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a b s t r a c t

Radioactive waste should be solidified before being disposed of in the repository to eliminate liquidity or
dispersibility. Cement is a widely used solidifying media for radioactive waste, and cement solidified
waste should satisfy the minimum compressive strength of the waste acceptance criteria of a radioactive
repository. Although the compressive strength of waste should be measured by the test method provided
by the waste acceptance criteria, the method differs depending on the operating repository of different
countries. Considering the measured compressive strength changes depending on test conditions, the
effect of test conditions should be analyzed to avoid overestimation or underestimation of the
compressive strength during disposal. We selected test conditions such as the height-to-diameter ratio,
loading rate, and porosity as the main factors affecting the compressive strength of cement solidified
radioactive waste. Owing to the large variance in measured compressive strength, the effects of the test
conditions were analyzed via statistical analyses using parametric and nonparametric methods. The
results showed that the test condition of the lower loading rate, with a height-to-diameter ratio of two,
reflected the actual cement content well, while the porosity showed no correlation. The compressive
strength assessment method that reflects the large variance of strengths was suggested.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Radioactive waste with liquidity or dispersibility, which can be
easily diffused in the repository, should be solidified using mate-
rials like cement or polymer before being transferred to the re-
pository. Solidified waste disposed of in the repository should
maintain its structural stability under predicted and disposal con-
ditions. Therefore, the criteria for solidified waste differ for
different countries based on their operating disposal facility, owing
to different repository types or disposal conditions. The features of
solidified waste and the conditions that solidified waste should
endure are clarified in the waste acceptance criteria (WAC) of low-
and intermediate level waste (LILW) or low-level waste (LLW)
repository.

The compressive strength of solidified waste is a major factor in
WAC that prevents the physical deformation of waste [1]. A large
enough compressive strength can prevent damage in the long term,
and its stability can delay the leaching of radionuclides from so-
lidified waste to the biosphere by preventing the increase of the
by Elsevier Korea LLC. This is an
surface area of the waste form [2,3]. Therefore, Korea and U.S.
require a compressive strength of 3.44 MPa for cement solidified
waste in repositories, which should satisfy the same compressive
strength under expected disposal conditions (e.g., irradiation, im-
mersion, and thermal cycling) [4,5]. However, factors such as the
type, dimension, and test method of specimens can significantly
affect the compressive strength of solidified waste [6e10].

Factors that affect the compressive strength of concrete spec-
imen are height-to-diameter (H/D) ratio, loading rate, and porosity.
The compressive strength of concrete specimens differs depending
on the H/D ratio [11,12]. The measured compressive strength of a
specimen is higher when the loading rate is higher, which causes a
~30% difference. The compressive strength of concrete specimen
differs according to the porosity; that is, higher porosity can
decrease the compressive strength [7,13]. In “NRC, technical posi-
tion on waste form, rev 1,” the compressive strength of solidified
waste should be tested by the ASTM C39 which is for cylindrical
shape specimen. In ASTM C39, the weighting factor should be
applied when the H/D ratio is not two [14]. As mentioned above,
although several factors affect the compressive strength of solidi-
fied waste, the effect of these factors on specimen having the same
amount of sludge or solidifying media has not been evaluated for
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solidified radioactive waste specimenwith no aggregate. Therefore,
it is essential to conduct a quantified assessment for such solidified
radioactive waste specimen.

In this study, we evaluated the effect of test conditions (H/D
ratio, porosity, and loading rate) on the measured compressive
strength of solidified radioactive waste. The manufactured spec-
imen solidifies the mock sludge waste. Considering an increase in
the diameter of the specimen increases the amount of secondary
waste, the diameter of the specimen is fixed to 5 cm which is
minimum diameter, and the effect of pore density and H/D ratio on
the compressive strength is evaluated. Furthermore, the compres-
sive strength test methods, ASTM C39 and KS F 2405, are compared
to check the effect of loading rate on the compressive strength
measurement. The significant effects of the test conditions on the
compressive strength are analyzed through the statistical method.
Finally, we suggest the compressive strength test method that
measures its strength in the most reasonable and conservative way
by analyzing the relationship between test conditions and
compressive strength.
2. Methods

2.1. Preparation of cement solidified specimen

Ca(OH)2 and CaF2 were selected as mock sludge waste, which
are the main precipitant and precipitate during the conversion
process of UF6, respectively. The mock sludge waste was prepared
by mixing Ca(OH)2 (ThermoFisher scientific, 95%) and CaF2 (Ther-
moFisher scientific, 97%) in a 1:1 ratio with water. The content of
the sludge waste inside the specimen was controlled by dividing
the cement content into 40, 50, and 60 wt%, as shown in Table 1, to
make specimens with compressive strengths close to the WAC
(3.44 MPa). The solidification of the waste was performed by using
type I cement (Ordinary Portland cement) produced by Asia
Cement as binding material. Owing to the large volume of sludge
compared with cement, a maximum 2wt% of plasticizer was added
duringmixing to enhanceworkability. Finally, the cement solidified
waste specimenwasmanufactured by using a mixing bowl clarified
in KS L ISO 679 [15]. The mixing procedure is as follows:

(1) Mix water and cement at slow speed for 30 s
(2) Add sand (sludge in this study) and mix for 30 s
(3) Mix at fast speed for 30 s
(4) Stop mixing for 90 s and segregate the cement on the wall

using scrapper for 15 s
(5) Mix at fast speed for 60 s

However, few cement solidified specimen are fractured after
removing the mold of specimen. To maximize the amount of
sludge, the aggregate which is generally added for cement mortar
and cement is excluded. The low compressive strength of specimen
and absence of well-graded aggregate unlike concrete and cement
mortar are expected to be the reasons of damage on the specimen
after the curing period. Therefore, damaged specimens after curing
process are excluded from the micro-CT analysis and compressive
strength experiment.
Table 1
Weight percentage of ingredients in the cement solidified specimen.

Cement (wt.%) Water (wt.%) Sludge (wt.%) Plasticizer (wt.%)

#1 40 21 39 1e2
#2 50 18 32
#3 60 14 26
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2.2. Dimension of cement solidified specimen

In the WAC of Gyeongju repository and “NRC, technical position
on waste form, rev1,” solidified waste specimen should satisfy the
H/D ratio of 2 and a minimum diameter of 50 mm. Additionally, a
weighting factor is provided for specimens that do not satisfy the
required H/D ratio in “NRC, technical position onwaste form, rev 1.”
However, the compressive strength of cement solidified waste
differs depending on the H/D ratio [11,12]; the H/D ratio of 200 L
drum is less than 2. Therefore, as shown in Fig. 1, cement solidified
specimen with an H/D ratio of 2 and 200 L drum (H/D ¼ 1.44) were
manufactured. Specimen with an H/D ratio of 2 satisfied the stan-
dard dimensions clarified in the WAC of Gyeongju LILW, i.e., a
diameter and height of 5 cm and 10 cm, respectively. The specimen
with an H/D ratio of 200 L drum were developed by varying the
height of the specimen above the specified dimension, where the
diameter was 5 cm and height was 7.15 cm.

2.3. Measurement of porosity of cement solidified specimen

The pore distribution of the specimens was examined by micro-
computed tomography (micro-CT) using the Nikon XT H 320LC
with 16-bit grayscale resolution before compressive strength
measurements. The image of micro-CT has been analyzed using VG
STUDIO, as shown in Fig. 2. The pores in the specimen are depicted
in the image as the darkest parts, and the other materials have
brighter shades depending on the material's permeability. For this
reason, themicro-CT has beenwidely used in investigating the pore
and aggregate distribution in concrete samples non-destructively
[16e18]. The specimens simulating solidified radioactive waste in
this study did not contain aggregates, so the two colors were
mainly identified, indicating pores and mortals, respectively. The
porosity and maximum pore size were primarily analyzed since
they would be one of the most critical parameters affecting the
cement and concrete compressive strength when the specimen is
typically prepared [8,19,20]. Pore volume and total porosity were
determined from the three-dimensional scanned image, and the
size of the non-spherical pore was defined as the longest part.

2.4. Loading rate of compressive strength measurement

Generally, the measured compressive strength differs depend-
ing on the loading rate, that is, a higher loading rate causes higher
measured compressive strength. Radioactive waste repositories in
U.S. follows the loading rate of ASTM C39, which is 0.25 ± 0.05MPa/
s for cement solidified waste [14]. The WAC of Gyeongju LILW
Fig. 1. (a) Cement solidified specimen with an H/D ratio of 2 and (b) H/D ratio of 200 L
drum (1.44).



Fig. 2. Image of pores inside the cement solidified specimen by Microfocus 3D CT system.
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repository follows the loading rate of KS F 2405, which is 0.6 MPa/s
for cement solidified waste [21]. Therefore, the assessment that
quantifies the effect of loading rate on the cement solidified waste
should be developed and considered based on the aspect of regu-
lation. In this study, the minimum loading rate of ASTM C39 of
0.2 MPa/s was set to derive the maximum difference in the loading
rate between ASTM C39 and KS F 2405. The overall compressive
strength measurements are performed using the AGX-50kNVD
compression machine, considering the compressive strength of
the specimen is expected to be less than 20 MPa. However, for the
outlier specimen that has a compressive strength larger than
20MPa, the compressive strengthmeasurement is conducted using
the KSU-HSO200 compression machine.

2.5. Statistical analyses of compressive strength

The result of the compressive strength test showed that a simple
observation is insufficient to observe the significant effect of the
test conditions on the compressive strength. Therefore, the effect of
test conditions on compressive strength can be statistically
analyzed using the SPSS statistical analysis program by reflecting a
small number of specimens and large deviations in their strength
value. Statistical analysis can be divided into two sections
depending on the normality of the dataset: parametric and
nonparametric statistical analysis. To check whether the
compressive strength dataset satisfies normality, Shapiro's test was
performed by the SPSS program. The results showed that the
compressive strength dataset satisfied the normality; however,
both parametric and nonparametric statistical analyses were per-
formed considering the amount of compressive strength data per
specimen size and significantly small test condition.

To check the effect of loading rate on compressive strength, a
statistical analysis was performed on the compressive strength
dataset with the same H/D ratio and cement content. Furthermore,
to examine the effect of H/D ratio, the statistical analysis was
conducted for the compressive strength dataset with the same
loading rate and cement content. Both parametric and nonpara-
metric statistical analyses were performed for the compressive
strength dataset with the same loading rate, H/D ratio, and cement
content when analyzing the correlation between compressive
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strength and porosity. During the analyses, the two-sided test was
applied, and the level of significance was set to 0.05.
2.5.1. Student's t-test
Student's t-test is a statistical hypothesis test that follows the

Student's t-distribution under the null hypothesis [22]. Two sample
t-tests were conducted to check whether the average population of
two independent groups were different and both groups satisfied
normality, homogeneity of variance, and independency. The
normality of the sample was checked by performing Shapiro's test
or Kolmogorov-Smirnov test, whereas the homogeneity of variance
was checked by conducting Levene's test. By assuming the
normality and homogeneity of variance of two independent sample
groups, t-value is expressed as:

t¼ X1 � X2

sð1þ2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n1
þ 1

n2

q ðdf ¼n1 þn2 � 2Þ (1)

where n1 and n2 are the sample size, X1 and X2 are sample mean of
groups 1 and 2, respectively, and s is the standard deviation of both
groups. The integrated variance of sample is applied as the popu-
lation variance of the distribution of two independent samplemean
difference is unknown, given as:

s2ð1þ2Þ ¼
ðn1 � 1Þs21 þ ðn2 � 1Þs22

n1 þ n2 � 2
(2)

If the homogeneity variance of two sample groups cannot be
assumed, the t-value can be expressed as:

t¼ X1 � X2ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21
n1
þ s22

n2

q (3)

The p-value is calculated by the t-value derived from Eq (3), and
the adoption of the null hypothesis is decided by comparing the p-
value to a significant level. A two-sided test was conducted to check
whether the two sample groups are from the same population.
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2.5.2. Mann-Whitney U test
The Mann-Whitney U (MWU) test, a representative nonpara-

metric statistical test that checks whether two independent sample
groups are from same population [23], was applied when the
number of samples was small enough and normality was not
satisfied. The null hypothesis in the MWU test assumes that two
sample groups are from the same population, whereas the alter-
native hypothesis assumes both groups are from different pop-
ulations. Two groups with nx and ny number of samples were
compared individually by applying a rank after merging two groups
and sort in ascending order. The U value of the MWU test is
expressed as:

Ux ¼nxny þ
�ðnxðnx þ 1ÞÞ

2

�
� Rx (4)

Uy ¼nxny þ
��

ny
�
ny þ 1

��
2

�
� Ry (5)

where nx and ny are the sample sizes in two independent groups
and Rx and Ry are the ranks applied to two independent groups.

The p-value was derived by substituting the smaller U value
from the U values from Eqs (4) and (5) to the Mann-Whitney table,
whereas the adoption of the null hypothesis was decided by
comparing the p-value to the significant level.

H0 if p of min
�
Ux;Uy

�
<a threshold (6)

If the sample size in each group is larger than 8, the below
equation can be applied:

mU ¼nxny
2

¼Ux þ Uy

2
and sU ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
nxny

�ðN þ 1Þ
12

s
(7)

where N is sum of nx and ny, m is sum of U variance, and s is the
standard deviation.

Additionally, when the sample size was larger than 8, the dis-
tribution of the sample group was close to the normal distribution
and z-value, expressed as:

z¼
�
U� �nxny

2

��
sU

(8)

The adoption of the null hypothesis was decided by applying the
z-value derived from Eq (8).
2.5.3. Pearson's correlation coefficient
The Pearson's correlation coefficient is a value that quantifies

the linear correlation between two parameters [24,25], which
should be interval or continuous and satisfy normality to perform
the Pearson's correlation test. The Pearson's coefficient rp is given
as:

rp ¼

Pn
i¼1

ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðxi � xÞ2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðyi � yÞ2

s (9)

where x and y are the average of xi and yi, respectively, and n is the
number of samples. The Pearson's coefficient ranges between �1
and þ1, and the values close toþ1, �1, and 0 denote strong positive
correlation, strong negative correlation, and no correlation,
respectively. The p-value can be derived, and if it is lesser than the
level of significance, the correlation between two parameters is
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equivalent to the correlation coefficient obtained.

2.5.4. Spearman's rho correlation coefficient
Spearman's rho correlation coefficient is a nonparametric

method for calculating the correlation coefficient by using rank
between two parameters [26,27]. Spearman's correlation is applied
when a sample is ordinal or continuous and the sample group does
not satisfy normality. Spearman's correlation coefficient of two
parameters x and y is given as:

r¼1�
6
Pn
i¼1

d2i

n
�
n2 � 1

� (10)

di ¼ xi � yi (11)

where r is the Spearman's correlation coefficient, n is the number
of samples, and di is the difference between the ranks of X and Y.
The Spearman's correlation coefficient ranges from �1 to þ1.

3. Results

3.1. Measured compressive strengths and porosity

Fig. 3 shows the measured compressive strength of the cement
solidified specimen with three different cement contents. The re-
sults of the compressive strength measurement, average, and
standard error with 95% confidential level are shown in Table 2. The
porosity values measured by Micro 3D CT are shown in Table 3. The
first three maximum porosities are 5.89, 5.79, and 5.65%, whose
compressive strengths are 9.34, 13.95, and 7.71 MPa, respectively.
The last three are 0.03, 0.17, and 0.71% with 5.95, 14.26, and
18.02 MPa, respectively. Additionally, the non-existence of aggre-
gate was observed through the color difference shown in the CT
image.

3.2. Effect of H/D ratio and loading rate on compressive strength

Student's t-test and MWU test were performed to analyze the
effect of loading rate and H/D ratio on the compressive strength of
cement solidified waste. Levene's test was conducted to evaluate
the homogeneity of variance during the Student's t-test. The level
of significance (a) in the overall study was set to a general value,
0.05. Although the p-values from the Student's t-test andMWU test
were different, the same result was derived. Table 4 shows the
results of the Student's t-test and MWU test examining the effect of
loading rate on the compressive strength, while the H/D ratio is
fixed. Furthermore, the significant effect of loading rate on the
compressive strength was evaluated for the cement solidified
waste with cement content #1 and #2 when the H/D ratio is two.
Additionally, the heterogeneity of variance was found when the
significant effect of test conditionwas evaluated. In other cases, the
insignificant effect of loading rate on the compressive strength and
homogeneity of variance were evaluated. Table 5 shows the results
of the test that evaluates the effect of H/D ratio on the compressive
strength when the loading rate was fixed. Solidified waste with
cement contents #1 and #2 only showed the significant effect of H/
D ratio when the loading rate was fixed to ASTM C39. For other
cases, no significant effect of H/D ratio was found.

3.3. Correlation analysis between porosity and compressive
strength

The correlation between porosity and compressive strength was



Fig. 3. Measured compressive strengths of cement solidified specimen with cement content (a) #1 (40 wt%), (b) #2 (50 wt%), and (c) #3 (60 wt%).

Table 2
Measured compressive strength according to the test conditions.

KS F 2405 (H/D ¼ 2) ASTM C39 (H/D ¼ 2) KS F 2405 (H/D ¼ 1.44) ASTM C39 (H/D ¼ 1.44)

#1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3

Ma (MPa) 10.93 10.09 10.46 2.65 4.96 15.38 11.88 10.97 12.37 12.57 10.02 15.81
11.64 10.6 12.03 2.92 5.17 2.97 12.89 13.8 3.69 14.26 10.32 18.02
16.16 13.14 18.49 3.54 5.35 6.08 13.95 14.09 4.96 15.26 11.1 4.76
8.76 13.68 6.29 4.31 6.03 6.59 14.41 15.17 5.95 18.66 15.74 5.71
9.34 14.25 7.09 6.12 8.77 6.52 7.96 8.5 3.63 5.46 8.99
22.7 16.12 25.42 6.22 9 7.71 4.64 6.85

8.82 21.3 7.27 7.97
9.53

Avgb (MPa) 13.25 12.03 13.30 3.36 5.64 10.01 11.23 12.40 7.09 10.95 9.64 10.66
SEc (MPa) 2.17 0.93 3.01 1.36 1.31 1.54 0.37 0.22 2.37 2.19 1.27 2.67

a Measured compressive strength.
b Average.
c Standard Error.

Table 3
Porosity measurement results of the cement solidified specimen.

KS F 2405 (H/D ¼ 2) ASTM C39 (H/D ¼ 2) KS F 2405 (H/D ¼ 1.44) ASTM C39 (H/D ¼ 1.44)

#1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3

Ma ( � 10�2) 4.03 4.04 2.83 2.09 3.40 .00 5.07 4.59 0.70 2.43 1.69 1.37
3.85 4.66 3.61 2.78 2.98 .32 4.49 4.52 0.69 0.17 1.43 0.71
4.34 5.01 3.17 2.77 3.22 .96 5.79 4.23 0.82 2.61 1.21 0.83
4.31 4.37 3.76 3.14 3.05 .35 3.67 4.21 0.03 4.33 1.84 0.77
5.89 4.52 2.65 3.04 .11 5.50 4.07 1.37 2.12 1.55 .89
3.98 4.29 3.65 3.46 3.40 5.65 2.24 1.25

5.31 3.23 2.37 1.27
5.13

a Measured porosity.

Table 4
Results of the Student's t-test and the Mann-Whitney U test between the loading rate and compressive strength while H/D ratio is fixed.

H/D ¼ 2 H/D ¼ 1.44

#1 #2 #3 #1 #2 #3

p-value Levene 0.039 0.001 0.630 0.064 0.911 0.090
t-test 0.006 0.000 0.411 0.920 0.171 0.281
MWUa 0.010 0.001 0.366 1.000 0.268 0.421

a Mann-Whitney U test.
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examined by performing the Pearson's correlation test and the
Spearman's correlation test, which are parametric and nonpara-
metric methods, respectively. Table 6 summarizes the results,
which showed no correlation between the porosity and compres-
sive strength. In the Spearman's correlation test, the specimenwith
cement content #3 was tested under the loading rate of ASTM C39
and H/D ratio of 2 showed p-value smaller than the level of
880
significance where the correlation coefficient was 0.786.

3.4. Correlation analysis between maximum pore volume and
compressive strength

The correlation between the maximum pore volume and the
compressive strength was checked through the Pearson's



Table 5
Results of Student's t-test and Mann-Whitney U test between H/D ratio and compressive strength while loading rate is fixed.

KS F 2405 ASTM C39

#1 #2 #3 #1 #2 #3

p-value Levene 0.310 0.903 0.126 0.004 0.039 0.895
t-test 0.446 0.953 0.119 0.013 0.020 0.862
MWUa 0.818 0.724 0.126 0.012 0.008 .000

a Mann-Whitney U test.

Table 6
Correlation analysis results between porosity and compressive strength.

KS F 2405 (H/D ¼ 2) ASTM C39 (H/D ¼ 2) KS F 2405 (H/D ¼ 1.44) ASTM C39 (H/D ¼ 1.44)

#1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3

p-value Pa 0.446 0.224 0.554 0.148 0.945 0.170 0.252 0.733 0.715 0.548 0.232 0.580
Sb 0.397 0.120 0.872 0.200 0.704 0.036 0.468 1.000 0.624 0.119 0.702 0.873

a Pearson's correlation.
b Spearman's correlation.

Table 8
Example of checking the range of compressive strength of three cored solidified
waste reflecting the standard error.

Unit (MPa) Case #1 Case #2 Case #3

Specimen #1 3.5 3.5 3.5
Specimen #2 4 7 4
Specimen #3 5 10.5 10
Average strength 4.17 7 5.83
Standard error ±0.62 ±2.86 ±2.95
Range of strength 3.55e4,79 4.14e9.85 2.88e8.79
Satisfying criteria? O O X
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correlation test and the Spearman's correlation test. Table 7 sum-
marizes the analyses results where no correlation between the
maximum pore volume and the compressive strength was
observed. All the p-values of specimen showed lower value
compared to the level of significance (see Table 7).

4. Discussion

As shown in Fig. 3, the difference in the compressive strength
due to cement content was hard to observe owing to the large
variance in cement specimen and different test conditions. There-
fore, it was not possible to evaluate the effect of the test conditions,
height-to-diameter (H/D) ratio, loading rate, and porosity, in the
statistical analyses. Through the Student's t-test and the MWU test,
the effect of loading rate and H/D ratio on the compressive strength
of cement solidified specimen was examined. Although the p-
values derived from these tests were different, the results were the
same.With the specimenwith an H/D ratio of 2 and cement content
#1(40 wt%) and #2(50 wt%), the significant effect of the loading
rate and compressive strength was evaluated (ASTM C39: 0.2MPa/s
& KS F 2405: 0.6 MPa/s). Additionally, the significant effect of the H/
D ratio on the compressive strength was evaluated when the
loading ratewas ASTM C39 and cement content was #1 and #2. The
loading rate of KS F 2405 showed no significant effect in terms of
the H/D ratio on the compressive strength. Therefore, to effectively
measure the compressive strength of cement solidified waste
reflecting its cement content, the H/D ratio should be 2 and the
loading rate should be adequately low.

Generally, the compressive strength of a concrete specimen is
affected by the porosity with negative correlation [8,19,20]. How-
ever, unlike concrete specimen, cement solidified radioactive waste
does not contain aggregates and has lower compressive strength
owing to large amounts of waste. Therefore, the correlation be-
tween porosity and compressive strength of cement solidified
Table 7
Correlation analysis results between maximum pore volume and compressive strength.

KS F 2405 (H/D ¼ 2) ASTM C39 (H/D ¼ 2)

#1 #2 #3 #1 #2

p-value Pa 0.430 0.671 0.299 .114 0.501
Sb 0.787 0.911 0.156 0.200 0.072

a Pearson's correlation.
b Spearman's correlation.
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waste specimen was tested, and the Pearson's correlation test
showed no correlation between them. The Spearman's correlation
test demonstrated that only one specimen showed a correlation
between compressive strength and porosity. The specimen had
cement content of #3(60 wt%) and H/D ratio of 2 with the loading
rate of ASTM C39. However, all specimens except one showed no
correlation between porosity and compressive strength. Therefore,
most of the compressive strength of cement solidified waste had no
correlation to the porosity.

Excluding the porosity of the specimen, the maximum pore
volume of the specimen can be one of the main factors that is
critical to the compressive strength of the specimen as it is equal to
the size of the defect inside the specimen. Some specimen showed
significantly large pore volume where volume is larger than
100 m3. However, no correlation between maximum pore size and
compressive strength was found through the Pearson's and
Spearman's correlation analyses for all specimens where all the p-
values are less than 5%. Therefore, the maximum pore size of the
specimen is expected to be not correlated to the compressive
strength of the cement solidified specimen like the porosity.

In Gyeongju LILW repository, the average compressive strength
of three core specimen fromwaste drummust satisfy the minimum
KS F 2405 (H/D ¼ 1.44) ASTM C39 (H/D ¼ 1.44)

#3 #1 #2 #3 #1 #2 #3

0.145 0.521 0.080 0.395 0.142 0.374 0.277
0.180 0.111 0.285 0.285 0.180 0.939 0.391
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compressive strength of 3.44 MPa. The compressive strength test
method was KS F 2405 for the solidified waste with a minimum
diameter of 50 mm and an H/D ratio of 2. However, in “NRC,
technical position on waste form, rev 1,” the compressive strength
test method followed ASTM C39 (0.25 ± 0.05 MPa/s), where the
loading rate was less than the half of that of KS F 2405 (0.6 MPa/s)
with the same compressive strength criterion. From the result of
the study, the overall measured compressive strength of cement
solidifiedwaste specimen under loading rate of KS F 2405 showed a
larger value compared to the results of ASTM C39, regardless of the
cement content. Furthermore, measuring the compressive strength
of cement solidified specimen with a large loading rate could
overestimate the compressive strength and may not reflect its
strength depending on the cement content. Therefore, the test
method with lower loading rate is suitable for measuring the
compressive strength of cement solidified specimen conservatively
reflecting its cement content.

The concrete specimen with less height-to-diameter ratio
commonly has higher compressive strength which corresponds to
the results of this study. For this reason, ASTM C39 suggests using a
weighting factor when the height-to-diameter ratio is less than
two. The result of this study also corresponds: the ratio of 1.4 has
higher compressive strength than that of the two. In the aspect of
safety securement of the radioactive waste, it would be more
conservative to use the ratio of two for the compressive test.
Therefore, one must apply a lower loading rate than the KS F 2405
to the specimen with a fixed H/D ratio of 2 to measure the
compressive strength of specimen conservatively.

To maximize the amount of radioactive waste in the solidified
waste, the addition of the aggregate was ignored unlike the cement
mortar and concrete. By adding aggregate, the dimensional stabil-
ity, compressive strength, and prevention of shrinkage of the
specimen can be secured. Nevertheless, those specimen with well-
graded aggregate with specified mixture recipe cannot avoid the
significant deviation of strength. Concrete can show the compres-
sive strength in the range of 47.2 MPae69.2 MPa where maximum
difference is 22 MPa [28]. The cement mortar applied as brick joint
showed the strength in the range of 1.55 MPae3.26 MPa where
maximum difference is 1.71 MPa [29]. Therefore, the large devia-
tion of compressive strength for the specimen without aggregate
and mixture recipe is expected to be inevitable and the possibility
of large strength deviation of cement solidified radioactive waste
should be considered in the radioactive waste repository.

In Gyeongju LILW repository, the compressive strength criterion
was compared to the average compressive strength of a three cored
specimen. However, the compressive strengths of cement solidified
specimen showed large variance, then the average value is hard to
be a representative of the actual strength of the waste. Additionally,
the average compressive strength satisfied the criterion owing to its
large variance, and some part of the solidified waste exhibited
lower compressive strength compared with the criterion, as shown
in Table 8. For case #3, all the compressive strength and average
values satisfied the criterion; however, there was a possibility of
lower compressive strength for the entire solidified waste,
reflecting its large variance. Therefore, applying the standard error,
which compensated the large variance in measured compressive
strengths to the criterion, was suggested in this study.

Cement solidified specimens were made using mock sludge,
where the main sludge waste (Ca(OH))2 and CaF2) from the UF6
conversion process were mixed. However, several types of radio-
active waste exist, and solidified waste containing other types of
waste may show different results. Based on the study results, the
compressive strength of cement solidified specimen exhibited a
large variance, which was significantly affected by the working
environment. In addition, other solidifying methods, including
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vitrification and polymer solidification, are possible, and cement
solidification might not be conducted in the future when there are
changes in the WAC of repository [30e32]. Therefore, in future
works, compressive strength measurements should be performed
according to the test method for the different types of solidifying
media.

5. Conclusion

In this study, compressive strength measurements of cement
specimens, which solidified sludge waste with various cement
content, were performed by varying the height-to-diameter ratio
and loading rate after porosity analysis. The compressive strength
reflecting the low content cement in the specimen was measured
through parametric and nonparametric analyses when the loading
rate was low and the H/D ratio was equal to 2. However, no effect of
naturally generated pores inside the specimen during curing period
on the compressive strength was checked. Therefore, to avoid
overestimation of the cement solidified radioactive waste, one
must apply a lower loading rate during the compressive strength
test in the radioactive waste repository. However, in future works,
similar studies should be conducted for cement solidified waste
with different types of waste and specimen with different solidi-
fying media.
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