 months in initial
cooling time. This can be explained by the choice of only using
Cesium-137 as the source for this example, as this isotope has
a long half-life (approximately 30 years), and changes in its
activity are more noticeable at long term. Also, the higher the
dose rate limit is, the smaller is the increment or decrease in
shielding thickness necessary to compensate for changes in
initial cooling time.

To observe how the algorithm behaves when a more
diverse source term is present, a second sensitivity analysis
was carried out using a source with the decay characteristics
of Cesium-137 (i.e., one photon with energy of 0.6617 MeV)
and the activity at various initial cooling times for the whole
spent fuel isotopic composition obtained from (USNRC,
2015) [10]. This adaptation of the source does not have by any
means the objective of representing the actual source inside a
dry cask, but it is useful as a tool to evaluate the sensitivity
of the optimization algorithm, as it has a steeper decrease
curve than the source comprised solely of Cesium-137. Table 5
presents the activity values for different cooling times of this
adapted source.

Table 6 presents the sensitivity analysis of the Genetic
Algorithm using the adapted source for both 0.2 mSv/h and
4 mSv/h dose rate limits, once again presented at unit costs of
fuel assembly and concrete unit costs intervals where changes
in the algorithm output can be observed.

As can be observed, using the adapted source with a
steeper activity decrease allowed for more noticeable changes
in the results, i.e., longer initial cooling times allowed for
larger decreases in shielding thickness in comparison to the
Cesium-137 only source.

It also possible assess that the fitness function has many
local minima that correspond to the points where the dose
rate at the detector is closest to, but not greater than, the
normative dose rate limit. What determines if one minimum
is better than another is the relation between unit costs for
spent fuel cost per fuel assembly and cubic meter of concrete.

Further data, such as dose rate at 1 m from the surface
of the cask and minimal capacity needed for the spent fuel
pool can then be obtained for the optimal values of a given
scenario of dose rate limit, choice of source and unit costs for
fuel assembly storage in the pool and cubic meter of concrete.
For example, using the adapted source, the 4 mSv/h dose rate
limit and unit costs of 25 M.U. for storage of fuel assemblies
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TABLE 5: Activity for all the isotopes in the spent fuel (adapted from
[10]).

o . . Activity per MTU
Initial Cooling Time (Ci/MTU)
5 hours 7.53E+07
1 day 5.61E+07
90 days 7.79E+06
1 year 2.98E+06
5 years 8.02E+05
10 years 5.56E+05
50 years 1.81E+05
100 years 5.81E+04
200 years 1.15E+04
450 T T T T T
400 -
350 + i
» 300 - e
2
E 250 | |
2
< 200 ;
L
=}
F150 _
100 - i
50 + g
0 1 1 1 1 1
0 10 20 30 40 50 60

Years

FIGURE 7: Spent fuel pool occupation for an optimal initial cooling
time of 121 months and dose rate limit of 4 mSv/h.

and 10000 M.U. per cubic meter of concrete, we obtain the
values presented in Table 7.

It is important to remember that these costs are the
fraction of the cost that depends on the initial cooling time
and that they do not include the costs that are constant in
relation to that variable.

Figure 7 presents the occupation of the spent fuel pool
for this scenario. In this case, the occupation of the pool
is constant after reaching maximum capacity because the
optimal cooling time of 121 months coincides with the
scheduled month for refueling of the reactor, as expected.
As such, the vacant racking space left by the fuel moved to
the casks is immediately occupied by the fuel removed from
the reactor and the technical parameters of the removed fuel
assemblies are at their optimal values, within one cycle, for
storage in the casks.

Finally, for purposes of comparison, Table 8 presents the
optimal result data for the same unit cost values used in
Table 7, but using instead the dose rate limit of 0.2 mSv/h. As
expected, the overall costs increase in comparison to when
the 4 mSv/h limit is applied.
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The results obtained from the example show that, follow-
ing the steps established by the methodology, the user can
obtain the desired information, which is the optimal time, in
relation to overall cost, to remove the spent fuel assemblies
from the spent fuel pool and move them to dry casks as well
as several data of great value for the designer of a new NPP.

5. Conclusions

This study had the purpose to establish a methodology for
the optimization of the management of spent nuclear fuel
assemblies. Some simplifications were necessary in order to
present the example given, allowing for the development of
the methodology utilizing the available resources.

It is not the intention of the authors that the results
obtained from the presented example are directly applied
to the design of an installation, but rather, to demonstrate
the steps necessary for the application of the proposed
methodology, with real data and more detailed models, to
allow for the reduction of the initial investment of purchasing
a new plant.

5.1. Limitation of the Study. Many uncertainties exist before
the operation of a nuclear power plant. Political and financial
decisions, as well as unforeseen events, such as accidents that
alter the public perception of the use of nuclear energy, may
result in the change of the fuel management policy adopted
by any nation. Problems such as the lack of resources to
acquire dry casks during the operation of the plant may
cause the capacity of the spent fuel pool to be compromised,
which in turn may demand that the plant is shut down until
the problem is resolved. In the same manner, technological
development may make dry cask design and manufacturing
cheaper, making them more advantageous options than they
were during the application of the methodology at the design
stages of the power plant. The proposed methodology cannot
foresee such issues and further studies might be needed to
include an approach to address them.

The methodology also only deals with a scenario where
a country opts for using dry casks as a solution for interim
storage and does not apply to those countries that may choose
to store their spent fuel in independent pools, limiting the
scope of its application.

The adoption of the core Equilibrium Hypothesis might
also limit the application of the proposed methodology as
variations in the core configuration during the life span of
the NPP can impair the results obtained by the optimization
process. Further studies focused on this issue might also
benefit and improve the methodology.

Further investigations include the refinement of the
shielding and source models, including activated structural
materials, decay heat analysis, and a detailed market research,
with the contribution of specialists in the economic field,
to obtain realistic values for the unit prices of the shielding
materials and spent fuel pool construction, including their
variation with time.

6. List of Symbols and Acronyms
BWR: Boiling Water Reactor.
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TABLE 7: Optimal result data for a given set of example parameters

with 4 mSv/h as the dose rate limit.

Source Adapted
Dose Rate Limit 4 mSv/h
Cubic Meter of Concrete

Unit Cost S000 M.U.
Storage Cost per Fuel

Assembly in the Pool 9O M.U.
O.ptlmal Initial Cooling 121 months
Time

Optimal Shielding

Thickness 297.002 mm
Spent Fuel Pool Minimal 400 Fuel Assemblies
Capacity

Spent Fuel Pool Cost 3600 M.U.
Dose Rate at 1 m from Cask 4 mSv/h
Surface

Concrete Volume for 3
Whole Cask Array L5 m

Cost of Whole Cask Array 6.9126 x 10° M. U.
Cost per Fuel Assembly

Stored Dry 2787.33 M.U.

TaBLE 8: Optimal result data for a given set of example parameters

with 0.2 mSv/h as the dose rate limit.

Source Adapted
Dose Rate Limit 0.2 mSv/h
Cubic Meter of Concrete

Unit Cost 5000 M.U.
Storage Cost per Fuel

Assembly in the Pool SOM.U.
O'ptlmal Initial Cooling 433 months
Time

Optimal Shielding

Thickness 300.000 mm
Spent Fuel Pool Minimal 1440 Fuel Assemblies
Capacity

Spent Fuel Pool Cost 129,600 M.U.
Dose Rate at 1 m from Cask 0.2 mSv/h
Surface

Concrete Volume for 3
Whole Cask Array 1124 m

Cost of Whole Cask Array 6.9703 x10° M.U.
Cost per Fuel Assembly

Stored Dry 2810.60 M.U.
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CFR: Code of Federal Regulations.

C, 5 (1): cost of one dry cask that is dependent on t.
Cyf, (1): cost of spent fuel pool that is dependent on #.
C,pral(1): total cost of management of spent fuel.

hg,: height of a fuel assembly.

HNPP: Hypothetical Nuclear Power Plant.

L.: concrete shielding thickness.

Lp,: length of the side of a fuel assembly.

M.U.: Monetary Units.

MAVRIC: Monaco with Automated Variation Reduc-
tion using Importance Calculations.

max[N(t, T)]: number of fuel assemblies in the pool
at time T in function of t.

MCNP: Monte Carlo N-Particle.
MTU: Metric Ton of Uranium.
N, total number of dry casks.

N,,(t): number of fuel assemblies that are placed in
the pool at time T.

N,,(t): number of fuel assemblies that are removed
from the pool at time T and in function of t.

NPP: Nuclear Power Plant.

NUREG: United States Nuclear Regulatory Commis-
sion Regulation.

PWR: Pressurized Water Reactor.
SAS4: Shielding Analysis Sequence 4.
t: initial spent fuel cooling time.

T: time from the beginning of the power plant
operation.

UO,: Uranium Dioxide.

US NRC: Unite States Nuclear Regulatory Commis-
sion.

V: volume of the source.

Data Availability

C(1): costs of management of spent fuel that depend
on the initial cooling time ¢.

C,: cost per unit volume of concrete.

C,onst costs that do not depend on the initial cooling
time .

Cpy: cost of storage per fuel assembly in the pool.

CFD: Computational Fluid Dynamics.

The MCNP simulated radiation dose data used to support
the findings of this study are included within the article.
The Spent Nuclear Fuel Assemblies Characteristics data
supporting this study are from previously reported studies
and datasets, which have been cited. The processed data are
included within the article.
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For the proposed novel procedure of immobilizing HLW with magnesium potassium phosphate cement (MKPC), Fe,O, was added
as a modifying agent to verify its effect on the solidification form and the immobilization of the radioactive nuclide. The results
show that Fe, O, is inert during the hydration reaction. It slows down the hydration reaction and lowers the heat release rate of
the MKPC system, leading to a 3°C-5°C drop in the mixture temperature during hydration. Early comprehensive strength of Fe,O,
containing samples decreased slightly while the long-term strength remained unchanged. For the sintering process, Fe,O, played
a positive role, lowering the melting point and aiding the formation of ceramic structure. CsFe(PO,), or CsFePO, was generated
by sintering at 900°C. These products together with the ceramic structure and absorption benefit the immobilization of Cs*. The
optimal sintering temperature for heat treatment is 900°C; it makes the solidification form a fired ceramic-like structure.

1. Introduction

The utilization of nuclear energy resulted in the accumulation
oflarge amounts of liquid high-level radioactive waste (HLW)
which contains environmentally hazardous elements like
plutonium and other actinides in addition to fission and cor-
rosion products [1]. Safe disposal of HLW is of key concern in
the application of nuclear energy. The dominant technology
for the solidification of HLW is vitrification. Generally, the
technology of immobilizing HLW through vitrification does
not ensure the complete immobilization of radionuclides
due to the low hydrothermal stability of the glass produced
[2]. In recent research, the incorporation of radionuclides
into crystalline phases (pyrochlore, zircon, zirconolite, etc.)
that are analogs to natural minerals and that have high
radiation and chemical stability is considered as an alternative
way for vitrification. Various methods were proposed for
the preparation of mineral-like matrices, e.g., cold pressing
and sintering or hot pressing or induction melting in a
cold crucible [3]. As alternative materials for vitrification,
various matrices were proposed for immobilization of HLW

including hydrothermal synthetic rock [4-6], ceramics [2],
and Portland cement [7].

Magnesium phosphate cements (MPCs) are cementitious
materials that are formed through a solution acid-based reac-
tion between dead burnt magnesia and phosphate. Retarder
and mineral admixtures may be added during hydration
reaction to achieve proper workability or specific properties
[8-10]. Formed at ambient temperatures and exhibiting prop-
erties like ceramics, MPCs are also termed chemically bonded
phosphate ceramics [11]. MPCs have several advantages over
conventional Portland cement such as rapid setting time,
high early strength, good bonding with Portland cement,
little drying shrinkage, and better resistance to abrasion, etc.
[12]. These superior properties lead MPCs to be widely used
in various engineering structures, especially in emergency-
repairing as well as in the solidification of hazardous materials
(13].

Earlier MPCs featured a “two-part” system, consisting
of dead burnt magnesia and a soluble orthophosphate, i.e.,
NH,H,PO, (ADP) or KH,PO, (KDP) [14]. However, the
hydration reaction is too fast to allow enough time for
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operation. Subsequently, a “three-part” MPC system based on
magnesium and phosphate was prepared with the addition of
retarders [15]. The use of sodium triphosphate (STP), boric
acid (H;BO;), or borax (Na,B,0,-10H,0) as retarders has
been reported in recent literature [16, 17]. Particularly, borax
has been widely used in academic study and commercial
application due to its easy storage and effectiveness [8].

Since the reaction between MgO and ADP releases
ammonia, in consideration of the secondary pollution con-
trol, we prefer to adopt the magnesium potassium phosphate
system as the raw material. The hydration reaction is gov-
erned by [18]

MgO + KH,PO, + 5H,0 — MgKPO, - 6H,0 (1)

Nuclear reactors periodically unload spent fuel contain-
ing unburnt nuclear fuel, abundant fission fragments, and
their decay products [19]. To achieve intensive utilization
of limited uranium resources, spent fuel should be recycled
by postprocessing such as PUREX [20]. Postprocessing dis-
charges aqueous HLW that carries most of the radioactive
activity and toxicity from the spent fuel, making aqueous
HLW the most important radioactive waste that needs to be
handled.

As shown in the reaction equations, aqueous HLW could
be directly immobilized by the introduction of binding
agents. The cement-like solidification process is characterized
by its low energy inputs, the simplicity of realization, as well
as the minimization of secondary radioactive waste, and the
low mobility of the nuclide ion. Compared to conventional
cementation, MKPC has perceptible advantages: possibility
of solidifying liquid wastes within a wide range of pH, high
loading capacity toward HLW, etc. Interest in the use of bind-
ing phosphate materials for radioactive waste immobilization
has risen during last few years. Singh et al. investigated
immobilizing **Tc with MKPC Ceramicrete. The solidified
form was achieved and had a comprehensive strength no
less than 30 MPa. The solidification mechanism of *Tc
was proven to be the combination of mechanical enclosing
and chemosetting [21]. Vinokurov et al. studied to solidify
simulated HLW with MPC at ambient temperatures. Results
show that the density of solidified form is 1.7 g/cm’® while
its comprehensive strength exceeds 20 MPa. The leaching
resistance conforms to relevant standards [1]. Wagh et al.
attempted to solidify radioactive waste containing Pu with
MPC. Pu** was translated into Pu** (Insoluble oxide) first to
reduce the solubility and then achieve better immobilization.
Testing shows that Pu** was well immobilized through both
the chemical stabilization and the physical encapsulation [22,
23].

Scientists of ANL (USA) offered the use of phosphate
materials (Ceramicrete) for immobilization of low-level and
technetium-containing simulant waste solutions as well as
for incorporation of Pu-containing ash. At the Khlopin
Radium Institute (Russia) and INEEL (USA), the possibility
of incorporating a simulant of low-level ash remainder of
combustible radioactive waste into iron phosphate matrices
was also studied [1].
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In our previous study, a novel procedure of HLW immo-
bilization was developed in which the liquid HLW was
added as a substitute for the mixing water of the MKPC
system. This procedure makes the processing very simple
and direct. The solidified form has advantages over glass
solidification or synroc solidification in terms of chemical
stability and heat resistance, etc. Further study showed that
the MKPC solidification form has good thermal resistance;
it keeps intact even after sintering at 1400°C for hours, and
the sintering makes MKPC form into real fire ceramics.
In consideration of the heat releasing of the HLW, the
MKPC form needs to withstand quite high temperatures
after the HLW disposal. So, we believe that the presintering
is beneficial for the durability and stability of the solidified
forms as well as for the immobilization of the nuclide.

Iron phosphate has been proven to be appropriate for
hazardous material immobilization. Sales, B. C. et al. reported
that the lead-iron phosphates glass performs well as stable
storage of high-level nuclear waste [24]. Greaves, G. N. et
al. added iron oxide to prepare lead-iron-phosphate glasses
and to achieve more stable structure [25]. Mechanically, iron
ions can enter the network structure of phosphate, Fe’*, and
replace P°* because of its stronger electro-positivity, thus
forming a Fe - O - P bond which has better water resistance.
Furthermore, the smaller radius of the iron ion (Fe**, Fe**)
can hinder the larger water module from passing through
the solidification form, therefore, significantly improving the
chemical stability of immobilization matrix [26, 27].

Iron oxide is one of the most abundant metal oxides on
earth. Its abundant and inexpensive characteristics make it a
promising candidate to partially replace the magnesium for
forming phosphate cements. It is meaningful to investigate
the effect of fe,0; on the immobilization of aqueous high-
level waste with magnesium potassium phosphate ceramic.
An experimental study was carried out in this paper to verify
the function of the iron oxide in both the hydration reaction
and the sintering process of the MKPC matrix.

2. Materials and Experiments

2.1. Materials. The magnesium potassium phosphate cement
paste was prepared through a mixture of dead burnt mag-
nesium oxide (MgO), acidic phosphate (KDP), and borax in
specific proportions. The chemical characteristics of the raw
materials are listed in Table 1.

The aqueous HLW considered in this study is the effluent
of spent fuel postprocessing. During the postprocessing
procedure, the spent fuel from the nuclear power reactor
is mechanically cut and then dissolved in nitric acid. The
solution is then filtered and clarified, and residual U and Pu
are extracted for recycling by extraction agents, e.g., TBP.
The aqueous HLW is discharged by spent fuel recycling
and posttreatment processes. Generally, it is a mixture of
concentrated nitric acid and various kinds of nitrate solution
that contain the majority of the radiation and toxicity of the
spent fuel. Due to the safety considerations and experimental
conditions, a simulated aqueous HLW was used to represent
the nuclear power reactor aqueous HLW. Cations were
introduced into nitric acid by corresponding nitrate. Nuclides
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TaBLE 1: Characteristics of raw materials.
Component Characteristics Supplier
Dead burnt magnesium oxide powder . o Liaoning Xinrong Mining Group Co.
(MgO) Industrial grade, >95% MgO Ltd.. China
. Qingzhou Guanghui Chemical Plant Co.
0,
KDP (KH,PO,) Industrial grade, >98% KDP Ltd, China
Borax (Na,B,0,-10H,0) Industrial grade, >95% borax Tibet Pengdu Bo(r:(})lrilnI:dustry Co. 1td,
TaBLE 2: Composition of typical power nuclear reactor aqueous HLW (g/L) [28].
AP? Ba’* crt Fe’t K* Na* Cs" Ni** Sre* Mo®* ce’ Nd**
15.9 0.074 2 17.4 0.45 51.2 2 8.2 0.61 0.82 0.78 2.05
*Crno3=2.6 mol/L.
TABLE 3: Basic formula of MKPC. 0.15 1
Component MgO KDP Borax Water <, 010 - o
Ratio 100 25 12 16 = o
\; 0.05
é 0.00 T ‘"L:‘Y"s«((Q«‘((««««(«(««((«(((«((«((««(«(((«((«(((«(«««(«««««««(«««

were represented by their nonradioactive isotopes. We believe P ~0.05 4 %
this is appropriate in chemical view. The simulated aqueous 3 ln
HLW was prepared according to the composition listed in Té —0-107 I
Table 2. 5 —0.15 |

K;PO,-7H,0 was introduced into aqueous HLW to “ 0204 ©
adjust the pH value in advance. Fe,O; powder was mixed ’
with MgO homogeneously as an additive. All above- -0.25 N
mentioned chemicals are analytically graded products. 0 2000 4000 8000 10000

Time (s)

2.2. Experiments. Solidified blocks were prepared through
the following steps. (1) Add K;PO,-7H,0 into aqueous HLW
to adjust pH to the specific value. (2) Add KDP and Borax
into the liquid HLW at specific proportion and stir to make
the liquid (solution and sediment) a homogeneous mixture.
(3) Add mixture of MgO and Fe, O, into the liquid and stir the
hydration reaction. Pour the paste into cubic mold when the
flowability is appropriate. (4) Vibrate by hand, use glass rod
to densify paste, and avoid the opening. (5) Cure at ambient
room temperature for hours. (6) Remove mold and retrieve
blocks for further processing and study. (7) After ambiently
curing for 7 days, the solidification forms were sintered for
2 hours at specific temperature in a muftle furnace. Heating
rate of the muffle furnace was set to 5°C/min.

The basic formula of MKPC was listed in Table 3.

Hydration heat release was tested by an eight-channel
micro calorimeter (Thermonetrics TAMair). The compres-
sive strength of the hardened blocks was measured according
to the standard of method of testing cement-determination
of strength (idt ISO 679:1989). The strength of the samples
at the ages of 1 h, 3 h, 1 day, 3 days, and 7 days was
tested. To assure the reproducibility of experimental results,
at least three replicates of specimens from each set were
prepared and tested under the same conditions. The adiabatic
temperature curve of the hydration reaction was recorded by
an automatic temperature recorder that was dipped into the
mixture while the mixture was placed into a vacuum cup.
The leaching behavior of the most important nuclide, i.e.,

—v— 9% Fe, 05 addition
—o— 12% Fe, O3 addition

—o— 0% Fe, 05 addition
—o— 3% Fe, 05 addition
—a— 6% Fe, 05 addition

FIGURE 1: Exothermic curve of the mixture during hydration.

cesium, was tested according to the static immersion method
of MCC-1 [29] using deionized water as the leachant and
leaching at 40°C. The concentration of the Cs" in the leachant
was analyzed by flame atomic absorption spectrophotome-
ter (TAS-990). The reaction product of MPC and liquid
HLW were analyzed by X-ray diftfraction (XRD, Panalytical
xpert Powder) with a 20 scanning rate of 0.5°/min. The
microstructure and morphology of the blocks were observed
by scanning electron microscopy (SEM, Hitachi 1050).

3. Results and Discussion

3.1 Effect on MKPC Systems. Fe,O; was added at a dosage
series of 0%, 3%, 6%, 9%, and 12% (wt% of MgO to replace
MgO) to investigate the effect on MKPC hydration.

The exothermic curve of the mixture during hydration
can be seen in Figure 1. The hydration heat release curve
of the original MKPC has an endothermic valley and two
exothermic peaks. The endothermic valley is because of the
heat absorption of monopotassium phosphate’s dissolution.
MgO’s dissolution in an acid solution as well as the hydration
reaction release heat to make up the two exothermic peaks.
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Endothermic valley keeps the same after the addition of
Fe,0;, for the dissolution of monopotassium phosphate
keeps unchanged. The addition of Fe,O; reduced the heat
release rate of the hydration reaction thus nearly flattening
the second exothermic peak. Although Fe,O; also meets the
same requirements as MgO of 2n (pH) >pKsp to prompt the
hydration reaction [30], its dissolution rate is much lower
than MgO in an acid solution at room temperature. Thus, the
addition of Fe,O; substituted part of MgO and played the
role of inert matter, resulting in a slower reaction rate and
less hydration heat release rate because of the reduction of
active substance, i.e., the MgO. Fe,O; prolonged the setting
time and lowered the exothermic curve dramatically while
the overall heat releasing just changed slightly because of the
reduction of MgO.

Fe,O; was added at a dosage series of 0%, 6%, 9%, and
12% (wt% of MgO to replace MgO) to investigate the effect
on mechanical property. Samples of the original MKPC and
the sintered MKPC were tested for comprehensive strength
(Figure 2). The basic result is that the addition of Fe,O;
does not reform the mechanical property of original MKPC
remarkably. The comprehensive strength of the original
samples even dropped with the addition of Fe,O;. Sintering
at no more than 800°C weakened the comprehensive strength
of samples. This is due to the sintering destroying the original
structure, but not leading to a solid melting reaction due
to the temperature not being high enough. Sintering at
900°C hardened the samples because of the melting reaction
forming ceramic microstructure. 1000°C and 1100°C sintering
hardened the original sample while weakening the Fe,O;
containing samples. Both the original and Fe,O; containing
samples were macroscopically destroyed by 1200°C sintering.
The addition of Fe,O; hardened the sintered samples at a
temperature range of no more than 900°C while its effect was
negative for the original samples. The proposed mechanism
is that Fe, O; is inert matter for the hydration reaction, but it
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lowers the melting temperature of system remarkably. When
considering sintering in the whole immobilization process,
Fe,O; does benefit the mechanical property of the MKPC
solidification form.

3.2. Effect on HLW Immobilization. Aqueous HLW was used
to substitute mixing water completely in the proposed immo-
bilization procedure. Since liquid HLW is a very concentrated
acid liquor (pH<1), it may degrade the cement system and
lead to failure of the immobilization. So the liquid HLW
was treated in advance to adjust its pH value. K;PO,-7H,0
was used as buffer agent since its solution is alkalic and
the introduction of K;PO,-7H,0O does not bring in extra
elements. The neutralization reaction produces the sediment
nuclide phosphate, which is more stable than hydroxide.
Thus, the pretreatment benefits immobilization and elimi-
nates the negative effect of nitric acid.

HLW was pretreated to specific pH (3, 5, 7) and then
incorporated into the MKPC system mix water to form solid-
ification blocks. Original samples and samples containing
9% Fe,O; were tested to find the effect of Fe,O; on the
immobilization form.

As can be seen in Figure 3, comprehensive strength test
indicated that the addition of Fe,O; reduced early strength
(age < 1 d) dramatically while the long-term strength was
almost the same as original solidification forms at all pH
levels. This is due to the fact that Fe,O; substituted MgO
as an inert matter and then reduced the generation of the
K-struct struvite, i.e., MgKPO,-6H,0. At the same time, it
slowed down the hydration reaction. Both effects harmed
the early strength. Long-term strength stood unchanged
because the dosage of Fe,O, was relatively low overall.
Samples were sintered at 800°C, 900°C, and 1000°C to see
the effect of Fe,O; on sintering. The findings verified that
the introduction of Fe,O, lowered the melting temperature
of system and reinforced the structure when sintered below
1000°C. This benefitted the sintering process through easier
melting reaction and the forming of ceramic structure.

The adiabatic temperature curve of the hydration reaction
was plotted. As seen in Figure 4, the curve of the Fe,O,
contained samples is lower and smoother than the Fe,O,
free samples. This indicates that at all pH levels (3, 5, 7),
the introduction of Fe,O; slowed down the heat release rate
and lowered the equilibrium temperature and delayed the
emergence of thermal balance. A reasonable explanation is
that the partial substitution of MgO by Fe,O; resulted in the
reduction of reactant, therefore slowing down the hydration
reaction. This explanation is also proven by chemical phase
analysis.

The unsintered solidification form and the solidification
form sintering at 900°C were prepared and analyzed by
XRD. For the XRD spectrum, see Figure 5. HLW was
pretreated to different pH levels (3,5,7) before mixing with
the MKPC matrix. The XRD spectrum of the unsintered
samples demonstrated that the iron phase shows as Fe,O,
and FeO-OH. This demonstrates that Fe,O; is really an
inert matter for hydration reaction. As to FeO-OH, it is the
product of Fe,O; in an alkaline environment, since MgO is
superfluous according to the reaction formula and the basic
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matrix formula. Fe,O; keeps stable at quite wide pH range. ~ pH=3 diffraction peak of Fe, O is very similar to the Fe,O5-

After sintering at 900°C, the characteristic diffraction peak

of Fe, O,

20=36" almost disappeared, indicating that Fe,O; reacted

with othe

free samples, indicating that the addition of Fe,O; barely
altered the chemical phase of the solidification form. When
dpH=5, the diftraction peak of CePO, moved right. A little
isometric system of CePO, phase showed beside this trigonal

and FeO-OH at the position of 20=21", 26=34", and

r constituents in the process of sintering. The HLW
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FIGURE 5: XRD spectrum of solidification forms (®unsintered,
®sintered at 900°C).

system. The crystallinity of the form improved. Conclusions
can be drawn that the addition of Fe,O; lowered the melting
temperature thus producing more liquid phase at same
sintering temperature benefitting the formation of ceramic
structure. When pH=7, the chemical phase constitution
changed dramatically. The diffraction peak at 20=30" rose
remarkably while a new diffraction peak appeared at 260=20".
The new peak is verified to be CsFe(PO,), according to Jade
software analysis.
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FIGURE 6: SEM photo of unsintered samples (HLW pH=3, ©®®Fe, O,
free, ®@®9% Fe,O, addition).

In order to investigate the effect on the microstructure of
the solidification form, HLW was pretreated to specific pH
levels and incorporated in the MKPC matrix. The original
form and Fe,O; containing samples were prepared. All
sample series were sintered at 900°C and compared with
unsintered samples. SEM photos were taken and compared.

When HLW pH=3, the microstructure is mainly a small
particle, and the crystal is underdeveloped because of the
rapid hydration reaction (D@ in Figure 6). Plate column and
layered structure can be seen in microstructure of the Fe,O,
containing samples (®® in Figure 6). As Fe,O; is an inert
matter, its addition reduced the content of reactant, i.e., MgO,
thus slowing down the hydration reaction, making the crystal
better developed and forming the plate column and layered
structure.

When HLW pH=5, the crystal developed into a bigger for-
mation. The reason is that free H' gets less, slowing down the
reaction. The prolonged setting time makes better developed
crystal (O® in Figure 7). For the Fe,O; containing samples,
the crystal size is smaller and mainly layered in structure, and
the appearance of Fe,O; reduced the production of the K-
struct struvite for it is an inert matter (®® in Figure 7).

When HILW pH=7, the crystal agglomeration region
did not show on the vision field. The solidification form
developed into a bigger compact plate structure. The bigger
compact plate structure is a result of enough setting time
for the production of K-struct struvite. The pH=7 envi-
ronmentally lessens the free H" and benefits the crystal
growth (D@ in Figure 8). For Fe, O, containing samples, the
microstructure is compact and shown as lamellar structure
(®® in Figure 8).

As to all samples that sintered at 900°C, the microstruc-
tures present for the fire ceramic-like structure are all very
compacted without visible pores (Figures 9, 10, and 11).
When the HLW pH=3, Fe,O; containing samples are more
compacted than the Fe,O; free ones, and the appearance
of the iron phase lowered the melting temperature and
generated more liquid phase to from ceramic structure.
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FIGURE 7: SEM photo of unsintered samples (HLW pH=5, ©(@Fe,0,
free, ®®9% Fe,0, addition).

F1GURE 8: SEM photo of unsintered samples (HLW pH=7, ©®@Fe, 0,
free, ®®9% Fe,0, addition).

When HLW pH=5, the microstructure of Fe,O; containing
samples interspersed with the column crystal. This deserves
further investigation. When HLW pH=7, crystal grows well
in Fe,O5-free samples, but the melting and resolidification
works poorly during sintering; the microstructure is more
granular. On the contrary, Fe,O; containing samples show
more compacted ceramic structure because of the better
melting and reintegration. This is helpful for immobilization
of radioactive nuclides.

According to mechanism research, immobilization of
Cs" with MKPC system mainly depends on the following
reactions. (a)Cs* replaces the metal ion with minor radius
thus entering the crystal lattice. (b)Cs" is absorbed by metal
phosphate. Cs* leaching behavior of samples containing
free Fe,O; and Fe,O; as well as sintered and unsintered
samples was tested according to the MCC-1 method. HLW
was pretreated to a specific pH (3,5,7) first before being
incorporated in. For the leaching rate of Cs", see Figure 12.

FIGURE 9: SEM photo of 900°C sintered samples (HLW pH=3,
O@BFe,0; free, ®®©9% Fe, O, addition).

FIGUre 10: SEM photo of 900°C sintered samples (HLW pH=5,
O@®Fe,0, free, ®®®9% Fe, O, addition).

FIGUure 11: SEM photo of 900°C sintered samples (HLW pH=7,
O@®Fe,0, free, ®®®9% Fe, O, addition).

For unsintered samples, the addition of Fe,O; lowered
the leaching rate slightly while the variation tendency stayed
the same with the Fe,O; free samples, which is why the
leaching rate of Cs" is lower in higher HLW pH value. In
an acidic environment, free H" makes the MgO dissolve
faster and thus sped up the hydration reaction. This makes
Fe,O; have fewer chances for entering the crystal lattice or
for being absorbed. Thus, harming the immobilization of
Cs™ and making it escape easily from the solidification form.
Addition of Fe,O; makes the form more compacted because
of the accumulation of its particles. Denser structure prevents
the flushing out of the Cs™.

For sintered samples, sintering at 900°C makes the
solidification form a fire ceramic structure. Cs* replaces
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FIGURE 12: Leaching rate of Cs" (®unsintered samples, @ 900°C sintered samples, ®1000°C sintered samples).

K" and forms MgCsPO, and CsFePO, both of which have
better water resistance. The addition of Fe,O; lowered the
leaching rate significantly since it lowered the melting point
and helped the formation of ceramic.

Sintering at 1000°C cut the Cs* leaching rate of Fe,O;
free samples but improved the Cs" leaching rate of Fe,O,
containing samples dramatically. This again proved that the
addition of Fe,O; lowered the melting point, destroying
Fe,0; containing samples in the 1000°C sintering, and Cs"
was leached out easily because of the failure of encapsulation
and absorption.

4. Conclusions

As an additive for the novel procedure of HLW immobiliza-
tion, in which the liquid HLW was added to substitute mixing
water of the magnesium potassium phosphate cement system,
the effect of Fe,O5 can be concluded as follows.

Addition of Fe,O; lowers the heat release rate of the
hydration reaction significantly, thus lowering the tempera-
ture of the mixture during hydration, while not harming the
comprehensive strength of the test blocks.

Fe,O; increases the compactness of the samples due
to the accumulation of particles. For sintered samples, the
existence of Fe,O; lowers the melting point and generates
more liquid phase in the sintering; this lowers the firing
temperature effectively.

Fe,0; is an inert matter for the hydration reaction, but
it plays a positive role in sintering process. It lowers the
melting point and helps the formation of ceramic structure.
The sintering process produces CsFe(PO,), and immobile
Cs" more effectively.

When taking its cheap price and remarkable availability
into consideration, Fe,O; may play an important role as
an additive in the application of HLW immobilization with
MKPC.
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