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EXECUTIVE SUMMARY 
 

The Mixed Oxide Fuel Fabrication Facility (MFFF) will use colemanite bearing concrete neutron 
absorber panels credited with attenuating neutron flux in the criticality design analyses and shielding 
operators from radiation. The Savannah River National Laboratory (SRNL) is tasked with measuring the 
total density, partial hydrogen density, and partial boron density of the colemanite concrete. 
 
SRNL received twelve samples of colemanite concrete for analysis on January 15, 2013. The average 
total density of each of the samples measured by the ASTM method C 642, the average partial hydrogen 
density was measured using method ASTM E 1131, and the average partial boron density of each sample 
was measured according to ASTM C 1301. The lower limits and measured values for the total density, 
hydrogen partial density, and boron partial density are presented in the following table. For all the 
samples tested, the total density and the hydrogen partial density met or exceeded the specified limit. All 
of the samples met or exceeded the boron partial density lower bound with the exception of samples G3-
M11-2000-H, G3-M11-3000-M, and G5-M1-3000-H which are below the limit of 1.65E-01 g/cm3.  

 

Sample ID 

Total Density Lower 
Bound  
[g/cm3] 

Hydrogen Partial 
Density Lower Bound 

[g/cm3] 

Boron Partial Density 
Lower Bound  

[g/cm3] 
Limit Measured Limit Measured Limit Measured 

G3-M11-2000-B 

1.88 

2.03 

6.04E-02 

7.12E-02 

1.65E-01 

1.70E-01 
G3-M11-2000-M 2.04 7.25E-02 1.79E-01 
G3-M11-2000-H 2.02 7.73E-02 1.61E-01 
G3-M11-3000-B 2.00 6.65E-02 1.69E-01 
G3-M11-3000-M 2.02 7.33E-02 1.64E-01 
G3-M11-3000-H 2.06 7.26E-02 1.70E-01 
G4-M1-2000-B 2.03 6.81E-02 1.72E-01 
G4-M1-2000-M 2.03 6.85E-02 1.67E-01 
G4-M1-2000-H 2.05 6.88E-02 1.72E-01 
G5-M1-3000-B 2.03 7.47E-02 1.74E-01 
G5-M1-3000-M 2.03 7.42E-02 1.66E-01 
G5-M1-3000-H 2.03 7.24E-02 1.59E-01 
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1.0 Introduction 
The Mixed Oxide Fuel Fabrication Facility (MFFF) will use colemanite bearing concrete neutron 
absorber panels credited with attenuating neutron flux in the criticality design analyses and 
shielding the operator from radiation.1 The properties listed in Table 1-1 are from Table 2.1.2.3 in 
Reference 1. Savannah River National Laboratory (SRNL) is tasked with measuring the 
properties of colemanite concrete identified in Table 1-1.2 
 

Table 1-1. Acceptable Material Neutron Absorber Characteristics 

Material Type Total Density Lower 
Bound (g/cm3) 

Hydrogen Partial Density 
Lower Bound (g/cm3) 

Boron Partial Density 
Lower Bound (g/cm3) 

Borated Concrete 
(Colemanite) 1.88 6.04E-02 1.65E-01 

 

2.0 Experimental Results 
Twelve samples of colemanite concrete were delivered to SRNL on January 15, 2013. All 
samples were cuboids with approximate dimensions of 160 mm x 40 mm x 40 mm. The samples 
arrived in zip top bags and each sample was wrapped in a moist towel.  

2.1 Total Density 
The total density of each sample was determined according to ASTM standard C 642-06 for 
determining the density of hardened concrete.3 The ASTM method was followed with the 
exception of sample size. Section 4.1 of the ASTM procedure specifies a sample size of 
approximately 800 grams. As the samples themselves weighed less than 550 grams, a reduced 
sample size was used. Duplicate samples for total density were obtained by cleaving pieces from 
the as-received sample. Mass measurements were taken after each treatment (Table 2-1) as 
outlined in the ASTM standard with the masses designated as A through D, where: 
 

A = mass of oven-dried sample in air between 100 to 110 °C, g 
B = mass of surface-dry sample in air after immersion, g 
C = mass of surface-dry sample in air after immersion and boiling, g 
D = apparent mass of sample in water after immersion and boiling, g 

 
Using the calculations in the ASTM method, the following properties were calculated (Table 
2-2): 
 
Absorption after immersion, % = 𝐵−𝐴

𝐴
× 100,       (1) 

Absorption after immersion and boiling, % = 𝐶−𝐴
𝐴

× 100,    (2) 

Bulk density, dry = 𝐴
𝐶−𝐷

× 𝜌 ,        (3) 

Bulk density after immersion = 𝐵
𝐶−𝐷

× 𝜌,       (4) 

Bulk density after immersion and boiling = 𝐶
𝐶−𝐷

× 𝜌,     (5) 

Apparent density = 𝐴
𝐴−𝐷

× 𝜌,         (6) 

Volume of permeable pore space = 𝐶−𝐴
𝐶−𝐷

× 100      (7) 
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Table 2-1. Mass measurements of duplicate samples after each treatment  

Sample ID Run 
Number 

Dry (A) 
[g] 

Saturated (B) 
[g] 

Boiled (C) 
[g] 

Suspended (D) 
[g] 

Date 1/22/2013 1/24/2012 1/29/2013 1/29/2013 

G3-M11-2000-B 
1 4.894 5.819 5.767 2.892 

2 11.754 14.041 13.911 6.991 

G3-M11-2000-M 
1 11.338 13.439 13.456 6.842 

2 10.592 12.411 12.228 6.196 

G3-M11-2000-H 
1 12.292 14.413 14.438 7.356 

2 9.482 11.454 11.320 5.634 

G3-M11-3000-B 
1 9.549 11.653 11.627 5.759 

2 16.267 19.685 19.620 9.842 

G3-M11-3000-M 
1 6.203 7.529 7.435 3.678 

2 5.690 6.738 6.614 3.318 

G3-M11-3000-H 
1 13.829 16.604 16.529 8.367 

2 10.857 12.733 12.640 6.523 

G4-M1-2000-B 
1 6.626 8.008 7.948 3.962 

2 11.303 13.318 13.360 6.856 

G4-M1-2000-M 
1 7.953 8.734 8.770 4.449 

2 10.181 12.088 12.102 6.170 

G4-M1-2000-H 
1 9.856 11.503 11.500 5.924 

2 7.538 8.994 8.927 4.496 

G5-M1-3000-B 
1 8.570 10.315 10.238 5.169 

2 14.021 16.766 16.740 8.457 

G5-M1-3000-M 
1 15.022 17.814 17.888 9.161 

2 8.560 10.337 10.352 5.221 

G5-M1-3000-H 
1 13.480 15.856 15.772 8.057 

2 10.980 13.356 13.396 6.705 
 
 
The density, ρ, used in these calculations is that of water, (1 g/cm3). The results of the 
calculations performed with Equations 1-7 are tabulated and averaged in Table 2-2. 
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Table 2-2. Calculated results using equations 1 – 7 for colemanite concrete samples received January 15, 2013 

Sample ID Run 
Number 

Eq. 1 
[%] 

Eq. 2 
[%] 

Eq. 3 
[g/cm3] 

Eq. 4 
[g/cm3] 

Eq. 5 
[g/cm3] 

Eq. 6 
[g/cm3] 

Eq. 7 
[%] 

Average (Eq. 4) 
[g/cm3] 

G3-M11-2000-B 
1 18.901 17.840 1.702 2.024 2.006 2.444 30.362 

2.03 
2 19.457 18.349 1.699 2.029 2.010 2.468 31.166 

G3-M11-2000-M 
1 18.531 18.681 1.714 2.032 2.035 2.522 32.026 

2.04 
2 17.173 15.446 1.756 2.057 2.027 2.409 27.120 

G3-M11-2000-H 
1 17.255 17.460 1.736 2.035 2.039 2.490 30.306 

2.02 
2 20.797 19.382 1.668 2.015 1.991 2.464 32.323 

G3-M11-3000-B 
1 22.034 21.756 1.627 1.986 1.981 2.519 35.405 

2.00 
2 21.012 20.609 1.664 2.013 2.007 2.532 34.289 

G3-M11-3000-M 
1 21.377 19.860 1.651 2.004 1.979 2.456 32.788 

2.02 
2 18.418 16.243 1.726 2.044 2.006 2.398 28.035 

G3-M11-3000-H 
1 20.067 19.526 1.694 2.034 2.025 2.532 33.081 

2.06 
2 17.279 16.422 1.775 2.081 2.066 2.505 29.145 

G4-M1-2000-B 
1 20.857 19.946 1.663 2.009 1.994 2.488 33.163 

2.03 
2 17.827 18.194 1.738 2.048 2.054 2.542 31.622 

G4-M1-2000-M 
1 9.820 10.273 1.840 2.021 2.030 2.270 18.907 

2.03 
2 18.731 18.871 1.716 2.037 2.040 2.538 32.384 

G4-M1-2000-H 
1 16.711 16.679 1.768 2.063 2.062 2.507 29.483 

2.05 
2 19.315 18.428 1.701 2.030 2.014 2.478 31.346 

G5-M1-3000-B 
1 20.362 19.464 1.691 2.035 2.020 2.520 32.907 

2.03 
2 19.578 19.392 1.693 2.024 2.021 2.520 32.827 

G5-M1-3000-M 
1 18.586 19.079 1.721 2.041 2.050 2.563 32.840 

2.03 
2 20.759 20.930 1.668 2.015 2.018 2.564 34.920 

G5-M1-3000-H 
1 17.626 17.001 1.747 2.055 2.044 2.486 29.707 

2.03 
2 21.639 21.999 1.641 1.996 2.002 2.568 36.103 
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2.2 Partial Hydrogen Density 
The hydrogen partial density of the colemanite concrete was determined using the ASTM method 
for determining volatile content using thermogravimetric analysis.4 The ASTM E 1131-08 defines 
highly volatile matter as components that will volatilize <200°C and medium volatile matter as 
components that will degrade or volatilize in the range 200 - 750 °C. In an evaluation of the 
thermal decomposition of colemanite, Waclawska et al, determined that the release of water from 
colemanite was complete at 600 °C and that melting and crystallization of a calcium borate phase 
occurred above 650 °C.5 A Netzsch STA 409 Luxx, which couples Differential Scanning 
Calorimetry (DSC) with Thermal Gravimetric Analysis (TGA), was used for determining the 
partial hydrogen density of the colemanite concrete samples. After loading the sample, the 
chamber was purged with nitrogen at 60 ml/min prior to heating. Triplicate samples were heated 
at 5 °C/min up to 650 °C in a flowing nitrogen atmosphere of 60 ml/min. The results for each of 
the twelve samples received January 15, 2013 are shown in Table 2-3. The initial mass loss is 
associated with the free water from the mix. The second mass loss beginning at approximately 
400 °C is due to the thermal decomposition of the colemanite. Table 2-3 summarizes the mass 
change and hydrogen partial density for all twelve samples. The mass loss graphs for all twelve 
samples are in Appendix A.  
 
In order to calculate the hydrogen partial density, it is assumed the average total mass loss for 
each sample in Table 2-3 is due to water, both free and from the decomposition of colemanite. 
The hydrogen partial density is calculated from the average mass loss (Table 2-3) and density of 
the sample (Table 2-2) as shown in equations 8 – 12. Sample G3-M11-2000-B is used as the 
example calculation.  
 

𝑀𝑜𝑙𝑒𝑠 𝐻2𝑂 𝑖𝑛 100 𝑔 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐻2𝑂
𝑀𝑊 𝐻2𝑂

=
31.41  𝑔 𝐻2𝑂

𝑔 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

18.015 𝑔 𝑚𝑜𝑙 𝐻2𝑂
= 1.74 𝑚𝑜𝑙𝐻2𝑂,     (8) 

 
𝑔 𝐻

𝑀𝑜𝑙𝑒 𝐻2𝑂
=  2.016 𝑔 𝐻,          (9) 

 
𝑔 𝐻 𝑖𝑛 100 𝑔 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 =  1.74 𝑚𝑜𝑙 𝐻2𝑂 × 2.016 𝑔 𝐻 = 3.52 𝑔 𝐻,   (10) 

 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
= 100 𝑔 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

2.03 𝑔
𝑐𝑚3

= 49.35 𝑐𝑚3 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒,  (11) 

 
𝐻 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑔

𝑚𝑙
= 𝑚𝑎𝑠𝑠 𝐻

𝑣𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
= 3.52 𝑔 𝐻

49.35 𝑚𝑙 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
= 7.12𝐸 − 02 𝑔 𝐻

𝑚𝑙 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒
.  (12) 
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Table 2-3. Mass loss from 25 – 650 °C for samples received on January 15, 2013 

Sample ID 
Mass Loss 

(%)  
25 - 175 °C 

Mass Loss 
(%)  

300 - 600 °C 

Total Mass 
Loss (%) 

Average 
Total Mass 
Loss (%) 

Total Hydrogen 
Partial Density 

(g/cm3) 

G3-M11-2000-B-1 15.43 11.90 28.38 
31.41 7.12E-02 G3-M11-2000-B-2 18.95 11.32 32.34 

G3-M11-2000-B-3 21.62 9.33 33.52 
G3-M11-2000-M-1 26.08 9.42 37.42 

31.69 7.25E-02 G3-M11-2000-M-2 11.15 14.80 26.78 
G3-M11-2000-M-3 17.62 11.30 30.86 
G3-M11-2000-H-1 19.64 8.67 29.97 

34.13 7.73E-02 G3-M11-2000-H-2 24.79 8.17 34.95 
G3-M11-2000-H-3 25.67 9.52 37.48 
G3-M11-3000-B-1 9.50 17.66 28.00 

29.72 6.65E-02 G3-M11-3000-B-2 19.07 10.68 30.23 
G3-M11-3000-B-3 18.64 10.14 30.92 
G3-M11-3000-M-1 18.05 11.40 31.03 

32.36 7.33E-02 G3-M11-3000-M-2 18.80 11.89 32.64 
G3-M11-3000-M-3 22.00 9.17 33.40 
G3-M11-3000-H-1 14.88 14.62 30.69 

31.53 7.26E-02 G3-M11-3000-H-2 19.76 9.88 32.92 
G3-M11-3000-H-3 19.15 9.53 30.97 
G4-M1-2000-B-1 13.42 10.90 25.75 

29.98 6.81E-02 G4-M1-2000-B-2 16.09 19.19 34.21 
G4-M1-2000-B-3 16.15 11.77 29.98 
G4-M1-2000-M-1 18.37 10.55 31.03 

30.14 6.85E-02 G4-M1-2000-M-2 14.15 14.09 29.71 
G4-M1-2000-M-3 15.17 13.08 29.69 
G4-M1-2000-H-1 17.96 10.47 30.39 

30.05 6.88E-02 G4-M1-2000-H-2 15.82 11.26 29.13 
G4-M1-2000-H-3 17.15 11.53 30.63 
G5-M1-3000-B-1 17.74 10.97 30.24 

32.88 7.47E-02 G5-M1-3000-B-2 21.97 9.20 33.50 
G5-M1-3000-B-3 22.72 9.94 34.89 
G5-M1-3000-M-1 21.11 9.92 32.92 

32.68 7.42E-02 G5-M1-3000-M-2 16.55 12.58 30.82 
G5-M1-3000-M-3 21.68 10.53 34.29 
G5-M1-3000-H-1 21.52 8.54 32.19 

31.92 7.24E-02 G5-M1-3000-H-2 22.15 9.32 33.17 
G5-M1-3000-H-3 18.42 10.11 30.39 
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2.3 Boron Partial Density 
Subsamples of the samples received on January 15, 2013 were crushed, dried in an oven to 
remove moisture, and digested in triplicate using the ASTM method for trace metals analysis in 
limestone.6 Aliquots of each sample were weighed in separate beakers and then 10 ml of HCl and 
4 ml of HNO3 were added. The acid mixture was heated at 85 °C for 60 minutes on a hotplate, 
with the sample covered with a watch glass. After heating was complete, the sample cooled for an 
additional 60 minutes to ensure complete boron dissolution. The sample was then diluted up to a 
final volume of 100 ml with deionized water. The samples were analyzed on the Agilent 730 
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES). Boron was calibrated 
using a High Purity NIST traceable standard (Lot 1204016), Appendix B: Boron Certificate of 
Analysis. An internal standard (Yttrium) was used to compensate for matrix effects. The 
dissolution method prescribed in the ASTM method resulted in complete dissolution of the 
samples. Table 2-4 is the analytical results of the dissolution of colemanite concrete using the 
prescribed ASTM method. 
 

Table 2-4. Boron results for colemanite concrete samples received January 15, 2013 

Sample ID Average Boron 
Content [wt %] 

Average Partial Boron 
Density [g/cm3] 

G3-M11-2000-B 8.40 1.70E-01 
G3-M11-2000-M 8.74 1.79E-01 
G3-M11-2000-H 7.96 1.61E-01 
G3-M11-3000-B 8.46 1.69E-01 
G3-M11-3000-M 8.10 1.64E-01 
G3-M11-3000-H 8.27 1.70E-01 
G4-M1-2000-B 8.49 1.72E-01 
G4-M1-2000-M 8.24 1.67E-01 
G4-M1-2000-H 8.40 1.72E-01 
G5-M1-3000-B 8.59 1.74E-01 
G5-M1-3000-M 8.16 1.66E-01 
G5-M1-3000-H 7.86 1.59E-01 

 
The average partial boron density for each sample is calculated using the calculated colemanite 
concrete density for each sample in Table 2-2. An example calculation for the partial density of 
sample G3-M11-2000-B is shown in equations 13 – 15:  
 
𝑀𝑎𝑠𝑠 𝑏𝑜𝑟𝑜𝑛 𝑖𝑛 100 𝑔 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑓𝑟𝑜𝑚 Table 2-4 = 8.40 𝑔         (13) 
 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
= 100 𝑔 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒

2.03 𝑔
𝑐𝑚3

= 49.35 𝑐𝑚3 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒  (14) 

 
𝐵𝑜𝑟𝑜𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑔

𝑚𝑙
= 𝑚𝑎𝑠𝑠 𝐵

𝑣𝑜𝑙𝑢𝑚𝑒 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
= 8.40 𝑔 𝐵

49.35 𝑐𝑚3 
= 1.70𝐸 − 01 𝑔 𝑏𝑜𝑟𝑜𝑛

𝑐𝑚3 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒
  (15) 

 
Comparing the results in Table 2-4 to the acceptability limits in Table 1-1, samples G3-M11-
2000-H, G3-M11-3000-M, and G5-M1-3000-H are below the limit (1.65E-01 g/cm3) for the 
average partial boron density. 
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3.0 Conclusions 
The lower limits and measured values for the total density, hydrogen partial density, and boron 
partial density are presented in Table 3-1. For all the samples tested, the total density and the 
hydrogen partial density met or exceeded the lower bounds specified in Reference 1. All of the 
samples met or exceeded the boron partial density lower bound with the exception of samples 
G3-M11-2000-H, G3-M11-3000-M, and G5-M1-3000-H which are below the limit of 1.65E-01 
g/cm3.  
 

Table 3-1. Lower Bounds and Average Measured Values for the Total Density, Hydrogen 
Partial Density, and Boron Partial Density for the Colemanite Concrete Samples Received 

January 15, 2013 

Sample ID 

Total Density Lower 
Bound  
[g/cm3] 

Hydrogen Partial 
Density Lower Bound 

[g/cm3] 

Boron Partial Density 
Lower Bound  

[g/cm3] 
Limit Measured Limit Measured Limit Measured 

G3-M11-2000-B 

1.88 

2.03 

6.04E-02 

7.12E-02 

1.65E-01 

1.70E-01 
G3-M11-2000-M 2.04 7.25E-02 1.79E-01 
G3-M11-2000-H 2.02 7.73E-02 1.61E-01 
G3-M11-3000-B 2.00 6.65E-02 1.69E-01 
G3-M11-3000-M 2.02 7.33E-02 1.64E-01 
G3-M11-3000-H 2.06 7.26E-02 1.70E-01 
G4-M1-2000-B 2.03 6.81E-02 1.72E-01 
G4-M1-2000-M 2.03 6.85E-02 1.67E-01 
G4-M1-2000-H 2.05 6.88E-02 1.72E-01 
G5-M1-3000-B 2.03 7.47E-02 1.74E-01 
G5-M1-3000-M 2.03 7.42E-02 1.66E-01 
G5-M1-3000-H 2.03 7.24E-02 1.59E-01 
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Appendix A.  TGA Graphs for Samples Received January 15, 2013 
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Figure A-1.  TGA curve showing the mass loss for sample G3-M11-2000-B 

 

 
Figure A-2.  TGA curve showing the mass loss for sample G3-M11-2000-M 
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Figure A-3.  TGA curve showing the mass loss for sample G3-M11-2000-H 

 

 
Figure A-4.  TGA curve showing the mass loss for sample G3-M11-3000-B 
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Figure A-5.  TGA curve showing the mass loss for sample G3-M11-3000-M 

 

 
Figure A-6.  TGA curve showing the mass loss for sample G3-M11-3000-H 
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Figure A-7.  TGA curve showing the mass loss for sample G4-M1-2000-B 

 

 
Figure A-8.  TGA curve showing the mass loss for sample G4-M1-2000-M 
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Figure A-9.  TGA curve showing the mass loss for sample G4-M1-2000-H 

 

 
Figure A-10.  TGA curve showing the mass loss for sample G5-M1-3000-B 
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Figure A-11.  TGA curve showing the mass loss for sample G5-M1-3000-M 

 

 
Figure A-12.  TGA curve showing the mass loss for sample G5-M1-3000-H
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Appendix B.  Boron Certificate of Analysis 
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