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EXECUTIVE SUMMARY 

The U.S. Department of Energy (DOE) uses underground steel tanks to store liquid legacy 
wastes from reprocessing of spent fuel for the recovery of radioisotopes and other nuclear 
materials for defense and other purposes.  At the Savannah River Site (SRS), DOE has 
implemented a program to (i) remove highly radioactive radionuclides from the underground 
storage tanks to the maximum extent practical and (ii) stabilize the residual waste inside the 
tanks using cementitious, chemically reducing grout.  The purposes of the grout are to fill and 
structurally stabilize the tanks, and to provide a hydrologic and chemical barrier limiting the 
release of radionuclides to the environment.  This report describes proactive work sponsored by 
the U.S. Nuclear Regulatory Commission and performed by the Center for Nuclear Waste 
Regulatory Analyses (CNWRA®) during fiscal year (FY) 2020 and early FY 2021 to better 
understand tank grout water conditioning.  This work was conducted as part of the CNWRA 
project “Technical Assistance for the Review of the U.S. Department of Energy’s Non-High-
Level Waste Determinations.”  The purpose of the work was to determine the capability of SRS 
Reducing Tank Grout LP#8-016 (SRNL-STI-2011-00551) or its cementitious components such 
as ground granulated blast furnace slag (GGBFS) cement to condition meteoric water as it 
percolates through the tank grout matrix or fast flow paths in the tank grout at the interface of 
grout flow lobes and annular gaps at the tank perimeter or around piping, cooling coils, and 
in-tank equipment, and to understand the impact of residence time on the capability of tank 
grout to condition percolating water.  Since FY 2015, CNWRA has been investigating how 
interaction between synthetic groundwater (representing meteoric water that may percolate 
through the tank grout as slow, matrix flow or through cracks or other fast flow paths) and 
laboratory-scale tank-grout or GGBFS cement modifies the chemistry of synthetic groundwater.  
The work has been focused on how tank grout made with either Holcim’s Grade 100 or 
Lehigh’s Grade 120 GGBFS cement affects the dissolved oxygen (DO) concentration, pH, and 
oxidation–reduction potential (Eh) of synthetic groundwater because these parameters can 
affect the release of radionuclides from residual waste in grouted tanks.  For the Eh of water 
seeping through tank grout to diminish to a value on the order of −500 mV, as projected in some 
of DOE’s performance assessment (PA) modeling (e.g., SRR-CWDA-2010-00128, Revision 1), 
the DO concentration must be reduced to low levels at which redox couples other than O2–H2O 
control Eh.  Shallow groundwater at the SRS has DO concentrations of 1 to 9 mg/L [1 to 9 ppm] 
(WSRC-RP-92-450). To attain the low Eh conditions assumed in PA modeling, DO must be 
removed from infiltrating groundwater by reaction with reductants in the tank grout. 

Tests and analyses conducted during FY 2020 and the first few months of FY 2021 and 
documented herein include:  (i) evaluation of effect of GGBFS-to-water mass ratio on redox 
(Section 3); (ii) Grade 120 and Grade 100 slag tank grout water conditioning in the presence of 
stainless steel (Section 4) or platinum (Pt)-coated niobium (Nb) support screens (Sections 4 and 
5); and (iii) total sulfide analyses of cementitious material and fine-aggregate grout components, 
and laboratory-prepared grout specimens (Section 6).   

The effect of the GGBFS-to-water mass ratio was evaluated with two tests (the first during 
FY 2019 and the second during FY 2020) to determine whether a higher GGBFS-to-water mass 
ratio would yield lower Eh.  Water-conditioning tests of the geochemical behavior of Grade 120 
GGBFS particulate samples were performed to evaluate how this important-to-performance tank 
grout component modifies the chemistry of synthetic Savannah River Site (sSRS) water, even 
though its reducing capacity does not represent that achievable when it is incorporated into the 
formula for reducing tank grout.  Due to the nature of these two non-tank-grout tests, they were 
not physical-analog models of the anticipated performance of reducing tank grout.  These tests 
demonstrated that the GGBFS-to-water mass ratio was positively correlated with both the 
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reaction rate and the concentration of dissolved reduced sulfur species in the contact water; 
however, the concentrations of dissolved reduced sulfur species did not have a significant effect 
on Eh.  DO dropped to the detection limit of the DO probes within 2 to 3 days, pH stabilized at 
approximately 11.9, and Eh stabilized at approximately −400 mV, regardless of the GGBFS-to-
water mass ratio.  Major ion concentrations and metal concentrations in the contact water were 
also similar regardless of the mass ratio.  The mass ratio did not significantly affect the resulting 
redox conditions in the contact water.  These results indicate that while some threshold amount 
of GGBFS may be needed to reduce the Eh of percolating water, the GGBFS content of 
reducing tank grout above this threshold does not affect the Eh produced by the reducing slag, 
although it is likely to affect the long-term reducing capacity of tank fill grout. 

A stainless-steel screen was initially used in January 2018 to elevate freshly cut, cubed 
Grade 120 GGBFS grout samples above a magnetic stir bar that mixed solution in the reaction 
vessel; this test stabilized at an Eh of −258 mV after 120 days (Walter and Dinwiddie, 2019).  
Two follow-up Grade 120 slag grout experiments with and without a stainless-steel screen were 
conducted during FY 2020 to reassess the impact of stainless steel on redox conditions inside 
the reaction vessel.  In each experiment, DO decreased to the detection limit of the DO probes 
and pH stabilized between 10.1 and 10.2.  However, DO was more rapidly consumed in the 
system with stainless steel than in the system without.  The experiment for which stainless steel 
was present used freshly cut grout cubes from a specimen newly removed from its glass mold, 
resulting in a brief minimum Eh of −129 mV and a longer term Eh of −63 to −80 mV.  The control 
experiment for which stainless steel was absent used freshly cut grout cubes from the grout 
specimen tested in the January 2018 stainless steel experiment and resulted in a minimum, 
stable Eh of approximately −25 mV.  The presence of stainless steel may have had a modest 
effect on the rate of DO consumption and the minimum Eh attained, but grout aging and 
atmospheric exposure times may also be factors.  The two grout specimens that sourced the 
cube samples used for these new experiments, which were poured from the same grout 
batch on the same day in April 2016, were removed from their glass molds two years apart 
(in January 2018 and January 2020), such that grout age and atmospheric exposure time are 
potentially confounding factors, making it challenging to draw definitive conclusions.  New grout 
specimens should be developed and tested simultaneously with a lone variable per reaction 
vessel to develop reliable conclusions about the impact of each variable.  In the future, inert, 
rigid plastic screens will be used to elevate grout samples above a magnetic stir bar. 

Three Lehigh Grade 120 slag reducing-grout water-conditioning experiments conducted in the 
absence of stainless steel during FY 2020 resulted in minimum DO of approximately 0, 60, and 
75 percent saturation, minimum Eh of −25 mV, +250 mV, and +180 mV, and pH of 
approximately 10.15, 11.45, and 11.25 after 100, 230, and 30 days of grout–water interactions.  
A single Holcim Grade 100 slag reducing-grout water-conditioning experiment conducted in the 
absence of stainless steel during FY 2020 resulted in a minimum DO of 64 percent saturation, a 
brief minimum Eh of +180 mV at test onset and a longer term Eh of approximately +220 mV, and 
pH of 11.55.  The tested grout samples were developed in August 2015 (Grade 100 slag grout) 
and April 2016 (Grade 120 slag grout).  New Grade 100 and Grade 120 slag grout specimens 
should be developed using fresh cementitious materials to fully understand the impact of 
cementitious material aging, reducing grout aging, and slag grade on redox conditions. 

The tests in which DO and Eh remained elevated also resulted in relatively low dissolved sulfate 
and total sulfur in water samples collected at the end of the tests.  These relatively low dissolved 
sulfate concentrations suggest that the initial reduced sulfur concentrations in the grout 
specimens were also relatively low, thus lowering the reducing capacity of the specimens. 
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Sulfide content analyses of grout ingredients were performed because sulfide is expected to be 
the primary reducing agent in tank grout.  The sulfide content of fine aggregate (ASTM C33 
sand by South Carolina Minerals, Inc. of North Augusta, South Carolina), ordinary Portland 
cement (Type I/II, ASTM C150 by Holcim US, Inc. of Birmingham, Alabama), and Class F fly 
ash (ASTM C618 by SEFA Group, Inc. of Lexington, South Carolina) used in SRS reducing tank 
fill grout were below the detection limit of the SW-846 Method 9034 for total sulfide 
(i.e., <39 mg/kg or parts per million by mass).  Holcim’s Grade 100 GGBFS (ASTM C989) 
sample had a sulfide content of 10,300 mg/kg (approximately 1 percent), whereas Lehigh’s 
Grade 120 GGBFS (ASTM C989) sample had a sulfide content of 7,860 mg/kg (approximately 
0.8 percent).  One of two samples of Grade 100 slag grout (specimen cast in 2015 and removed 
from its mold in 2018) had a sulfide content of 51.6 mg/kg while the other had sulfide content 
less than the detection limit, indicating heterogeneity in the composition of the laboratory-
prepared grout specimen.  The sulfide content of three Grade 120 slag grout samples (cast on 
11 April 2016 and specimen removed from its mold in 2020) ranged from 39.6 mg/kg 
(slightly above the detection limit) to 98 mg/kg.  The expected sulfide content of the Grade 100 
and Grade 120 slag grouts would have been 658 mg/kg and 495 mg/kg based on the weight 
fraction of GGBFS in the specimens.  Thus, the sulfide contents of both the Grade 100 and the 
Grade 120 slag grout samples were significantly depleted with respect to the sulfide contents 
expected based on the weight fraction of GGBFS used to prepare the grout specimens, 
indicating that significant loss of the sulfide content occurred either during preparation or 
storage of the grout specimens. 

The measured deficiency in the grout sample sulfide content could be due to (i) oxidation of 
sulfide during grout specimen preparation or curing that limited their reducing capacity, 
(ii) oxidation of sulfide during aging and storage of the specimens in the laboratory environment 
that limited their reducing capacity, or (iii) heterogeneity in the sulfide content of grout 
specimens due to segregation during curing.  Oxidation of sulfide during grout preparation does 
not explain the year-to-year differences observed in redox behavior because a FY 2018 grout 
water-conditioning test of a cubed grout sample and a FY 2019 grout water-conditioning test of 
a pulverized grout sample resulted in significantly lower Eh than was observed during FY 2020 
tests.  All grout water-conditioning tests performed during FY 2020 resulted in significantly less 
reduction than previous tests, independent of the specimen exposure time, which suggests that 
exposure time of the grout specimen to the laboratory atmosphere does not explain the different 
results.  Inasmuch as duplicate samples of the Grade 120 grout specimen had similar sulfide 
contents, significant heterogeneity in this specimen seems unlikely. 

The dominant reduced sulfur species in contact water has been shown to be thiosulfate, 
consistent with some of the original sulfide in the grout having been oxidized either by reaction 
with dissolved oxygen (DO) initially present in the synthetic Savannah River Site (sSRS) water 
in the reaction vessel or consistent with oxidation of sulfide in the grout prior to the test. 

Two of the grout water-conditioning tests performed during FY 2020 resulted in low DO 
saturations and Eh values less than zero but much less negative than those attained earlier 
during a cubed Grade 120 slag grout water-conditioning test performed during FY 2018 and 
during a pulverized grout water-conditioning test performed during FY 2019.  Other cubed grout 
water-conditioning tests performed during FY 2020 did not produce DO saturations less than 
60 percent and Eh values were in the range of +250 to +280, even though the test conditions 
were substantially the same as those for the tests performed during the previous fiscal years.  
Some of the grout water-conditioning tests performed in FY 2020 may have been affected by 
infusion of oxygen through the septa used to seal the water-sampling port of each reaction 
vessels. Degraded rubber septa were replaced at various points during tests.  When the septa 
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were replaced, approximately 1 mL of sSRS water was added to the reaction vessels to fill the 
head space created when the septa were removed.  Replacement of the septa did not result in 
a significant change in DO and Eh, and DO continued a slow decline until the rubber septa were 
replaced with flat disc septa near the end of the tests.  Thus, although diffusion of oxygen into 
the reaction vessels cannot be ruled out, it does not fully explain the low reactivity of the grout 
samples tested during FY 2020.  In summary, the grout water-conditioning tests performed 
during FY 2020 yielded somewhat ambiguous results. 
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1 INTRODUCTION 

The U.S. Department of Energy (DOE) uses underground steel tanks to store liquid legacy 
wastes from reprocessing of spent fuel for the recovery of nuclear materials for defense and 
other purposes.  At the Savannah River Site (SRS), DOE has implemented a program to 
remove highly radioactive radionuclides from the underground storage tanks to the maximum 
extent practical and to stabilize the residual waste inside the tanks using a cementitious, 
chemically reducing tank grout (denoted LP#8-016; C-SPP-F-00055, Revision 4).  The purposes 
of the grout are to fill and structurally stabilize the tanks and to provide a hydrologic and 
chemical barrier to limit the release of radionuclides to the environment.  This report describes 
proactive work performed by the Center for Nuclear Waste Regulatory Analyses (CNWRA®) 
during fiscal year (FY) 2020 and early FY 2021 to better understand tank-grout water 
conditioning.  The work was conducted for the U.S. Nuclear Regulatory Commission’s Office of 
Nuclear Material Safety and Safeguards, Division of Decommissioning, Uranium Recovery, and 
Waste Programs, under the task order titled “Technical Assistance for the Review of the 
U.S. Department of Energy’s Non-High-Level Waste Determinations.”  The purpose of the work 
was to investigate how interaction between synthetic Savannah River Site groundwater (sSRS) 
(representing water that may infiltrate the tank grout as slow, matrix flow or through cracks or 
other fast flow pathways; WSRC-RP-92-450) and bench-scale tank grout specimens or ground 
granulated blast furnace slag (GGBFS) cement (used to prepare reducing tank grouts) modifies 
the chemistry of synthetic groundwater.  During FY 2020, the work specifically focused on how 
GGBFS cement and tank grout made with either Holcim’s Grade 100 GGBFS cement 
(Holcim US, Inc., Birmingham, Alabama) or Lehigh’s Grade 120 GGBFS cement (ASTM C989 
Lehigh Cement Company, LLC, Fort Lauderdale, Florida) affects the dissolved oxygen (DO) 
concentrations, pH, and oxidation–reduction potential (Eh) of the synthetic groundwater, 
because these parameters can affect the release of key radionuclides from the residual waste in 
grouted tanks. 

For the Eh of water percolating through tank grout to diminish to a value on the order of 
−500 mV, as projected in some of DOE’s performance assessment (PA) modeling  
(e.g., SRR–CWDA–2010–00128, Revision 1), the DO concentration must be reduced to low 
levels at which redox couples other than O2–H2O control Eh.  Shallow groundwater at SRS has 
DO concentrations ranging from 1 to 9 mg/L [1 to 9 ppm] (WSRC-RP-92-450).  To attain the low 
Eh conditions assumed in PA modeling, DO must be removed from infiltrating groundwater by 
reaction with reductants in the tank grout. 

Water-conditioning tests performed during FY 2020 and early FY 2021 are listed in Table 1-1.  
During March 2020, SwRI began implementing health-protection measures in response to the 
COVID-19 pandemic.  While project staff were designated essential employees with limited 
access to laboratories, they were also cautioned to work from home as much as possible.  
In response to the pandemic, however, ongoing grout water-conditioning experiments were 
never prematurely terminated, because they could be reasonably maintained with limited staff 
labor.  A technician was identified to work a few hours a day to monitor the laboratory 
environment, calibrate equipment, and record daily data in physical laboratory notebooks to 
supplement automated digital data acquisition records.  As experiments were naturally 
terminated due to oxygen ingress and subsequent increases in Eh above the minimum value 
attained, staff used existing reducing grout specimens developed in 2015 and 2016 to conduct 
new experiments. 

The first water-conditioning test was performed using Grade 120 GGBFS cement (ASTM C989 
Lehigh Cement Company, LLC, Fort Lauderdale, Florida), hereafter referred to as Grade 120 
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slag, to investigate the effect of the slag-to-water mass ratio on redox conditions.  The other 
tests were performed on cubed samples of two laboratory-prepared Lehigh Grade 120 slag 
reducing grout specimens prepared on 11 April 2016 (Walter et al., 2016) or on one Holcim 
Grade 100 slag tank grout specimen prepared on 17 August 2015 (Walter and Dinwiddie, 2017). 

Grout water-conditioning tests were also performed to compare the effect of using a reactive 
stainless steel support screen to an inert platinum (Pt)-coated niobium (Nb) support screen in 
the reaction vessel.  Support screens are used to perch grout cubes above a magnetic spinner 
that circulates synthetic SRS (sSRS) water throughout the reaction vessel. 

Analyses were also performed to determine the sulfide content of the cementitious material 
components used to prepare the laboratory grout specimens. 

Section 2 of this report describes the methods used to perform the grout water-conditioning 
tests and to measure DO, pH, and oxidation-reduction potential (ORP), which was converted to 
Eh in the presentation of test results.  Section 3 evaluates the effect of slag-to-water mass ratio 
on redox.  Section 4 presents and compares test results for grout water-conditioning using 
reactive stainless steel and inert Pt-coated Nb support screens.  Section 5 presents test results 
for grout water-conditioning using cube samples of Holcim’s Grade 100 and Lehigh’s Grade 120 
slag reducing grout, as well as grout-water conditioning using Grade 120 grout specimens cast 
on the same date from the same grout batch but exposed to the laboratory atmosphere for 
differing amounts of time.  Section 6 describes the analytical methods used and results obtained 
when determining the sulfide content of the simulated tank fill grout and the cementitious 
material and fine aggregate grout components used to prepare the laboratory grout specimens.  
Section 7 provides an overall summary of the results obtained during FY 2020, and Section 8 
provides some thoughts on future work that may be accomplished during FY 2021 and beyond. 
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Table 1-1. Chronology of FY 2020 and FY 2021 grout water-conditioning tests 
Start Date End Date Test Material and Conditions* Reaction 

Vessel 
29 October 2019 10 December 2019 Slag-only test to evaluate effect of slag-to-water mass ratio on redox; 

51.6 g of Grade 120 GGBFS in 643 g sSRS water 3 

11 December 2019 21 May 2020 

Cubed grout samples from an 11 April 2016 Grade 120 slag grout 
specimen on Pt-coated Nb screen (to compare with previous and future 
tests that used stainless steel screen); 24 cubes weighing 106 g in 
517 mL sSRS water.  Grout cylinder was removed from glass mold 
709 days earlier on 2 January 2018, potentially allowing oxidation to 
occur, but cubes used were freshly cut from interior of specimen 
(Grade 120 slag grout, Test 1) 

2 

3 January 2020 18 February 2020 

Fresh, cubed grout samples from an 11 April 2016 Grade 120 slag grout 
specimen on Pt-coated Nb screen (to compare with previous test using 
stainless steel screen); 26 cubes weighing 100.6 g in 553 mL sSRS 
water.  Grout cylinder was removed from glass mold 1 day earlier on 
2 January 2020, such that its grout samples were fresh.  ORP probe 
failure prematurely ended test (Grade 120 slag grout, Test 2) 

1 

8 January 2020 26 October 2020 

Fresh, cubed grout samples from a 17 August 2015 Grade 100 slag grout 
specimen on Pt-coated Nb screen; 31 cubes weighing 99 g in 537 mL 
sSRS water.  Grout cylinder was removed from glass mold 7 days earlier 
on 2 January 2020, such that its grout samples were fresh (Grade 100 
grout, only test this fiscal year) 

3 

19 February 2020 26 October 2020 

Fresh, cubed grout samples from an 11 April 2016 Grade 120 slag grout 
specimen on Pt-coated Nb screen (to compare with previous test using 
stainless steel screen); 31 cubes weighing 98 g in 560 mL sSRS water.  
Grout cylinder was removed from its glass mold 49 days earlier on 
2 January 2020, such that its grout samples were relatively fresh 
(Grade 120 slag grout, Test 3)  

1 
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Table 1-1. Chronology of FY 2020 and FY 2021 grout water-conditioning tests 
Start Date End Date Test Material and Conditions* Reaction 

Vessel 

22 May 2020 25 September 2020 

Fresh, cubed grout samples from an 11 April 2016 Grade 120 slag grout 
specimen on stainless steel screen (to compare with FY 2018 tests using 
stainless steel and Pt-coated Nb screens); 24 cubes weighing 104 g in 
505 mL sSRS water.  Grout cylinder was removed from glass mold 
142 days earlier on 2 January 2020, such that its grout samples were 
relatively fresh (Grade 120 grout, stainless steel test) 

2 

29 September 2020 1 December 2020 

Fresh, cubed grout samples from an 11 April 2016 Grade 120 slag grout 
specimen on Pt-niobium screen (to compare with previous test using 
stainless steel and Pt-coated Nb screens); 36 cubes weighing 100 g in 
517 mL sSRS water.  Grout cylinder was removed from glass mold 
272 days earlier on 2 January 2020.  Sealed 4th port with flat-disc septa.  
Terminated due to oxygen ingress (Grade 120 slag grout, Test 4) 

2 

*All grout cube samples were cut from the interior of bench-scale grout cylinders that had been prepared in the laboratory. 
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2 TEST MEASUREMENT METHODS 

All grout water-conditioning tests were performed in four-port, glass reaction vessels, as 
illustrated in Figure 2-1.  Three of four ports were used to install dissolved oxygen (DO), pH, and 
oxidation-reduction potential (ORP) probes.  The probes were inserted into each port through 
screw caps that were sealed with a rubber O-ring.  The fourth port was typically sealed with a 
21-mm, red rubber turnover septum stopper (Fisherbrand™, United Kingdom) through which 
water samples were collected for chemical analyses.  For a few tests near the end of fiscal year 
(FY) 2020, the rubber septa were replaced with flat disc septa, as described later, because the 
rubber septa appeared to be deteriorating, becoming brittle and susceptible to oxygen transfer.  
Grout samples were placed on platinum (Pt)-coated niobium (Nb) support screens, located 
above magnetic stirring bars, except for one test in which grout samples were instead placed on 
a stainless-steel screen, as described later.  Each test was performed using synthetic 
Savannah River Site groundwater (sSRS; batch prepared 12 November 2019).  The major ion 
chemistry of the sSRS water used in the tests is shown in Figure 2-2. 

DO was measured using Hamilton VisiFerm® D120 optical DO probes; pH was measured using 
Weiss Research gel-filled double-junction pH probes; and ORP was measured using Weiss 
Research gel-filled double-junction ORP probes.  The pH and ORP probes were connected to 
Hanna Instruments® pH and ORP mini-controllers (Model 932700, Carrollton, Texas).  Prior to 
each test, the DO probes were calibrated to 100 percent DO saturation in air above water 
sparged with air from an aquarium aerator, and to 0 percent DO using a Ricca Chemicals Zero 
DO standard.  The pH probes were calibrated using pH 7.00 and 10.00 NIST-traceable pH 
standards.  The ORP probes were standardized to +221 mV versus Ag|AgCl ORP standards.  
Eh values were calculated by adding 200 mV to measured ORP values.  Instantaneous values 
of the three parameters were written to digital data files on 5-min intervals. 

Water samples were collected for chemical analyses at the end of each test by inserting two 
syringe needles through the septum sealing the fourth port of the reaction vessels.  One needle 
was used to collect the water samples.  The other needle was used to inject ultra-pure nitrogen 
gas into the vessel to displace water through the sample syringe.  One sample was collected in 
a 5-mL syringe and the other sample was collected in a 1-L Tedlar bag (SKC, Inc., Eighty Four, 
Pennsylvania).  The syringe sample was used for chloride, sulfate, and sulfur speciation 
analyses and the bagged sample was used for total metals analyses.  Collected water samples 
were analyzed by Chemistry and Chemical Engineering Division staff of Southwest Research 
Institute® for the following parameters: 

• Chloride (Cl), Method SW-846 9056A 
• Sulfate (SO4−2), Method SW-846 9056A 
• Sulfide (S−2), Method SW-846 9056A-M 
• Sulfite (SO3−2), Method SW-846 9056A-M 
• Thiosulfate (S2O3−2), Method SW-846 9056A-M 
• Total Metals, Method SW846, 6010D, Inductively Coupled Plasma (ICP). 

Analyses were also performed to determine the sulfide content of the cementitious material 
components used to prepare the laboratory grout specimens. The analytical methods for these 
analyses are described in Section 6. 
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Figure 2-1. Four-port reaction vessel, measurement probes, and water-sampling 

septa used for grout water-conditioning tests 
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Figure 2-2. Major ion chemistry of 12 November 2019 batch of sSRS water 
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3 EFFECT OF SLAG-TO-WATER MASS RATIO ON REDOX 

Two previous tests performed during fiscal year (FY) 2019 (Walter and Dinwiddie, 2020) with 
Lehigh’s Grade 120 ground granulated blast furnace slag (GGBFS) cement (i.e., in particulate 
form) resulted in minimum Eh values of −414 mV and −434 mV.  Each slag-only test was 
conducted with an approximately 100-g sample of Grade 120 GGBFS cement.  For the first test, 
slag was placed above a 7-µm pore-size, nylon filter fabric supported by a platinum (Pt)-coated 
niobium (Nb) screen.  For the second test, slag was placed inside a bag of 7-µm pore-size, 
nylon filter fabric supported by a Pt-coated Nb screen.  For each slag-only test, the reaction 
vessel was filled with approximately 550 g of synthetic Savannah River Site groundwater 
(sSRS) (slag-to-water mass ratio = 0.18).  The reaction vessels were stirred with a magnetic stir 
bar located below the support screen. 

During FY 2019, particulate cementitious material mixture tests were also performed with 
(i) a 100-g mixture of GGBFS and ordinary Portland cement (OPC) (GGBFS:OPC = 1:1.71) 
in 538 mL of sSRS water and (ii) a 100-g mixture of GGBFS and fly ash (FA) (GGBFS:FA = 
1:1.71) in 536 mL of sSRS water; these mixture tests resulted in minimum Eh values of −313 mV 
and −350 mV, respectively (Walter and Dinwiddie, 2020).  The less negative Eh values for 
mixture tests may have been due to chemical interactions between the slag and the other 
component, or to the lower slag-to-water mass ratio in the mixture tests. 

To test the effect of the slag-to-water mass ratio on the resulting redox potential and overall 
water chemistry, a follow-on slag-only test was performed during FY 2020 using only 51.6 g of 
GGBFS cement to compare results to those obtained with the 100-g samples used previously.  
Staff placed the Grade 120 slag in a 7-µm pore-size nylon filter-fabric bag and the reaction 
vessel was filled with 643 g of sSRS water (slag-to-water mass ratio = 0.08).  The reaction 
vessel was stirred with a magnetic stir bar located below the support screen.  The temporal 
evolutions of dissolved oxygen (DO) and Eh for the 100-g and 51.6-g bagged slag samples are 
shown in Figure 3-1, and the evolutions of pH and Eh are shown in Figure 3-2.  During each test, 
DO dropped to below the detection limit of the probes within 2 to 3 days, pH stabilized at 
approximately 11.9, and Eh stabilized at approximately −400 mV.  The differences between the 
stabilized pH and Eh for the two bagged slag samples are within the measurement accuracy of 
the oxidation–reduction potential (ORP) electrodes.  The reaction rate for the 100-g sample, 
however, was faster than for the 51.6-g sample. 

The major ion concentrations of the conditioned solutions at the end of the two bagged slag 
tests are shown in Figure 3-3.  Noting that the slag-to-water mass ratio was 0.08 for the 51.6-g 
slag sample and 0.18 for the 100-g slag sample (i.e., 2.25× the ratio for the 51.6-g slag sample), 
the major ion concentrations are nevertheless very similar.  Any differences are not proportional 
to the slag-to-water mass ratios.  The same is true for metal concentrations detected in the 
conditioned solutions collected from the two bagged slag tests (Figure 3-4). 

The dissolved sulfur species detected in the solution collected from the two bagged slag tests 
are shown in Figure 3-5.  Reduced sulfur species, primarily sulfide and thiosulfate, are thought 
to be responsible for maintaining reducing conditions (negative Eh) in the reaction vessels.  
Although the concentrations of reduced sulfur species (sulfide, thiosulfate, and sulfite) are 
somewhat higher in the water sample from the 100-g bagged slag test than in the water sample 
from the 51.6-g bagged slag test, the differences are not proportional to the differences in 
slag-to-water mass ratios. 
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In summary, although the slag-to-water mass ratio influenced the concentration of dissolved 
reduced sulfur species that affect redox potential (i.e., higher concentration of reduced sulfur 
species in the water sample from the 100-g bagged slag test), these differences did not have a 
significant effect on Eh.  The higher slag-to-water mass ratio did, however, result in a faster 
reaction rate. 

 
Figure 3-1.   Temporal history of DO and Eh for water-conditioning tests of 51.6-g and 

100-g bagged Grade 120 GGBFS samples 
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Figure 3-2.   Temporal history of pH and Eh for water-conditioning tests of 51.6-g and 

100-g bagged Grade 120 GGBFS samples 
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Figure 3-3.   Major ion concentrations in the conditioned solutions collected at the 

conclusion of the 51.6-g and 100-g bagged Grade 120 GGBFS 
water-conditioning tests 
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Figure 3-4.   Detected metals (other than major ions) in the conditioned solutions 

collected from the 51.6-g and 100-g bagged Grade 120 GGBFS 
water-conditioning tests 
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Figure 3-5.   Sulfur species detected in the conditioned solutions collected from the 

51.6-g and 100-g bagged Grade 120 GGBFS water-conditioning tests 
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4 GROUT WATER-CONDITIONING IN THE PRESENCE OF STAINLESS 
STEEL AND PLATINUM-COATED NIOBIUM SUPPORT SCREENS 

The first test of water-conditioning by Grade 120 slag grout cube samples was performed during 
fiscal year (FY) 2018 (Walter and Dinwiddie, 2019).  Grout samples were placed on a 
stainless-steel support screen above a magnetic stir bar in the reaction vessel.  The stainless 
steel may have affected the redox conditions of this test, which lasted approximately 130 days 
until it was confirmed that the contact water had reached a minimum oxidation–reduction 
potential (Eh) of −258 mV.  To address this concern, the stainless-steel support screen was 
generally replaced in subsequent tests with a platinum (Pt)-coated niobium (Nb) support screen, 
which was expected to be less reactive. 

During FY 2020, two additional grout water-conditioning tests were performed to compare the 
effect of stainless steel versus Pt-coated Nb screens on redox results.  First, 24 Grade 120 slag 
grout cube samples were cut from a reducing grout cylindrical specimen that had been stored 
inside a Ziploc™ bag since 2 January 2018, when it had been removed from its glass mold.  
Although this grout cylinder was removed from its mold two years earlier, potentially allowing 
some oxidation to occur, the cubes of grout that were cut from it for use in the test were taken 
from an interior region of the grout specimen to minimize atmospheric exposure effects on those 
grout samples.  These samples, weighing 106 g, were placed onto a Pt-coated Nb screen in a 
reaction vessel, which was then filled with 517 mL of synthetic Savannah River Site 
groundwater (sSRS) (Table 1-1, Grade 120 slag grout, Test 1).  Later, 24 Grade 120 slag grout 
cube samples were cut from a second reducing grout specimen that had been removed from its 
glass cylinder mold on 2 January 2020.  These samples, weighing 104 g, were placed onto a 
stainless-steel screen in a reaction vessel, which was then filled with 505 mL of sSRS water 
(Table 1-1, Grade 120 slag grout, stainless steel test). 

The temporal evolution of dissolved oxygen (DO) and Eh during these two tests are shown in 
Figure 4-1.  The pH stabilized between 10.1 and 10.2 during both tests.  DO decreased faster 
during the stainless-steel screen test than during the Pt-coated Nb screen test, reaching the 
minimum DO value of 0.12 percent saturation after 13 days.  In contrast, it took approximately 
26 days, or twice as long, during the Pt-coated Nb screen test for DO to reach the minimum 
value of 0.63 percent saturation.  At 35 days into the stainless-steel test, it was disrupted when 
the support screen unexpectedly fell onto the magnetic stirring bar.  At that point, Eh 
decreased rapidly to −129 mV by Day 40 and then recovered to relatively stable values ranging 
between −80 and −63 mV, except for a temporary spike that occurred after a degraded septum 
was replaced on Day 59.  Solution evaporation through the new septum required addition of 
sSRS to the vessel on Day 94, but afterward, Eh values continued to generally increase until the 
test was terminated.  In contrast, the Pt-coated Nb screen test reached a stable, minimum Eh of 
approximately −31 mV after 93 days.  The later stages of both tests were affected by increases 
in DO saturation, thought to have occurred due to deterioration of the rubber septa (Figure 2-1) 
used to seal the water-chemistry sampling ports of each reaction vessel. 

In summary, the stainless-steel screen may have had a modest effect on the rate of DO 
consumption and the minimum Eh attained when compared to the Pt-coated Nb screen.  
The difference in test results also could have been due to differences in the grout samples used 
in the two tests.  While both grout specimens were prepared from the same grout batch in 2016, 
they were removed from their molds at different times.  Grout samples used in the Pt-coated Nb 
screen test were extracted from a grout specimen that was exposed to the laboratory 
atmosphere for 1.56 yrs longer than the grout specimen used in the stainless-steel screen test.  
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We note that neither of the two new tests resulted in an Eh as low as that attained during the 
FY 2018 stainless steel and Grade 120 slag grout test (Walter and Dinwiddie, 2019). 
 
 

 

Figure 4-1.   Comparison of DO and Eh temporal evolution during Grade 120 slag grout 
water-conditioning tests conducted in the presence of stainless steel or 
platinum-coated niobium screens.  DAQ = data acquisition device (i.e., this 
data series is a continuously recorded data record from a DAQ)
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5 GROUT WATER-CONDITIONING BY CUBED SAMPLES IN THE 
PRESENCE OF PLATINUM-COATED NIOBIUM SCREENS 

During fiscal year (FY) 2020, four grout water-conditioning tests were performed using cube 
samples of Grade 120 slag (Lehigh) reducing grout, and one test was performed using cube 
samples of Grade 100 (Holcim) slag reducing grout.  The five tests were conducted in reaction 
vessels with grout cubes perched on chemically inert platinum (Pt)-coated niobium (Nb) screens 
above stirring magnets (Table 1-1). 

The first Grade 120 slag grout test (11 December 2019 test; Table 1-1) was conducted 
as previously described in Section 4, using samples cut from a grout specimen cast on  
11 April 2016 and removed from its cylindrical glass mold on 2 January 2018.  The rest of the 
FY 2020 tests of Grade 120 slag reducing grout were performed using samples cut from a grout 
specimen cast from the same grout batch on 11 April 2016, but removed from its cylindrical 
glass mold on 2 January 2020.  The second test of Grade 120 grout, begun on 3 January 2020 
(Table 1-1), was terminated on 18 February 2020 due to a malfunctioning oxidation–reduction 
potential (ORP) probe and is not discussed further.  The third test of Grade 120 grout, begun 
on 19 February 2020 (Table 1-1), lasted until 26 October 2020 (250 days).  The fourth test 
of Grade 120 grout began on 29 September 2020 (Table 1-1) and was terminated on 
1 December 2020 due to oxygen ingress (64 days). 

The single test of Grade 100 slag grout, begun on 8 January 2020 (Table 1-1), lasted until 
26 October 2020 (293 days).  This test used cube samples cut from a Grade 100 slag grout 
specimen that had been prepared on 17 August 2015. 

5.1 Lehigh Grade 120 Slag Reducing Grout Tests 

The evolutions of dissolved oxygen (DO) and oxidation–reduction potential (Eh) for the third 
Grade 120 slag grout test are shown in Figure 5-10F

1.  The pH varied between approximately 
11.4 and 11.5 throughout this test.  Results differed significantly from those of the first test 
(described in Section 4).  DO decreased gradually during the first 230 days of the third test, but 
never dropped below 60 percent.  Eh remained approximately +250 mV until near the end of the 
test.  In contrast, during the first test, DO dropped to the detection limit of the DO probe and Eh 
dropped to approximately −31 mV. 

The anomalously slow decrease in DO during the third Grade 120 grout test was initially 
attributed to oxygen diffusion through the red rubber septa used to seal the water-chemistry 
sampling port of the reaction vessel because these septa showed signs of deterioration and 
brittleness that led to cracking.  Therefore, red rubber septa used to seal the water-chemistry 
sampling port were replaced several times during the third test (Figure 5-1).  When a red rubber 
septum was replaced, 1 to 5 mL of synthetic Savannah River Site groundwater (sSRS) was 
added to the water-chemistry sampling port to account for water displaced by the septum and 
water that had evaporated or been imbibed by the grout, if any.  However, the relatively smooth 
rate of decrease of DO until near the end of the test suggests that infusion of oxygen through 
the septum was not the cause of the slow decrease in DO during the test.  A sudden increase in 
DO starting at approximately Day 230 coincided with replacement of a red rubber septum with a 
silicone white/PTFE blue 17.272 mm, 3.175-mm-thick flat-disc septum (Kinesis, Inc., 

 
1The first Grade 120 slag grout test results are shown in Figure 4-1. The second Grade 120 slag grout test results are 
not shown [test terminated after 6 weeks due to a malfunctioning oxidation–reduction potential (ORP) probe]. 
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Vernon Hills, Illinois; see Figure 2-1).  This was the first indication that the flat-disc septa also 
might not perform as desired to seal the reaction vessels against oxygen ingress. 

The water-chemistry sampling port of the fourth Grade 120 slag grout water-conditioning test 
was sealed from the beginning of the test with a silicone white/PTFE blue flat-disc septum.  
The evolutions of DO and Eh for this test are also shown in Figure 5-1.  After the third day, pH 
occupied the narrow range between 11.20 and 11.33.  Within the first 24 hours, Eh quickly 
dropped to values below +200 mV, averaging +183 mV for the duration of the test; the minimum 
Eh achieved was +176 mV.  DO stabilized at values below 75 percent, with a minimum  
DO of 73.88 percent saturation.  These results differ from those obtained from the third 
Grade 120 test, during which DO generally decreased throughout the third test until the 
septum was replaced near the end of the test, although it never dropped below approximately 
60 percent saturation. 

These latter two Grade 120 slag grout tests differed in two ways.  First, although a single grout 
specimen was used to provide grout samples for both the third and fourth grout 
water-conditioning tests conducted using inert screens, this specimen had been exposed to the 
laboratory atmosphere for 219 days longer when samples were cut from it for the fourth test 
(i.e., 272 days after removal from mold) than when samples were cut from it for the third test 
(i.e., 49 days after removal from mold), thus providing more opportunity for oxidation of reducing 
constituents in the grout by the time the fourth test began.  Second, a flat-disc septum was used 
during the entirety of the fourth test to seal the reaction vessel, whereas the third test mainly 
employed a series of rubber septa to seal its vessel; only near the end of the third test did staff 
switch to use of a flat-disc septum.  Tests of the effectiveness of the flat-disc septa indicate they 
were not completely effective in preventing oxygen diffusion into the reaction vessel. 
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Figure 5-1. Temporal evolution of DO and Eh during third (Top) and fourth (Bottom) 

Lehigh Grade 120 slag grout water-conditioning tests using Pt-coated 
Nb screens 
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5.2 Holcim Grade 100 Slag Reducing Grout Test 

The evolutions of DO and Eh during the Grade 100 slag grout water-conditioning test are shown 
in Figure 5-2.  During the test, pH decreased from 11.6 to 11.55.  As with the Grade 120 slag 
grout tests described in Section 5.1, DO generally decreased slowly during this test, following 
the same general trend after several rubber septa replacements, up until a used rubber septum 
was finally replaced with a flat-disc septum near the end of the test.  DO never decreased below 
64 percent saturation during this test.  The Eh reached its lowest value of +171 mV within the 
first day after test initiation, and then increased to stabilize at approximately +224 mV. 

 
Figure 5-2.  Temporal evolution of DO and Eh during a Holcim Grade 100 slag grout 

water-conditioning test using a Pt-coated Nb screen 

5.3 Dissolved Sulfur Species in Reducing Grout Tests 
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tests.  Given that the DO increased before these tests were terminated, some oxidation of 
reduced sulfur species likely occurred before the solution samples were collected. 

The third Grade 120 slag grout test and the only Grade 100 slag grout test conducted this 
fiscal year did not rapidly consume DO and lower the Eh, consistent with observations of lower 
dissolved-sulfur concentrations, yet the reasons for the lower dissolved-sulfur concentrations in 
these tests are difficult to explain.  Even if oxidation of the grout specimens during laboratory 
storage lowered the reduced sulfur species in the samples, it should not have lowered the total 
sulfur available to dissolve into the contact water.  That is, oxidation of sulfide and other reduced 
sulfur in the grout samples should have produced sulfate, which should have been reflected in 
the dissolved sulfur concentrations.  The presence of thiosulfate (a reduced sulfur species) in 
the contact water, albeit at relatively low concentrations, indicates that not all the reduced sulfur 
in the grout samples was oxidized prior to the tests.  Likewise, diffusion of oxygen into the 
reaction vessels during these tests would not explain the lower total sulfur concentrations 
because oxidation of reduced sulfur species would have produced sulfate. 

 
Figure 5-3.   Comparison of dissolved sulfur in solution samples collected from cubed 

grout tests 

Other explanations for the lower sulfur concentrations and corresponding lack of reactivity in the 
third Grade 120 slag grout test and in the Grade 100 slag grout test are laboratory error in the 
sulfur species analyses and intrinsically lower soluble or reduced sulfur species in the grout 
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samples, themselves.  Examination of the quality assurance/quality control data in the 
laboratory reports provided by Chemistry and Chemical Engineering Division staff who 
conducted the solution chemistry analyses did not provide any basis for assuming laboratory 
error, although the solution samples did require dilution prior to analyses, which resulted in 
higher detection limits.  Intrinsically lower sulfur contents in the grout samples could have 
resulted from heterogeneity in the laboratory-prepared grout specimens.  However, that both the 
third Grade 120 slag grout samples and the Grade 100 slag grout samples would be similarly 
affected by such heterogeneity seems coincidental.  Nevertheless, the results of solid sulfide 
analysis of the grout specimens presented in Section 6 indicate some heterogeneity in the 
grout specimens. 

Metal concentrations detected in the conditioned solutions collected from the reaction vessels at 
the end of the third Grade 120 slag grout test and the only Grade 100 slag grout test conducted 
this fiscal year are shown in Figure 5-4.  The Grade 100 specimen produced significantly higher 
aluminum and silica concentrations, but the concentrations of other metals were generally 
similar between the Grade 120 and Grade 100 specimens. 

 
Figure 5-4.   Detected metals (other than major ions) in the conditioned solutions 

collected from the 3rd Grade 120 and the only Grade 100 slag grout 
water-conditioning tests 
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6 SULFIDE CONTENT OF GROUT COMPONENTS 

Samples of grout components and laboratory-prepared grout specimens were analyzed for total 
sulfides by the Chemistry and Chemical Engineering Division of Southwest Research Institute®.  
Such tests performed of GGBFS, which has been shown to be the most important cementitious 
material for imparting reducing capacity to tank grout (Walter and Dinwiddie, 2020), may provide 
key information on its reactivity, aging, and variability.  Tested grout components were: 

• Portland cement (Type I/II, ASTM C150 by Holcim US, Inc. of Birmingham, Alabama), 

• Grade 100 ground granulated blast furnace slag (GGBFS) (ASTM C989, also 
by Holcim),  

• Grade 120 GGBFS (ASTM C989 by Lehigh Cement Company, LLC of  
Fort Lauderdale, Florida),  

• Class F Fly Ash (ASTM C618 by SEFA Group, Inc. of Lexington, South Carolina),  

• Fine aggregate (ASTM C33 sand by South Carolina Minerals, Inc. of  
North Augusta, South Carolina). 

Analyzed grout samples consisted of two samples of Grade 100 slag grout that had been cast 
on 17 August 2015 (Walter and Dinwiddie, 2017), and three samples of Grade 120 slag grout 
that had been cast on 11 April 2016 (Walter and Dinwiddie, 2019).  The Grade 100 samples 
were from portions of a grout specimen that had been removed from its glass mold in 2018.  
The first two Grade 120 slag grout samples were cut from a grout specimen on 6 February 
2020.  The third Grade 120 slag grout sample was prepared on 29 September 2020 from grout 
cubes cut for, but not used in the fourth Grade 120 slag grout water-conditioning test described 
in Section 5.1.  Grout samples were prepared for analyses by crushing approximately 100 g of 
cubed grout in a Mini Jaw crusher (Sepor, Inc., Wilmington, California). 

All samples were prepared for total sulfide analysis by SW-846 Method 9030-B and analyzed by 
SW-846 Method 9034.  The analysis method 9034 is semi-quantitative, and method 9030-B is 
an extraction method for acid-soluble and acid-insoluble sulfide that uses reaction with strong 
sulfuric acid to extract acid-soluble sulfides and reaction with strong hydrochloric acid to extract 
acid-insoluble sulfide salts in the sample (U.S. Environmental Protection Agency, 
www.epa.gov/sites/production/files/2015-12/documents/9030b.pdf, accessed March 13, 2020).  
Although the analysis method specifies a holding time of 7 days after sampling for extraction of 
regulatory samples, complying with this holding time was not relevant to these samples because 
the individual grout components and grout specimens were stored in the laboratory for several 
years prior to samples being submitted to the analytical laboratory.  The detection limit for all 
samples was 39 mg/kg (or parts per million by mass) total sulfide. 

The results of the total sulfide analyses are shown in Figure 6-1.  The sulfide content of the 
sand, ordinary Portland cement, and fly ash were below the detection limit.  One of the two 
samples of Grade 100 slag grout had a sulfide content of 51.6 mg/kg, while the sulfide content 
of the other Grade 100 slag grout sample was less than the detection limit, indicating 
heterogeneity in the composition of the laboratory-prepared grout specimen.  The sulfide 
content of the Grade 120 slag grout samples ranged from 39.6 mg/kg (slightly above the 
detection limit) to 63.1 mg/kg.  The Grade 100 GGBFS sample had a sulfide content of 
10,300 mg/kg (approximately 1 percent), whereas the Grade 120 GGBFS sample had a lower 
sulfide content of 7,860 mg/kg (approximately 0.8 percent). 

https://www.epa.gov/sites/production/files/2015-12/documents/9030b.pdf
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Figure 6-1.   Total sulfide (mg/kg) analytical results (u = undetected or <39 mg/kg) 
 
Table 6-1 lists the cementitious material and aggregate components used to prepare the 
laboratory grout specimens, the nominal sulfide content based on the weight fraction of GGBFS 
in the specimens, and the measured sulfide content in the total sulfide samples.  The sulfide 
contents of both the Grade 100 slag grout and the Grade 120 slag grout samples were much 
below the contents expected based on the weight fraction of GGBFS used to prepare the grout.  
The measured deficiency in the sample sulfide content could be due to oxidation of sulfide 
during grout specimen preparation or curing, oxidation of sulfide during storage of the 
specimens in the laboratory environment, or heterogeneity in the grout specimens due to 
segregation during curing.  Inasmuch as the duplicate samples for the Grade 120 grout 
specimen had similar sulfide contents, significant heterogeneity in the specimens 
seems unlikely. 

As indicated by the sulfur speciation analyses for a pulverized, Grade 120 slag grout specimen 
reported in Walter and Dinwiddie (2019; their Figure 3-8), the dominant reduced sulfur species 
in the contact water was thiosulfate, consistent with some of the original sulfide in the grout 
having been oxidized either by reaction with dissolved oxygen (DO) initially present in the 
synthetic Savannah River Site groundwater (sSRS) water in the reaction vessel or consistent 
with oxidation of sulfide in the grout prior to the test.  
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Table 6-1.   Grout sample composition, nominal sulfide content, and measured 
sulfide content 

Grout Component Holcim Grade 100 GGBFS Lehigh Grade 120 GGBFS 
Portland Cement (g) 100 100 
GGBFS (g) 168 165 
Fly Ash (g) 290 290 
Sand (g) 1,432 1,432 
Gravel (g) 649 640 
Total Weight (g) 2,639 2,627 
Wt. Fraction GGBFS 0.064 0.064 
Nominal Sulfide Content (mg/kg) 656 495 
Measured Sulfide (mg/kg) <39–51.6 <39.6–98 
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7 SUMMARY OF TEST RESULTS 

Tests performed during fiscal year (FY) 2019 and FY 2020 to evaluate the effect of the slag-to-
water mass ratio indicated that this ratio did not significantly affect the resulting redox conditions 
in the contact water (Section 3). 

As of this report, five tests of the redox effects of laboratory-prepared, reducing grout specimens 
(Table 7-1) were conducted during fiscal year FY 2020 and early FY 2021.  Also listed in 
Table 7-1 are the results of tests from previous reports of direct relevance to the tests described 
in this report. 

During FY 2019, tests were performed on cementitious material components used to prepare 
Savannah River Site (SRS) reducing tank-fill grout and on reducing grout.  Water-conditioning 
tests performed using the grout components [ordinary Portland cement, fly ash, and ground 
granulated blast furnace slag (GGBFS) cement] demonstrated that slag was the only 
component that produced strongly reducing conditions in the contact water, with oxidation–
reduction potential (Eh) in the range of −300 to −434 mV (Walter and Dinwiddie, 2020).  An FY 
2019 test performed on a sample of pulverized Grade 120 grout resulted in an Eh of −300 mV 
after 140 days of reaction. 

During FY 2018, a test of cubed Grade 120 grout samples, which began only two days after the 
grout specimen had been removed from its glass mold, resulted in an Eh of −254 mV after 
approximately 130 days (Walter and Dinwiddie, 2019). 

The FY 2018 and FY 2019 Grade 120 slag reducing grout water-conditioning tests were 
performed using samples cut or pulverized from a laboratory-prepared Grade 120 slag reducing 
grout specimen prepared on 11 April 2016 that was removed from its cylindrical glass mold on 
2 January 2018.  Cubed grout samples used during the first FY 2020 Grade 120 slag grout 
water-conditioning test with inert Pt-coated Nb screen (Table 1-1) were also cut from the interior 
of this grout specimen.  The remainder of the Grade 120 slag grout water-conditioning tests 
performed in FY 2020 used cubed grout samples from a second Grade 120 slag reducing grout 
specimen that was also cast on 11 April 2016, but which was not removed from its cylindrical 
glass mold until 2 January 2020.  The single FY 2020 test of Grade 100 slag reducing grout 
used samples of a grout specimen prepared on 17 August 2015. 

The two Grade 120 slag cubed grout water-conditioning tests described in Section 4 resulted in 
low dissolved oxygen (DO) saturations and Eh values less than zero, but much less negative 
than Eh values attained during the cubed Grade 120 slag grout test performed during FY 2018 
and during the pulverized sample test (Table 7-1).  Other Grade 100 and Grade 120 cubed 
grout water-conditioning tests, described in Section 5, did not produce DO saturations less than 
60 percent and Eh values were in the range of +171 to +254 mV, even though test conditions 
were like those of tests performed during FY 2019.  Possible explanations for why the FY 2020 
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Table 7-1. Summary of static test results:  roughly comparable tests 

ML#/FY 
Grout Specimen 

(Slag Grade/ 
Date Prepared) 

Physical 
Form 

Time Since 
Removal from 

Mold (days) 

Minimum Eh 
(mV)/Reaction 

Duration (days) 
Solids Mass (g)/ 
Water Vol (mL) 

Other Experimental 
Parameters 

ML21278A101/ 
FY20 

 

Grade 100 
slag grout/ 
8/17/2015 

Cubed 
grout 

(~1cm3 
scale) 

7 +171/1 99 (31 cubes)/ 
537 

Pt-coated Nb screen, 
Vessel 3, DO≥64 percent 

Grade 120 
slag grout/ 
4/11/2016 

709 −31/93 106 (24 cubes)/ 
517 

Pt-coated Nb screen, 
Vessel 2, Test 1,  
DO≥0.63 percent 

142 −129/40 104 (24 cubes)/ 
505 

SS screen—fell at 35 days, 
Vessel 2, DO≥0.12 percent 

49 +203/19 98 (31 cubes)/ 
560 

Pt-coated Nb screen, 
Vessel 1, Test 3, 
DO≥63 percent 

272 +176/16 100 (36 cubes)/ 
517 

Pt-coated Nb screen, 
Vessel 1, Test 4, 
DO>60 percent 

ML20126G298/
FY19 

Grade 120 
slag grout/ 
4/11/2016 

Pulverized 
grout 318 −299/153 94/548 Pt-coated Nb screen 

ML19105B156/ 
FY17 & FY18 

Grade 120 
slag grout/ 
4/11/2016 

Cubed 
grout 2 −258/120 74/552 SS screen 

ML18285A834/ 
FY16 

Grade 100 slag 
grout/ 

8/17/2015 

Cubed 
grout ≈1 −76/6 140/200 4-neck flask sparged w/ 

N2/388 ppmv CO2, Tests 1–3 

Grade 100 slag 
grout/ 

8/17/2015 

Cubed 
grout ≈30 −100/3.5 180/200 4-neck flask sparged w/ 

N2/388 ppmv CO2, Tests 4–6 
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cubed grout tests described in Section 5 did not reproduce low DO and Eh values like those 
observed during tests conducted in prior years include: 

• Oxidation of reducing constituents in the grout during storage in the 
laboratory environment 

• Heterogeneity in the reducing constituents in the grout specimen. 

• Influx of oxygen into the reaction vessel that overwhelmed the reducing capacity of 
the grout 

One possible explanation for the different Eh values attained during FY 2019 compared to 
those attained during FY 2020 is that aging of the grout specimens under laboratory 
atmospheric conditions resulted in oxidation of potentially reducing components of the grout 
(particularly sulfide) that limited their reducing capacity.  Analyses of the sulfide content 
(Section 6) of pulverized samples of the grout specimen removed from its glass mold on 
2 January 2020 resulted in sulfide content near the laboratory detection limit of approximately 
39 mg/kg, whereas GGBFS samples of the same source material that had been used to prepare 
the Grade 120 slag grout specimens contained 7,889 mg/kg (0.8 percent).  Thus, significant 
reduction of the sulfide content due to oxidation of the grout specimen may have occurred either 
during preparation or storage of the grout specimen. 

Oxidation of sulfide during grout preparation does not appear to explain the difference in redox 
behavior because the test on a cubed grout sample during FY 2018 and on a pulverized grout 
sample during FY 2019 resulted in significantly lower Eh than observed during FY 2020 tests 
(Table 7-1).   

FY 2020 grout water-conditioning tests could have been affected by the length of time that the 
grout specimens were exposed to laboratory atmospheric conditions once removed from their 
glass molds, so in what follows, this hypothesis is examined.  An FY 2019 pulverized grout test 
was performed on a grout sample that had been cut from the interior of a grout specimen 
10 months after it had been removed from its mold and exposed to the atmosphere.  The first 
FY 2020 Grade 120 slag grout test using a platinum (Pt)-coated niobium (Nb) screen was 
performed with samples cut from the interior of a grout specimen that had been exposed to the 
atmosphere for 709 days—but this test resulted in a lower minimum Eh than similar tests 
performed subsequently with fresher grout (Table 7-1).  The FY 2020 test of Grade 120 slag 
grout using a stainless-steel screen was performed using samples extracted from a specimen 
exposed to the atmosphere for 142 days.  The third and fourth Grade 120 slag grout tests using 
Pt-coated Nb screens were performed using cubed grout samples cut from the interior of a grout 
specimen exposed to the laboratory atmosphere for 49 and 272 days.  All tests performed 
during FY 2020 resulted in significantly less reduction than observed during previous tests, 
independent of specimen-exposure time.  These observations indicate that exposure time of the 
grout specimen to the laboratory atmosphere does not explain the different results. 

Regarding heterogeneity in the reducing capacity of the grout specimens, the results of the 
sulfide analyses of pulverized grout samples indicated some heterogeneity, although sulfide 
contents of the grout samples were near the detection limit of the analytical method.  That the 
FY 2020 Grade 100 slag grout test and third and fourth Grade 120 slag grout tests with inert 
screen (Table 7-1) all resulted in similarly high DO saturations and high minimum Eh values 
suggest that it would be coincidental that sample heterogeneity affected all tests in the same 
way.  Furthermore, analyses of the contact water for the Grade 100 slag grout and third 
Grade 120 slag grout test with inert Pt-coated Nb screen indicated anomalously low dissolved 
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sulfur compared to samples from the first inert Pt-coated Nb screen and stainless tests of 
Grade 120 grout water-conditioning (Figure 5-3). 

Finally, the Grade 100 slag grout test and the third and fourth Grade 120 slag grout tests with 
inert Pt-coated Nb screen may have been affected by infusion of oxygen through the septa used 
to seal the water-chemistry sampling port of each reaction vessel.  At the beginning of each test, 
the sampling port was sealed with a red rubber septum (Figure 2-1).  These septa were 
observed to develop cracks during the tests, raising suspicion that oxygen could be diffusing 
into the reaction vessel, resulting in elevated DO saturations.  The red rubber septa were 
replaced at various points during the tests, as illustrated in Figures 5-1 and 5-2.  When the 
septa were replaced, 1 to 5 mL of sSRS water was added to the reaction vessels to refill head 
space created by septum removal.  As explained in Section 5, replacement of degraded septa 
with new red rubber septa did not result in significant changes in DO and Eh, and DO continued 
slow declines until the rubber septa were replaced with flat disc septa near the end of the tests.  
Thus, although diffusion of oxygen into the reaction vessels cannot be ruled out, it does not fully 
explain the low reactivity of the grout samples during the Grade 100 slag grout test and the third 
Grade 120 slag grout test, which used inert Pt-coated Nb screens. 

In summary, the grout water-conditioning tests performed during FY 2020 yielded somewhat 
ambiguous results.  The tests that were conducted to evaluate the effect of stainless steel 
versus Pt-coated Nb support screens both yielded moderately low Eh values (minimum values of 
−129 mV for stainless steel and −31 mV for Pt-coated Nb, respectively), but still higher than 
minimum Eh values observed during previous tests.  Subsequent tests of Grade 100 slag grout 
and Grade 120 slag grout samples yielded even higher minimum Eh values. 

Finally, analyses of the sulfide content of the grout components and the grout specimens 
indicated that the sulfide content of the laboratory-prepared specimens was significantly 
depleted with respect to the sulfide content of the slag used to prepare the specimens 
(Section 6).
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8 FUTURE WORK 

Moving forward, to draw definitive conclusions, it is important to try to evaluate one variable at a 
time, focusing on the minimum set of key variables.  Key variables include slag grade, 
cementitious material age, grout age, grout surface area, and solid-to-liquid ratio.  We propose 
to conduct parametric analyses with base case parameter sets and then evaluate one key 
variable per water-conditioning test.  While it is not possible to eliminate all confounding factors 
(e.g., probe and HVAC system failures and falling screens), we can minimize oxygen ingress 
that causes premature test termination by selecting proven stoppers for sealing the 
water-chemistry sampling port or conducting tests inside glove boxes having inert atmospheres.  
It is important to run many of the experiments in parallel with only one differing variable at a 
time, using grouts of the same (and more recent) age and atmospheric exposure history.  It may 
be necessary to invest in additional reaction vessels and equipment to allow more than three 
tests to be conducted during the same period.  In consultation with the U.S. Nuclear Regulatory 
Commission staff, the Center for Nuclear Waste Regulatory Analyses (CNWRA®) is considering 
fiscal year (FY) 2021 work in the following areas: 

• Use controlled environmental conditions where practicable during grout mixing, aging, 
and testing (e.g., mix and age grout in a glove box with an inert atmosphere such as 
argon gas; minimize exposure time during grout cutting/pulverizing; test in a glove box if 
reaction vessel seals continue to be ineffective) 

• Prepare new, small, and single-use laboratory reducing grout specimens, including 
LP#8-016 Grade 100 slag grout, LP#8-016 Grade 120 slag grout, clean cap grout, 
slag-free “LP#8-016” tank grout, and consolidated low-strength material to evaluate the 
impact of single parameters [e.g., ground granulated blast furnace slag (GGBFS) 
cement grade, cementitious material age, grout formula, etc.] on redox results 

• Given GGBFS is not a consistent reagent chemical, also consider the value of using 
reagent-type reductants (e.g., sodium sulfide) to replace GGBFS in one LP#8-016 
reducing tank grout specimen and in one clean cap grout specimen; other new reducing 
grout specimens should continue using Grade 100 or Grade 120 GGBFS cement. 

• Evaluate whether the reducing capacity of GGBFS cement is affected by oxidation due 
to sample age/exposure to air, given that Grade 100 or Grade 120 GGBFS cement is 
generally stored in outdoor, covered silos at ambient temperature and atmosphere 

• Evaluate whether the reducing capacity of LP#8-016 reducing tank grout (SRNL-STI-
2011-00551) is affected by oxidation due to sample exposure to air while stored in the 
laboratory environment after removal from the glass cylinder in which it is cast. 

• Use size 00 or 0 one-hole rubber stoppers (The Plasticoid Company, Elkton, Maryland) 
and fill the center-hole with silicone sealant to seal water chemistry sampling ports 
against oxygen diffusion into reaction vessels 

• Use inert, rigid, plastic screens (e.g., 1/8” high density polyethylene or polycarbonate 
sheet with 1/8” holes drilled out) to ensure that platinum-coated niobium screens were 
not influencing redox results 

• Develop an experimental system to represent groundwater flowing through shrinkage 
gaps in a grouted waste tank 
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— Consider performing dynamic flow tests or semi-dynamic leach tests  
(e.g., ANS 16.1) 

— Vary solids-to-liquid ratio and sample contact times 

• Improve understanding of the sensitivity of key radionuclide solubilities to chemical 
conditions to inform the reducing tank grout experiments; develop or find geochemical 
models that demonstrate the relationship between Eh/pH and key radionuclide 
solubilities 

• Consider using XANES to determine GGBFS sulfur content and speciation, unless cost 
and time prohibitive 

• Investigate how DOE determines GGBFS sulfur content and speciation 
— Verify the methodology is appropriate for the grouting application 
— Use the method to evaluate GGBFS batch-to-batch variability 
— Evaluate GGBFS sulfide content over time (e.g., are samples oxidizing over time 

due to storage conditions?) 

It is anticipated that production of new, small, and single-use laboratory reducing grout 
specimens and development of the new experimental test plan will be major products and 
deliverables for this project during FY 2022.
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