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EXECUTIVE SUMMARY

On April 30, 2019, the Nuclear Regulatory Commission (NRC) staff issued a Request for 
Additional Information (RAI) to the United States Department of Energy (DOE) – Office of 
River Protection (ORP) regarding the incorporation of residual liquids in 241-C tanks and cells 
in a solid physical form during grouting operations for closure.

There are several effective alternatives available to mitigate residual liquids within the tanks and 
cells, any of which can be used to ensure that the residual waste is incorporated in a solid 
physical form at closure. Alternatives include:

 sorption of residual liquids within the closure grout matrix and evaporation by the heat of 
hydration,

 the addition of pozzolans (e.g. fly ash, lime, cement) to absorb excess liquids prior to 

grout placement,

 evaporation of residual liquids through the use of ventilation, and/or 

 pumping of residual liquids prior to closure grout placement, or retrieval of residual 
liquid and solid waste from tanks/cells prior to closure grout placement.

The primary focus of this calculation is on the capacity of the closure grout to incorporate/
evaporate the residual liquids without use of additional alternatives.

Various steps were performed in this preliminary planning calculation to determine whether the 
residual liquids present within the 241-C tanks and cells could be incorporated in grout resulting 
in a solid physical form. Steps were completed to calculate: the volume of residual liquids 
present in each tank/cell, the amount of closure grout needed, the theoretical amounts of grout 
components and water required for an assumed grout formula, and the amounts of water sorbed
and/or vaporized.

Results indicate that the preliminarily identified Self-Consolidating Concrete (SCC) being 
considered for bulk-filling the 241-C tanks and cells can sufficiently sorb and/or vaporize the 
residual liquids present in all of the 241-C tanks and cells. 

Using the formulas presented for various calculations supporting Table 1, Table 2, Table 4,
Table 7 and Table 8, it was found that if a tank/cell had over 0.85% (by volume) of residual 
liquids present, then placement of closure bulk-fill grout alone would not sorb all of the residual 
liquids present.  However, when accounting for the heat of hydration generated by the SCC, all 
residual liquids in the WMA C tanks/cells are mitigated. This is accomplished with the 
placement of the first grout lift in all of the smaller tanks and cells, and nine of the twelve larger 
100-Series tanks.  Tanks 241-C-102 and 241-C-112 require two grout lifts to be placed to 
vaporize the residual liquids present, and 241-C-107 requires 2.5 lifts.  Indirectly, this means that 
water will likely need to be added to a majority of the WMA C tanks/cells during and after grout 
placement operations to prevent shrinkage and cracking due to early drying and calculated heat 
loads.  

RPP-RPT-61899 Rev.00 1/22/2020 - 8:18 AM 3 of 77



RPP-RPT-61899, Rev. 0

iii

This preliminary theoretical calculation utilized values cited from peer reviewed journals, 
concrete industry standards, trade articles, etc.  These literature values were used in this 
calculation to determine if the fraction of the residual liquid wastes could be mitigated by 
sorption mechanisms of the grout and/or evaporated by the amount of heat generated by 
hydration reactions. Should the SCC’s sorption due to mixture robustness, curing processes and 
heating/vaporization literature values used in this calculation prove to be incorrect, additional 
alternative measures could be implemented as described above.
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Density of water at Standard Temperatures and Pressures is 8.345 lbs/gal

1 ft3 is equal to 7.4805 gallons 
1 yd3 is equal to 201.97 gallons
1 ft3 is equal to 0.037 yd3
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1.0 PURPOSE

The purpose of this calculation is to support the United States Department of Energy (DOE) –
Office of River Protection’s (ORP) basis for concluding that the residual waste present within the 
241-C Single-Shell Tanks (SSTs) and ancillary equipment can be incorporated in a solid physical 
form at closure.  

1.1 PREMISE OF THE CALCULATION

The Draft Waste Incidental to Reprocessing Evaluation for Closure of Waste Management Area
C at the Hanford Site (DOE/ORP-2018-01, Draft D) was issued for public review in June 2018.  
The Nuclear Regulatory Commission (NRC) is providing a consultative technical review of the 
Draft Waste Incidental to Reprocessing (WIR) Evaluation and the associated Waste Management 
Area (WMA) C Performance Assessment (PA).  The NRC has submitted review comments in 
the form of a Request for Additional Information (RAI). 

In response, DOE prepared ORP-63747, Rev. 2, Comment Responses for the Nuclear Regulatory 
Commission Request for Additional Information on the Draft Waste Incidental to Reprocessing 
Evaluation for Waste Management Area C.  This calculation supports the response to RAI 3-1 
which specifically states:  

Comment
DOE’s basis for concluding that the waste will be incorporated into a solid physical 
form is insufficient.

Basis
Some wastes, such as residuals remaining in tanks or other ancillary equipment, are in 
liquid form.  DOE plans to fill the tank structures with an as yet to be determined grout 
formulation to fill the void space.  DOE did not discuss how their closure plans will 
ensure liquids are incorporated into a solid physical form.

Path Forward
Please describe the amount of liquids expected to be present in each tank and ancillary 
equipment at closure.  Provide DOE’s basis that residual liquids will be incorporated 
into a solid physical form.

The NRC comment has reference to one of the criteria for waste incidental to reprocessing 
provided in DOE Manual 435.1-1, Radioactive Waste Management Manual, Chapter II, 
Section B2, which states in part that, “…the waste will be incorporated in a solid physical 
form…”

DOE’s response in ORP-63747, Rev. 2 explains the planned stabilization of certain WMA C 
components with grout, and includes the volumes of liquids expected to be present within the 
241-C tanks/cells at closure. This calculation is intended to support the conclusion that WMA C 
waste residuals, at closure, will be incorporated in a solid physical form after grouting.  
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DOE G 435.1-1, Implementation Guide for Use with DOE M 435.1-1, provides general guidance 
on solidification relating to burial packages that contain sludge and/or liquids.  The guide notes 
that if the packaged sludge or liquids cannot meet a disposal facility’s Waste Acceptance 
Criteria, that the waste must then be solidified prior to disposal.  This guidance must be adapted 
for applicability of in-situ closure of tanks.  

Liquid Wastes in Chapter IV – Low-Level Waste Requirements, of DOE G 435.1-1 (pg. IV-45) 
states that, “For wastes that are processed to a stable form, that is, where the waste form itself 
acts as a monolithic form and will be placed into the disposal unit without a container, the 
process or method shall result in free liquid that is no more than 0.5% of the volume of the waste 
form.  The volume of the waste form in this case is the final volume following treatment to the 
stable form.”

The guide further states on pg. IV-46, that the method of determining compliance with the free 
liquid requirement should “utilize processes, procedures, or methods whose results can be 
assumed appropriate as long as written protocol is followed, or which can be tested without 
damaging the waste package, for example, though test runs with surrogate materials.”  

No requirements were specified for mixing, blending, or homogenizing the residual waste that is 
being solidified.  The PA notes that grout will be added to the residual wastes.  Thus, for this 
calculation, the cured grout monolith will be considered an acceptable solid physical form that 
will be “placed” into the disposal unit/facility (i.e. 241-C tanks/cells). This calculation will: (1) 
state the quantities of residual liquid waste present for each of the 241-C tanks/cells, (2) 
determine what volume percentage of residual liquid would meet the DOE requirements and 
guidance stated above, and (3) propose alternatives to mitigate the residual liquids – calculating 
the amount of liquids mitigated by each alternative. 

1.2 ALTERNATIVES

Various methods can be utilized for the 241-C tanks and cells to solidify or mitigate the residual 
free liquids, including: 

1. Sorbing the liquids into the grout material during heat of hydration reactions and curing 
processes.

2. Adding pozzolans to solidify residual liquids present prior to closure grout placement.
3. Evaporation through ventilation to remove residual liquids from the tanks or cells prior to 

closure grout placement.
4. Pumping of residual liquids prior to closure grout placement, or retrieval of residual 

liquid and solid waste from tanks/cells prior to closure grout placement.

A more detailed review of these alternatives is provided in Section 2.2.  
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2.0 PROJECT BACKGROUND

The following subsections provide background information regarding the facility, alternatives 
available to mitigate the residual liquids, and initial closure grout testing for the 241-C-200 
Series SSTs.

2.1 FACILITY DESCRIPTION

The 241-C Tank Farm (241-C TF) contains 16 SSTs located down-gradient from the operations 
facilities from which they received waste.  The tanks were constructed from 1943 to 1944, along 
with interconnecting pipelines and began receiving waste in 1945 from various Hanford 
processes, according to RPP-RPT-42323, Rev. 4, Hanford C-Farm Tank and Ancillary 
Equipment Residual Waste Inventory.  Additional support structures were constructed prior to 
the start of operations and again in 1951 and 1952.  Additional pipelines have been added to the 
241-C TF throughout its operating life.  The SST system was taken out of service in 1980 and no 
additional waste has been added to the tanks except as authorized for retrieval operations
(DOE/ORP-2018-01, Draft D). 

2.1.1 241-C Tank Farm Single-Shell Tanks

WMA C encompasses the fenced area of the 241-C TF.  Specifically, this WMA is comprised of 
twelve 100-series (Type II) and four 200 series (Type I) SSTs.  Type I tanks have an internal 
diameter of 20 feet and a storage capacity of 55,000 gallons. The Type II tanks have 75-foot 
internal diameters, an internal height of approximately 31 feet from the floor to the dome center, 
and a storage capacity of 530,000 gallons.  Additional details for the 241-C SSTs can be found in 
RPP-RPT-42323, Rev. 4 and DOE/ORP-2018-01, Draft D.

Waste from the sixteen 241-C TF SSTs has been retrieved in accordance with regulatory 
requirements.  However, residual waste remains within each tank.  RPP-RPT-42323, Rev. 4, 
contains tables specifying the volumes and inventories of residual contaminants in each SST and 
larger ancillary equipment that serves as a basis for this calculation.

2.1.2 241-C-301 Catch Tank

The 241-C-301 Catch Tank (C-301) operated between 1946 and 1985, receiving drainage from 
various 241-C diversion boxes and pipelines during transfers.  The C-301 is a 36,000 gallon 
underground storage tank located in the north portion of the 241-C TF.  The Catch Tank is 19 
feet tall and has a 20 foot diameter.  Catch Tanks are located at a lower elevation than most 
ancillary equipment and thus collect rain water and snowmelt that has infiltrated into the transfer 
system (Waste Information Data System General Summary Report [WIDS], queried 
11/20/2017).  The actual volume of waste within the C-301 tank is unknown at this time.  From a 
2018 field inspection, it is estimated that the Catch Tank continues to hold approximately 13,000 
gallons of waste, 11,600 gallons of which is liquid (Interoffice Memorandum WRPS-1803745 
“FY18 Visual Inspection of Tank 241-C-301,” Schofield 2018).  Further sampling efforts will be
conducted in calendar year 2020 to verify the condition of the Catch Tank.  Section 3.2.2.1
(assumption “g”) of RPP-ENV-58782, Performance Assessment of Waste Management Area C, 
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Hanford Site, Washington, assumes that the 241-C-301 Catch Tank and 244-CR Vault tanks and 
cells will undergo retrieval operations, removing 90% of the waste from the tank/cell. However, 
the final decision on retrieving or pumping the waste from the catch tank has not been made by 
DOE.

2.1.3 244-CR Vault

Between 1946 and 1988, the 244-CR Vault was used to transfer waste from processing and 
decontamination operations.  The processing vault is located in the southern portion of the 241-C 
TF.  It is an underground reinforced concrete structure 102 feet long by 26 feet wide and 22 feet 
deep, consisting of two levels.  The lower level is a below grade structure with four cells and 
each cell contains a tank.  The 244-CR-001 and 244-CR-011 Tanks have a capacity listed
between 45,000 and 50,000 gallons, depending on the reference1, and are each located within a
22-foot by 26-foot by 29 foot concrete cell.  The 244-CR-002 and 244-CR-003 tanks have a 
15,000 gallon capacity, each within a 16-foot by 20-foot by 19-foot cell.  Each of the cells has a 
45-gallon sump (WIDS, queried 11/20/2017).  Figure 1depicts the cross-section view of the 
vault.  

Each of these tanks and their cells is likely to contain residual waste; however, actual volumes 
have not been confirmed since 2010.  In 2010, some liquids were pumped from the cells and in-
tank video inspections conducted.  Various documents, including RPP-RPT-45845, Rev. 0, 
Completion of Pumpable Liquid Removal from 244-CR Vault, Sections 1.1.1 through 1.1.5 of 
RPP-49049, Rev. 1, Data Quality Objectives for Waste Transfer and Component Closure of the 
244-CR Vault, and RPP-RPT-24257, 244-CR Vault Liquid Level Assessment and Video 
Inspection Completion Report, report different residual liquid volumes.  This document will 
utilize the volumes reported in RPP-RPT-42323, Rev. 4 for the 244-CR Vault tanks and cells.
RPP-RPT-42323, Rev. 4 is the latest and most authoritative source document.  These volumes
are reported in Table 3 of this document.  Further sampling and inspection efforts will be
conducted in calendar year 2020 to verify the condition of the 244-CR Vault and associated 
tanks. Section 3.2.2.1 (assumption “g”) of RPP-ENV-58782, assumes that the 241-C-301 Catch 
Tank and 244-CR Vault tanks and cells will undergo retrieval operations, removing 90% of the 
waste from the tank/cell. However, the final decision on retrieving or pumping the waste from 
the catch tank has not been made by DOE.

                                                
1Various references report the capacity of the 244-CR Vault C-001 and C-011 tanks between 45,000 and 
50,000 gallons.  However, as the smaller tank capacity would limit the amount of grout the tanks were 
able to receive, it would be the conservative estimate. Therefore, the smaller capacity will be used 
throughout this calculation.
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Figure 1. 244-CR Vault Cross Sectional View

2.1.4 241-C Tank Farm Transfer System

Waste was routed to the tanks through a network of underground waste transfer piping, with 
interconnections provided in concrete pits that allowed changes to the routing.  Processing vaults 
used during waste handling operations, evaporators used to reduce the waste stored in the 
system, and other miscellaneous structures used for a variety of waste handling operations are 
also included in the system (DOE/ORP-2018-01, Draft D). 

WMA C contains nearly seven miles of gravity-fed and pressurized piping in approximately 200 
separate segments, with an average diameter of 4.2 inches.  Cascade lines were gravity-fed 
piping between the 100-series SSTs.  Most other piping in WMA C is pressurized piping.  These 
piping segments connected Hanford Site facilities and WMA C SSTs, often routing through 
valve pits and diversion boxes.  Characterization and closure activities for WMA C pipelines 
were evaluated and recommendations were provided in the Single-Shell Tank Waste 
Management Area C Pipeline Feasibility Evaluation, RPP-PLAN-47559, Rev. 1.  Figure 2 and 
Figure 3 illustrate the major pipe runs in WMA C used to route waste to/from SSTs and 
facilities.  

RPP-PLAN-47559, Rev. 1 estimated that the piping may contain a maximum of 5,962 liters 
(1,575 gallons) of solidified residual waste. WMA C’s pipelines and other transfer system 
components including pits, diversion boxes, pipeline encasements, etc. are sloped and designed 
to drain to WMA C SSTs and the C-301 catch tank. Based on analysis and recommendations in
RPP-PLAN-47559, Rev. 1, the pipelines were not designated to undergo remedial actions.  
Subsequent modeling may be performed to determine which pipeline encasements, pits, 
diversion boxes, etc. have large enough void spaces that will need to be grouted, in order to 
prevent subsidence of the constructed landfill cover.
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Figure 2.  241-C Tank Farm Piping

Figure 3.  241-C Tank Farm Piping Model
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2.2 CLOSURE GROUT PLACEMENT & OTHER LIQUID MITIGATION 
ALTERNATIVES

The following alternatives are considered practical to mitigate free liquids within the WMA C 
tanks/cells to ensure the residual wastes are solidified.

2.2.1 Bulk-Fill Closure Grout Placement

Placement of closure bulk-fill grout will be required as documented in RPP-ENV-58782.  
Placement of the closure grout will potentially sorb some or all of the residual liquids present in 
the 241-C tanks and cells.  Since the preliminary closure grout design and initial testing has 
begun for the 241-C-200 Series tanks and a viable formula has been preliminarily identified, the 
formula can be used to determine how much residual liquid can be sorbed during closure grout 
placement.  Therefore, for purposes of this planning calculation, the 241-C-200 Series SST 
preliminarily identified closure bulk-fill grout formula will be applied to all 241-C tanks and 
cells.  The amount of liquid sorbed due to the preliminarily identified bulk-fill closure grout 
formula and curing is calculated in Section 6.3.4.

At the closure design phase, grout will be required to fill WMA C tanks/cells to meet various 
closure regulatory requirements including DOE O 435.1.  It is anticipated that closure grout will 
mitigate most or all of the residual liquids present.  However, additional liquid 
solidification/mitigation alternatives are provided in the following subsections.

2.2.2 Addition of Pozzolans Prior to Grout Placement

The addition of cementitious materials that also act as solidifying agents in the form of 
pozzolans, such as additional fly ash, cement, lime or metakaolin, etc., prior to grout placement 
could absorb the residuals liquids present within the 241-C tanks/vaults.  However, the addition 
of vermiculite into the 241-C tanks/cells is not recommended, as it would negatively impact the 
grout placed within the tanks, potentially causing desiccation, shrinkage, lack of compressive 
strength, all of which would greatly reduce the durability of the grout in the tanks/cells.   

The addition of pozzolans could serve to increase the particle packing, forming a denser grout 
formula that would have less porosity; and increase the compressive and tensile strengths. The 
grout placed after the addition of the pozzolans would therefore likely have an increased
durability.  Fly ash has been shown to be an effective addition for most grouts providing 
increased cohesion and reduced sensitivity to changes in water content. 

Negative impacts of this alternative would be in increasing the particle packing of the grout to 
the extent that flowability was lessened at the grout/pozzolan interface.  This could potentially 
result in a grout that no longer meets engineering functional performance requirements as the 
addition of high levels of fly ash or other pozzolans may produce a paste fraction which is so 
cohesive that it can cause the grout to be resistant to flow at the interface (SCC 028, The 
European Guidelines for Self-Compacting Concrete Specification, Production and Use).  
However, incorporating additional amounts of advanced synthetic high-range water-reducing 
admixture(s) (HRWR) and decreasing the viscosity of the paste by adding a viscosity modifying 
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admixture (VMA), should lower the grout’s yield stress (at an increased plastic viscosity) to 
allow for more flowability.  

Based on past experience, documented in WSRC-TR-2003-00556, Grout Placement and 
Property Evaluation for Closing Hanford High-Level Waste Tanks – Scale-up Testing, in 
addition to placement of closure grout, this option would solidify/mitigate all of the residual 
liquids present.

2.2.3 Evaporation of Residual Liquids Prior to Grout Placement

Another pre-grouting option that could reduce the amount of residual liquids present is 
evaporation.  Evaporation can be accomplished in a tank/cell by the insertion of a portable 
exhauster system.  A portable exhauster was inserted into tank 241-T-111 when it was detected 
that the SST was receiving a high volume of infiltration and intrusion.  According to RPP-RPT-
59273, Evaporation of Water from Single-Shell Tank 241-T-111 with 500 CFM portable 
Exhauster POR06, the portable exhauster evaporated liquid from the tank at a rate between 8.1 to 
50.7 gal/day and averaged 24.7 gal/day, when it operated between July 15, 2015 and July 15, 
2016.

Based on past experience, documented in RPP-RPT-59273, in addition to grout, this option 
would solidify/mitigate all of the residual liquids present.

2.2.4 Additional Retrieval/Pumping of Residual Waste Past the 90% Removal 
Assumption Prior to Grout Placement

Waste has been retrieved from the 241-C SSTs.  However, no retrieval operations have been 
conducted at this time for the 241-C-301 Catch Tank and 244-CR Vault’s tanks and cells.  It is 
assumed that the ancillary 241-C tanks and cells will be retrieved so that only 10% of the waste 
remains, in accordance with RPP-ENV-58782; however, DOE has not made a decision regarding 
this assumption.  

After characterizing the residual liquids in the 241-C ancillary tanks and cells, it may be 
determined that the residual liquids are not highly contaminated like 241-C SST tank waste.  
Should this be the case, the residual liquid waste could be pumped out of the ancillary 241-C 
tanks/cells into a tanker truck using hose-in-sleeve configurations.  The residual liquid waste 
would then be routed to an appropriate treatment facility for final disposition, prior to grouting 
operations.  

Pumping most of the residual liquids from the 241-C ancillary tanks and cells would be a much 
less complicated operation than retrieval of the entire tank/cell contents, should only dilute waste 
be confirmed through characterization.  An example of this type of operation and additional 
details are found in RPP-PLAN-48398, Rev. 0, Process Control Plan for Tank 241-A-350 Liquid 
Retrieval.  In 2011, the 241-A-350 Catch Tank was pumped to remove infiltration and intrusion.  
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2.3 241-C TF SST, C-301, & 244-CR VAULT TANKS & CELLS RESIDUAL LIQUID 
VOLUMES

Waste has been retrieved from the 241-C SSTs. The volumes of residual liquid present in the 
WMA C SSTs were calculated and reported in RPP-RPT-42323, Rev. 4.  RPP-RPT-42323, Rev. 
4 updates and determines these final residual liquid volumes by accounting for the dished 
bottoms of the tanks and estimates produced from the Camera/AutoCAD Modeling System 
(CCMS) assessment and characterization efforts performed once hard-heel retrieval operations 
were completed.  Prior to revision of RPP-RPT-42323, this calculation researched and utilized 
various reports (listed below) to determine average estimated residual liquid volumes.  However, 
during the development of this calculation, RPP-RPT-42323, Rev. 4 was released and became 
the authoritative source for residual waste volumes. RPP-RPT-42323, Rev. 4 also included 
reviews of the following source documents:

 Best Basis Inventory Reports for “Closure”
 Pre- and post-Retrieval Data Reports
 Engineering estimates and calculations post-Hard Heel Retrieval CCMS Waste Volume 

Estimates
 Various Closure Program reports

o RPP-RPT-42323, Rev. 4

o RPP-RPT-24257

o RPP-RPT-45845 

o RPP-ENV-58782

 Assessments and Inspections
o Interoffice Memorandum WRPS-1803745 “FY18 Visual Inspection of Tank 241-C-

301” (Schofield 2018)
o RPP-49049, Rev. 01.

The volumes of residual liquids present in the 241-C-301 Catch Tank were visually investigated 
in 2018 and documented in Interoffice Memorandum WRPS-1803745 “FY18 Visual Inspection 
of Tank 241-C-301” (Schofield 2018). The volumes of residual liquids present in the 244-CR-
Vault Tanks were reported in RPP-49049, Rev. 1. The volumes of residual liquids present in the 
244-CR-Vault Cells were reported in RPP-RPT-45845.  

Section 3.2.2.1 of RPP-ENV-58782, assumption “g” indicates that the 241-C-301 Catch Tank 
and 244-CR Vault tanks and cells will undergo retrieval operations, removing 90% of the waste.  
However, no retrieval decision has been officially made by DOE.  For this calculation, it is
assumed that 90% of the liquid fraction is removed and 10% of the liquid fraction remains within 
the tanks/cells, which will require sorption into the closure grout.  Table 1 reports the average 
estimated residual liquid volumes from the 241-SSTs and the adjusted residual liquid volumes
from the 241-C-301 Catch Tank and 244-CR Vault tanks and cells. Table 1 also shows the 
percentage of residual liquid volumes as compared to the total 241-C Tank Farm tank and cell 
volumes. 

RPP-RPT-61899 Rev.00 1/22/2020 - 8:18 AM 18 of 77



RPP-RPT-61899, Rev. 0

10

Table 1.  Residual Liquid Volumes in 241-C SSTs, 241-C-301 Catch Tank and 244-CR 
Vault Tanks and Cells

241-C 
Tank 
Farm 
Tanks 

& Cells

Average 
Estimated 

Residual Liquid 
Volumes

Tank/Cell 
Volumes 

% of 
Residual 
Liquid 

Volumes 
Remaining 

within 241-C 
Tanks & 

Cells 
(gal/gal)

Quantity of Residual 
Liquid Volumes 

Remaining within 
241-C Tanks & Cells 

(gal) (lbs)a (gal) (yd3)b (gal/yd3) (lbs/yd3)

C-101c 845 7052 530,000 2624 0.16 % 0.322 2.688

C-102c 2588 21,597 530,000 2624 0.49 % 0.986 8.231

C-103c 247 2061 530,000 2624 0.05% 0.094 0.785

C-104c 1272 10,615 530,000 2624 0.24 % 0.485 4.045

C-105c 177 1477 530,000 2624 0.03% 0.067 0.563

C-106c 85 709 530,000 2624 0.02 % 0.032 0.270

C-107c 5296 44,197 530,000 2624 1.0 % 2.02 16.843

C-108c 232 1936 530,000 2624 0.04 % 0.088 0.738

C-109c 890 7427 530,000 2624 0.17 % 0.339 2.830

C-110c 1287 10,740 530,000 2624 0.24 % 0.490 4.093

C-111c 890 7427 530,000 2624 0.17 % 0.339 2.830

C-112c 3366 28,089 530,000 2624 0.64 % 1.283 10.705

C-201c 1.5 13 55,000 272 0.003% 0.006 0.048

C-202c 2.2 18 55,000 272 0.004% 0.008 0.066

C-203c 12.7 106 55,000 272 0.02 % 0.047 0.390

C-204c 3.0 25 55,000 272 0.005 % 0.011 0.092

C-301d 1160 9680 36,000 178 3.22 % 6.52 54.38
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Table 1.  Residual Liquid Volumes in 241-C SSTs, 241-C-301 Catch Tank and 244-CR 
Vault Tanks and Cells

241-C 
Tank 
Farm 
Tanks 

& Cells

Average 
Estimated 

Residual Liquid 
Volumes

Tank/Cell 
Volumes 

% of 
Residual 
Liquid 

Volumes 
Remaining 

within 241-C 
Tanks & 

Cells 
(gal/gal)

Quantity of Residual 
Liquid Volumes 

Remaining within 
241-C Tanks & Cells 

(gal) (lbs)a (gal) (yd3)b (gal/yd3) (lbs/yd3)

CR-001e 476 3972 45,000 223 1.06 % 2.13 17.81

Cell 
001f

7.7 64.3 79,132 392 0.01 % 0.02 0.164

CR-002e 27 225 15,000 74 0.18 % 0.365 3.041

Cell 
002f

10.0 83.5 30,527 151 0.03 % 0.07 0.553

CR-003e 169 1410 15,000 74 1.13 % 2.28 19.05

Cell 
003f

9.1 75.9 30,527 151 0.03 % 0.06 0.50

CR-011e 1.0 8.3 45,000 223 0.002 % 0.004 0.037

Cell 
011f

0 0 79,132 392 0.0 % 0.0 0.0

a Most of the residual liquids found in the 241-C SSTs, C-301 and 244-CR Vault tanks and cells are 
due to retrieval rinsates, intrusion, infiltration and are assumed to have a density of water or 8.345 
lbs/gal  (Engineering Toolbox) 
b 1 yd3 is equal to 201.97 gallons. (Engineering Toolbox)
c Table 5-2 of RPP-RPT-42323, Rev. 4, converted to gallons from cubic feet.
d 10% of the liquid volume reported by Interoffice Memorandum WRPS-1803745 “FY18 Visual 
Inspection of Tank 241-C-301” (Schofield 2018).
e 10% of the liquid volume reported in RPP-RPT-42323, Rev. 4.
f 10% of the liquid volume reported in RPP-RPT-42323, Rev. 4.  All 244-CR Vault cell capacities 
reported are net volumes as described in Table 2.  
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2.4 241-C-200 SERIES SST & PIPELINE ENCASEMENT CLOSURE GROUT 
TESTING

Recently, several closure grout formulations have been tested to preliminarily identify potential
highly flowable and bulk-fill closure grout formulations, properties, trends, and mix design
information for closure of the 241-C-200 Series SSTs.  The highly flowable grout will be utilized 
to fill the void spaces associated with pipeline encasements and potentially other WMA C 
transfer system components; whereas the bulk-fill grout will be used to fill the 241-C-200 Series 
SSTs.  

To identify potential grout formulations, engineering functional performance requirements and
American Society for Testing and Materials International (ASTM) standards and test methods 
were developed and documented in RPP-RPT-60566, C-200 Series Tank Closure Grout 
Formulation Review and Recommendations for Testing.  Each of these formulations were tested 
in an iterative approach, which is often used in industrial construction activities.  The iterative 
testing approach was comprised of various laboratory, exploratory, and field scale mock-up 
testing events as illustrated in Figure 4.  Results and lessons learned from these testing events are
in the process of being drafted in RPP-RPT-61675, C-200-Series Tank Closure Grout Placement 
Test Report. Additional testing is needed prior to completion and finalization of this document.  

While preliminary formulations identified for each of the highly flowable and bulk-fill closure
grout mixtures met engineering functional performance requirements, additional testing is 
needed.  Additional testing should be performed, prior to use of these formulations for the 241-
C-200 Series SSTs and pipeline encasements, to:

 determine bounding cases for these formulations,

 determine statistical representativeness of fresh grout properties that correlate to set-grout 
properties and component ratios, and 

 prove selected formulations can be controlled and accurately reproduced.  
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Figure 4.  241-C-200 Series Grout Iterative Testing Approach

2.4.1 Highly Flowable Grout

The highly flowable closure grout is considered a “neat grout” consisting of just cementitious 
materials, water and admixtures; adapted from the Idaho National Environmental Laboratory 
Site’s tank closure operations, where it was used to fill piping within the tanks.  No aggregates 
are present in the mixture.  This grout will not be utilized to fill tanks, but used to fill void spaces 
associated with transfer system components.  Therefore, its primary function is to flow into and 
fill smaller below-ground surface void spaces (e.g. pipeline encasements).  As it is highly likely 
that no liquid fractions of the residual waste remain in pipeline encasements, the ability of this 
grout mixture to absorb additional liquids will not be calculated.  

2.4.2 Bulk-Fill Grout

Initially several varieties of grouts made with local materials and utilized for other Hanford 
cleanup and closure projects were tested in the lab.  Based on these initial testing results a grout 
formulation resembling a self-compacting, controlled low strength material was selected for 
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further mix design manipulation and subsequent testing to alleviate bleed water, and therefore 
reduce shrinkage too.  Additional modifications to the mix design included the:

1. increase of cement, fly ash, and amounts of HRWR and VMA,
2. reduction of water,
3. elimination of the air entrainment admixture
4. additional reductions of water, and 
5. replacing 25% of the sand with ⅜-inch to ½-inch pea gravel.  

The resulting test data for this specific bulk-fill closure grout formulation met all functional 
engineering performance requirements as documented in RPP-RPT-61675, including: 

 a slump flow spread diameter of equal to or greater than 24-inches     

 reported Visual Stability Index (VSI) values of 0 to 1

 temperature increases less than a 70 ℉ change

 0% bleed water, measured after 24 hours

 less than 0.1% shrinkage after 3 and 24 days, and

 compressive strength measurements ranging from 2715 to 1760 (averaging over 2000) 
psi which were greater than the required 200 psi.

This preliminarily identified bulk-fill grout formulation is likely a type of self-consolidating 
grout (SCG) based on its resulting testing measurements.  SCGs are a highly flowable and very 
cohesive type of self-consolidating or self-compacting concrete (SCC).  According to National 
Concrete Masonry Association (NCMA) TEK 09-02B, Self-Consolidating Grout Investigation
and ASTM C476 (2018), Standard Specification for Grout for Masonry, a SCG or SCC shall:  

 “…be mixed to a slump flow of 24 to 30 in. (610 to 760 mm) as determined by ASTM 
Test Method C1611/C1611M, [Test Method for Slump Flow of Self-Consolidating 
Concrete].” 

 “shall have a VSI of not greater than 1 as determined by Appendix X1 of ASTM Test 
Method C1611/C1611M, [Test Method for Slump Flow of Self-Consolidating Concrete].” 

 “…have a minimum compressive strength of 2000 psi (14 MPa) at 28 days.” (Measured 
in accordance with ASTM C1019, Standard Test Method for Sampling and Testing 
Grout).

SCGs usually have a smaller percentage of aggregate than SCCs and the aggregate used in SCGs 
often ranges between ⅜-inch and ½-inch.  SCGs and SCCs almost always also include HRWR 
and VMA admixtures.  The preliminarily identified bulk-fill closure grout does contain the 
specified size of pea gravel and type of admixtures.  However, this grout does not have the 
required volumetric proportion of total cementitious materials to total aggregate of 2¼ to 3, as 
specified in ASTM C476.  Rather, the preliminarily identified grout formula has a larger total 
aggregate to total cementitious materials (Cm) ratio (by volume) of 3.33.  This larger aggregate 
to total Cm ratio did not negatively impact the segregation or flowability of the grout as 
measured during testing  (NCMA TEK 09-04A, Grout for Concrete Masonry, NCMA TEK 09-
02B).
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Figure 5 illustrates the general differences between conventional concretes and SCCs regarding 
approximate volumetric ratios of comprising materials. Admixtures are used to improve the 
SCCs workability. Figure 6 exemplifies the effects of the admixtures. 

Figure 5.  Conventional Concrete vs. SCC Generalized Volume of Components 
Comparison

Girard, J., “How to Use Self-Consolidating Concrete for Concrete Countertops,” (2012).

Figure 6.  Flowability of Conventional Concrete vs. SCC

Concrete Countertop Institute (CCI), Queried 09/23/2019, [CCI, Understanding Self-
Consolidating Concrete], https://concretecountertopinstitute.com/free-
training/understanding-self-consolidating-concrete/) 
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3.0 INPUTS

Various inputs are required for this calculation to demonstrate that residual wastes can be 
mitigated from the 241-C tanks and cells or incorporated into a solid form including:

1. Volumes of residual liquids remaining in the 241-C TF SSTs, C-301, and 244-CR Vault 
tanks and cells at closure.

2. The amounts of residual liquids that can be mitigated by the different alternatives 
proposed.

Specifically to calculate the ability of a closure grout to solidify the residual liquids within the 
241-C tanks/cells the following inputs are also required:

1. Volumes of each of the 241-C tanks and cells that will receive closure grout.
2. Amount of absorbed and free water in the preliminarily identified 241-C-200 Series SST 

bulk-fill closure grout formulation.  (Note: The preliminarily identified 241-C-200 Series 
SST bulk-fill closure grout formulation will be applied to all of the 241-C tanks and cells, 
as a limited example for this planning calculation.)

3. Information regarding how the closure grout mix would incorporate the residual volume 
of liquid present within the 241-C tanks and cells.

The following subsections provide these inputs.  Section 6.0 further describes how these inputs 
were determined/calculated.

3.1 241-C SST, C-301 & 244-CR VAULT TANKS & CELLS RECEIVING CLOSURE 
GROUT

Section 2.1 through Section 2.3 describe the dimensions and resulting capacity of each of the 
tanks and cells in the 241-C Tank Farm.  Table 2 provides a listing of each tank and cell and its 
capacity.  It is assumed that the tanks and cells will be completely filled with closure grout.  

Table 2.  Volumes for 241-C TF Tanks & Vaults

Tank / Cell Volumes (gal)

C-101 530,000

C-102 530,000

C-103 530,000

C-104 530,000

C-105 530,000
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Table 2.  Volumes for 241-C TF Tanks & Vaults

Tank / Cell Volumes (gal)

C-106 530,000

C-107 530,000

C-108 530,000

C-109 530,000

C-110 530,000

C-111 530,000

C-112 530,000

C-201 55,000

C-202 55,000

C-203 55,000

C-204 55,000

C-301 36,000

CR-001a 45,000

Cell 001b 79,132

CR-002 15,000

Cell 002c 30,527

CR-003 15,000

Cell 003c 30,527

CR-011a 45,000

Cell 011b 79,132

a Various references report the capacity of the 244-CR Vault C-001 and C-011 tanks between 45,000 and 
50,000 gallons.  However, as the smaller tank capacity would limit the amount of grout the tanks were
able to receive, it would be the conservative estimate.  Therefore, the smaller capacity will be used 
throughout this calculation.
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b Dimensions of the 244-CR Vault Cells 001 and 011 were reported as 22-ft by 26-ft by 29-ft with a 45 
gallon capacity sump. (WIDS queried on 10/7/19 at: https://phoenix.pnnl.gov/apps/wids/index.html)  
Therefore cell volumes = [(22 * 26 * 29) ft3 * (7.4805 gal/1 ft3)] + 45 gal sump = 124,132 gallons.  
Subtracting the capacity of the tanks yields a net volume for the cells of, 124,132 gal – 45,000 gal = 
79,132 gallons.
c Dimensions of the 244-CR Vault Cells 002 and 003 were reported as 16-ft by 20-ft by 19-ft with a 45 
gallon capacity sump. (WIDS queried on 10/7/19 at: https://phoenix.pnnl.gov/apps/wids/index.html) 
Therefore cell volumes = [(16 * 20 * 19) ft3 * (7.4805 gal/1 ft3)] + 45 gal sump = 45,527 gallons.  
Subtracting the capacity of the tanks yields a net volume for the cells of, 45,527 gal – 15,000 gal = 
30,527 gallons.

3.2 DETERMINATION OF THE AMOUNT OF WATER PRESENT IN POTENTIAL 
CLOSURE GROUT FORMULATION(S)

Since the desired bulk-fill closure grout formulation most closely resembles an SCG, a type of 
SCC, various considerations for the mix design are critical.  SCC type mixtures typically have a 
higher paste volume, less coarse aggregate, and higher sand-to-coarse aggregate ratio than 
typical concrete mixtures.  

SCCs flowability is generally achieved by using polycarboxylate-based HRWR admixtures and 
optimized concrete ingredients while maintaining a low mixing water content in the concrete. 
SCCs stability, or resistance to segregation of the plastic concrete mixture, is achieved by using 
mineral fillers or fines (e.g. pozzolans like fly ash) and/or through the addition of viscosity 
modifying admixtures. (NRMCA Self-Consolidating Concrete, Queried 10/15/2019, [Concrete 
Answers Series for Architects, Engineers and Developers, Mix Design, 2011], 
https://www.selfconsolidatingconcrete.org/mixdesign.html.)

Another concern of importance for SCCs is specifying and using the right type and quality of 
aggregate for the SCC.  This cannot be overemphasized since the coarse and fine aggregates 
generally occupy 60% to 75% of the concrete volume (70% to 85% by weight).  In all grout 
formulas tested and documented, the aggregates had water sorbed, unless otherwise specified.  
The coarse aggregates generally had a sorption level or moisture content at saturated surface dry 
(SSD) of 0.7%; while the fine aggregates had a sorption level or moisture content that ranged 
between 2.32% to 3.47% (RPP-RPT-61675).

Table 3 presents general information and trends from the tested and initially identified bulk-fill 
closure grout formulation that will be used in subsequent mix designs and testing efforts.  
Calculations of ratios are incorporated as Appendix A – Basis of Bulk-Fill Closure Grout Ratio 
Calculations.

Table 3.  241-C-200 Series SST Bulk-Fill Closure Grout General Information & 
Trends   (RPP-RPT-61675)

Grout General Information/Trend Result/Range of Results

Primary Function
Self-leveling formulation to fill large voids 

and isolate residual wastes
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Table 3.  241-C-200 Series SST Bulk-Fill Closure Grout General Information & 
Trends   (RPP-RPT-61675)

Grout General Information/Trend Result/Range of Results

Composition

Coarse Aggregate (1/2 to 3/8-inch pea gravel), 
Fine Aggregate (Hanford Coarse Sand passing 

Sieve #4) Cement, Fly Ash, Water, 
Admixtures

Compressive Strength
Greater than Hanford Compacted Native Soils 

(200 psi) measured by ASTM C391

Flowable
Slump Flow Equal to or Greater than 24-inch 

spread measured by ASTM C16112

Curing Temperature Less than 70℉ Change

Stable, Cohesive Mix
Visual Stability Index Equal to 0 or 1 

measured by ASTM C1611

Minimal Bleed Water to Reduce 
Shrinkage due to Evaporation

Less than 0.1% (Target 0.0%) as measured by 
ASTM C2323, modified to record final 
measurement after the heat of hydration 

reactions occur at 12-24 hours

Minimal Shrinkage to Prevent 
Voids/Gapping at tank/cell walls, Limit 
Tension Forces, Reduce Cracking and 

Increase Durability

Equal to or Less than 0.1% as measured by 
ASTM C1574, with modification to allow for 
moist, ventilated and dry curing environments 

during testing

Water to Cementitious Materials 
(W/Cm) Ratio (by weight)

0.357

Water to Total Admixture Ratio 
(volumetric)

32.2

HRWRA to cwt of Cm (oz to 100 lbs) 5.12

VMA to cwt of Cm (oz to 100 lbs) 11.9

Total Aggregate to Total Cementitious 
Materials Ratio (by volume)

3.33

Fine Aggregate to Total Aggregate 
Ratio (by volume)

0.756
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Table 3.  241-C-200 Series SST Bulk-Fill Closure Grout General Information & 
Trends   (RPP-RPT-61675)

Grout General Information/Trend Result/Range of Results
Fly Ash to Cement Ratio                     

(by volume)
300.6 %

Paste** Fraction (by volume) 0.371

Mortar* Fraction (by volume) 0.843

Percentage of Coarse Aggregate to 
Total Aggregate (by volume)

24.4%

1 ASTM C39, Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens.
2 ASTM C1611, Standard Test Method for Slump Flow of Self-Consolidating Concrete.
3 ASTM C232, Standard Test Method for Bleeding of Concrete.
4 ASTM C157, Standard Test Method for Length Change of Hardened Hydraulic-Cement, Mortar, and 
Concrete.
* Mortar is defined as the fraction of concrete comprised of paste plus those aggregates passing #4 
sieve (0.187 in. or 4.75 mm). 
** Paste is defined as the fraction of the cement, pozzolans, water, and air plus admixtures.

Based on these ratios and specified percentages, a range of bulk-fill closure grout formulations 
can be designed and subsequently tested in the laboratory.  This testing should be conducted to 
indicate that the grout can incorporate the amount of residual liquid specified for each 241-C
tank and vault.  

3.3 BULK-FILL GROUT INCORPORATION OF RESIDUAL LIQUIDS

Grout (concrete) can incorporate residual liquids using several mechanisms during the grouting 
process, including:

1. Chemically bonding water used in initial hydration reactions absorbs and incorporates the 
bulk of the water during the initial hours as the hydration reactions progress.

2. Absorbed water found in micro-pores or gel pore water within the hydrated cementitious 
materials mainly controlled by diffusion mechanisms.

3. Capillary water or free water that moves through the concrete matrix to the gel pores and 
is no longer under the influence of adhesive forces, only held by capillary forces, (“The 
long time water absorption in the air-pore structure of concrete,” Fagerlund, G., 1993).

The first mechanism occurs during the first six to twelve hours after initial mixture of the 
concrete, whereas, the second and third mechanisms occur after hydration is complete, through-
out the curing process, and over the lifetime of the concrete.  
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3.3.1 Incorporation of Residual Liquids During Hydration Reactions

To incorporate the residual liquids found in the 241-C SSTs, C-301 and 244-CR Vault tanks and 
cells during hydration reactions, slight modifications can be made in the bulk-fill closure grout’s 
mix design including:

 Drying the fine aggregates to lower the 2.32 - 3.47% SSD moisture contents

 Decrease the amount of mix water and increase the amount of admixtures

 Increase the amount of Type I/II Portland Cement.

These input values in Section 3.3 will be used to explore these options in Section 7.0.

3.3.2 Incorporation of Residual Liquids During the Curing Process

For this calculation, literature documenting testing and studies have been reviewed regarding the 
incorporation of residual liquids in SCCs before and during the curing process.  Studies have 
been conducted by various ready-made concrete plants, technical societies and construction 
professionals regarding the incorporation of residual water into SCCs.  Examples of these studies 
include:  

 “Capillary water absorption of self-compacting concrete under different curing 
conditions,” (Turk, et. al. 2007) investigated the absorption of water by SCCs under 
different curing conditions and calculated sorptivity values.

 “Water Absorption of Self Compacting Concrete Containing Different Levels of Fly 
Ash,” (Brandu and Florea 2015) studied the absorption of water by SCCs using different 
quantities of fly ash and Type I versus Type II Portland cement.

 “Sorptivity of self-compacting concrete with high volume fly ash and its eco-mechanical-
durability performance,” (Kristiawan, S.A., et. al. 2018) examined the different rates of 
water absorption by SCCs with varying levels of fly ash and dependency of the 
concrete’s age/curing state. 

 “Effect of Super-Absorbent Polymer on Shrinkage and Permeability of Self-Compacting 
Concrete (SCC),” (Shi, C., et. al. 2016) investigated the influences of super-absorbent 
polymer on the properties of SCC, including water absorption during curing.

Based on these studies, the following trends were identified:

1. SCCs sorb less water than conventional concrete mixtures.
2. The amount of water absorbed by the SCC is primarily dependent on the size and nature 

of the voids in the paste.
3. SCCs with fly ash uptake more water than silica fumes, metakaolins, or only Portland 

Cements.
4. Most if not all water is absorbed during the curing phase(s); with the majority of the 

water sorbed during the first day of curing due to the heat of hydration reactions.
5. Several mechanisms may be attributed to sorption including: adhesion of water to macro 

pores, gel pores, etc.; but capillary suction by capillary pores is the predominant sorbing 
mechanism in SCC.
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4.0 ASSUMPTIONS

1. For this calculation, the cured grout monolith will be considered an acceptable solid 
physical form that will be “placed” into the disposal unit/facility (the 241-C tanks/cells), 
in accordance with the guidance presented in “Liquid Wastes,” Chapter IV – Low-Level 
Waste Requirements, of DOE G 435.1-1 (pg. IV-45 and IV-46).

2. The total volume of grout needed to fill the 241-SSTs, C-301 and 244-CR Vault tanks 
and cells is assumed to be the capacity of each SST, tank and cell, unless otherwise 
indicated in Section 3.0.

3. The 244-CR-001 and CR-011 Tanks have a capacity of 45,000 gallons in this calculation.

4. Average estimated residual liquid volumes from various sources were determined, 
documented in Rev. 4 of RPP-RPT-42323, and used for this calculation.

5. To be conservative, this calculation assumed that all of the waste within a pool in the tank 
was attributed to only the volume of residual liquids within the tank.  No solids, which 
may be present, were accounted for.

6. Residual liquids may be comprised of waste, water rinsates left from retrieval operations, 
and/or infiltration/intrusion.  For this calculation all residual liquids are assumed to not 
have any chemical or radioactive properties that would negatively impact the sorption of 
the residual liquids and/or alter the density from that of water (62.4 lbs/ft3).

7. It is assumed that all interstitial liquids continue to remain absorbed to or held by 
capillary forces in the solid waste matrices.  Therefore, they are neglected for this 
calculation.

8. Section 3.2.2.1 of RPP-ENV-58782 (assumption “g”), indicates that the 241-C-301 Catch 
Tank and 244-CR Vault tanks and cells will undergo retrieval operations, removing 90% 
of the waste.  However, no retrieval decision has been officially made by DOE.  To be 
conservative for this calculation, it is assumed that 90% of the liquid fraction is removed 
and 10% of the liquid fraction remains within the tanks/cells, which will require sorption 
into the closure grout.

9. The 241-C-200 Series SST preliminarily identified bulk-fill closure grout formulation 
from the 2018-2019 exploratory, laboratory, and field mock-up testing events will be 
applied for all 241-C tanks and cells as a limited example for this planning calculation.

10. It is assumed that once the closure bulk-fill grout formulation is scaled to accommodate 
the 241-C tanks and cells, the grout will retain its desired properties during subsequent 
testing, meeting all engineering functional performance requirements for 241-C TF
Closure.  These engineering functional performance requirements include:
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a. 0% bleed water measured by ASTM C232 with modification of measurement 
time adjusted after completion of the heat of hydration reactions, allowing re-
uptake of bleed water.

b. Less than or equal to 0.1% shrinkage measured by ASTM C157 with modification
for moist curing environments.

c. Greater than or equal to 200 psi compressive strength measured by ASTM C39.

d. Greater than or equal to a 24-inch slump flow measured by ASTM C1611.

e. VSI of 0 to 1 determined using criteria in ASTM C1611.  

f. Temperature increases less than a 70 ℉ change.

g. The ability to maintain adequate pumpability, flowability and remain self-
consolidating or self-leveling as it travels from the delivery point to the tank/cell 
edge wall. 

11. It is assumed that the bulk-fill closure grout preliminarily identified from the 2018-2019 
testing is a SCG; which is a type of SCC; even though less coarse aggregate and Type I/II 
Portland Cement was added, and the fine to coarse aggregate ratios are above
specifications.

12. Since the bulk-fill closure grout is assumed to be a SCG/SCC; it behaves as such. 
Therefore, data from theoretical studies and laboratory and field experiments as 
documented in literature from peer reviewed journals, ready-made concrete plants, 
technical societies and construction professionals are applicable and useful to predict 
(within reason) the nature of the closure grout’s fresh and hardened properties based on 
changes in mix design.

13. As a ready-made concrete plant can deliver grout in batches of 8-yd3, it is assumed that 
one grout batch is 8-yd3.

14. It is anticipated that the 241-C-200 Series SSTs, C-301 and 244-CR Vault tanks will
receive grout from ready-made trucks.

15. Even though the 241-C-100 Series SSTs and 244-CR Vault cells may be too large to 
receive grout batches via concrete truck, it is assumed that the batches of grout delivered 
from the onsite grout plant are also delivered in 8-yd3 batches.  This is a conservative, 
bounding assumption as larger grout batches dispensed from an onsite concrete plant 
would allow larger quantities of grout to be more easily accommodated.

16. Since SCC is a versatile concrete that does not require rodding, tamping or mechanical 
vibration, it can be poured continuously in one lift as long as the appropriate forms are in 
place.  The 241-SSTs, C-301 and 244-CR Vault tanks and cells would serve as 
appropriate forms to provide resistance against the hydrostatic forces of the SCC.  
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17. The preliminarily identified bulk-fill closure grout consists mainly of a coarse sand (fine 
aggregate) which ranged between 60 and 65 % (by volume) according to previous tests
recorded in CEES-1412, Rev. 1, Series Tank Closure Grout Formulation Laboratory Test 
Report.  Thus, on average, an estimated 63% (by volume) of the bulk-fill closure grout 
was coarse sand for any mix batched and tested.  Therefore, 63% (by volume) of sand 
will be used for all mix calculations.

18. According to timeframes recorded as part of the mock-up field testing efforts conducted 
June 2019, a ready-made concrete truck could arrive onsite, connect fittings and place a 
truck of 8-yd3 of grout in half an hour through one riser. Therefore, approximately ten 
trucks or 80-yd3 of grout could be placed per day assuming grout is only placed through 
one riser for each tank/cell during an eight-hour work shift.  The ten trucks per day allow 
for the additional time needed for delivery preparation, documentation, housekeeping and 
equipment maintenance.  Thus, as an initial approach, a lift is equal to ten trucks or 80-
yd3 of grout placed per day. As closure grout placement operations become more 
familiar lift sizes may increase if additional risers are used and/or additional truckloads 
deliver/place larger volumes of grout per day.  Other DOE sites successfully place larger 
volumes of closure grout per day.  However, for this calculation, the conservative 
assumption of 80-yd3 of grout placed per day is used.  It is important to note that all of 
the sorption and enthalpy calculations are based on the size of grout lift.  Should the size 
of the grout lift placed per day increase, the amount of sorption and vaporization due to 
enthalpy will also increase.      

19. According to batch tickets from the grout (concrete) ready-made plant, the coarse 
aggregate contains 0.7% (by weight) sorbed water.  The fine aggregate contains 2.32% to 
3.47% (by weight) sorbed water, depending on the time of day the sand is used.  For this 
calculation an average value of 2.9% sorbed water (by weight) was used.

20. Hanford bulk-fill closure grout testing is not currently complete.  While testing has been 
initiated to identify a preliminary bulk-fill grout formulation for the 241-C-200 Series 
SSTs, subsequent testing is needed to determine its operational/batching flexibility and 
mix design robustness.  However, it is assumed as part of this calculation that the 
subsequent testing will prove the generalized bulk-fill grout formulation is robust. 

21. Moist curing has proven to be the best curing environment for SCCs according to the 
2018-2019 testing results and literature reviewed for this calculation (Turk, et. al. 2007). 
Shi, et. al. (2016) provided experimental data regarding the theoretical amount of water 
(and additional 4.47% by weight of total water used in the SCC) that increased as a result 
of curing. In the Shi, et. al. (2016) study, specific W/Cm ratios were also correlated with 
the additional water weights sorbed during curing.  From this study it was noted that 
4.47% (by weight) of the additional total mix water was sorbed during curing of an SCC 
with a W/Cm ratio of less than 0.42.  As this is similar to the range of W/Cm ratio 
calculated for the preliminarily identified bulk-fill closure grout, 4.47% (by weight) 
additional water uptake during curing is used by this calculation.  This result is a 
conservative assumption for the calculation; as most concrete or grout mixtures can 
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absorb upwards of 10% additional amounts of mix water as they cure. (David 
Wilmshurst, Concrete & Structural Testing, Quora 08/03/2018;
https://www.quora.com/What-is-water-absorption-in-cement)

22. It is assumed for this calculation that the amount of heat caused by cementitious 
material’s hydration, considering the addition of fly ash, is calculated as the heat into the
closed tank system, and that this heat stays within the system and is directly applied only 
to the amounts of residual tank waste liquids, assumed to be water. 

23. This calculation assumes that once the residual liquid in the tank is heated and vaporized, 
due to the cement’s heat of hydration, the residual water in form of a vapor exits the 
closed tank system before it condenses.

24. This calculation assumes that the remaining WMA C tanks/cells have the same mean 
temperature as the WMA C 100 Series SST, which was calculated to be 72.1 ℉ (22.3 ℃)
from the temperatures reported by the lowest thermocouple present in each WMA C SST 
or recorded manually read temperatures, queried from PCSACS 12/26/19, at the lowest 
depth possible in the SST.

5.0 USE OF COMPUTER SOFTWARE

All calculations were made by hand.  No computer software or modeling programs were used.  
Calculations can be found in Appendix A and throughout Section 6.0 and Section 7.0. 

6.0 METHODS

The following subsections describe methods used to compare the 241-C tank and cell residual 
liquid waste volumes to the volumes of water that can be conserved when batching and curing 
the preliminarily identified bulk-fill closure grout.  Latter subsections discuss additional 
alternatives that can be completed prior to closure grouting operations and the correlating 
amounts of residual liquids removed and/or solidified by the alternatives.

6.1 RESIDUAL LIQUID WASTE VOLUMES

The volumes of residual liquid present in the WMA C tanks and cells were calculated and 
reported for RPP-RPT-42323, Rev. 4.  

The 241-C-301 Catch Tank and 244-CR Vault Tanks have not been retrieved.  The 244-CR 
Vault Cells were last pumped in 2009 as documented by RPP-RPT-45845.  The last reported 
volumes of waste in the tanks and cells will be decreased by 90% in accordance with the WMA 
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C PA assumptions reported in Section 3.2.2.1 of RPP-ENV-58782.  This assumption indicates 
that the 241-C-301 Catch Tank and 244-CR Vault tanks and cells will undergo retrieval/
pumping operations, removing 90% of the waste.  It is likely that most, if not all of the liquid 
will be removed during future pumping/retrieval efforts for the 241-C-301 and 244-CR Vault 
tanks and cells.  However, as a conservative approach for this calculation, it is assumed that 90% 
of the liquid fraction is removed and 10% of the liquid fraction remains within the tanks/cells, 
which will require sorption into the closure grout.     

Table 1 reflects the reported average residual liquid volumes from the 241-C SSTs and the 
adjusted residual liquid volumes from the 241-C-301 Catch Tank and 244-CR Vault tanks and 
cells.  Table 1 also calculates the percentage of residual liquids present in each of the 241-C SST, 
C-301 and 244-CR Vault tanks and cells by dividing the residual volume of liquid present by the
total capacity of the tank or cell (Table 2).  The total capacity of the tanks and cells correspond to 
the total volume of grout that will be needed to fill each tank or cell.

6.2 CLOSURE GROUT MIX RESEARCH

Several mix design procedures and methodologies are available for various forms of concretes 
and grouts in different formats. A few examples (found in ICAR 2007 and “an overview on 
mixture design of self-compacting concrete,” [Ashish and Verma 2018]) include the: Advanced 
Cement-Based Materials Paste Rheology Model/Minimum Paste Volume Method, Compressible 
Packing Model, Densified Mixture Design Algorithm Method, Excess Paste Theory, Rational 
Mix Design Method, Statistical Design approaches, and Experimental methodologies.  Peer 
reviewed journal articles, online software and modeling programs, spreadsheets, country, state 
and agency concrete specifications, industry guidance, and educational resources also provide 
assistance to develop concrete [grout] mix designs.

Yet, none of the methodologies reviewed adequately and accurately captured a prescriptive 
method to design the closure grout needed to fill the 241-C SSTs, C-301, 244-CR Vault tanks 
and cells, and associated pipeline encasements. Rather than employ an ill-fitting specific 
prescriptive mix design method, aspects of various mix design methods are utilized as design 
principles in conjunction with the preliminary tested bulk-fill closure grout formula’s physical 
properties and resulting ratios.

Four properties were mentioned in nearly every method used to design SCC mixes.  These 
properties include the: paste fraction (by volume), paste composition, W/Cm ratio, and aggregate 
blend.  To begin the mix design process for each method, the paste volume is set to be greater 
than the volume of the voids between the compacted aggregates. The paste composition is 
usually designed independently of the rest of the mixture based on criteria desired for flow 
properties, hardened properties, or both. Each method uses a different series of tests and has 
different target values for selecting the paste composition. Some methods are very specific about 
the target paste properties while others are much more open-ended. The aggregate blends are 
often, but not always, selected initially in the mix design process to achieve minimum voids 
between the aggregates in the SCC mix. In the final steps of each mix design process, the paste 
volume, paste composition, and aggregate blend are combined for the preliminary trial concrete 
batch or batches (ICAR 2007).
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The ratio approach utilized for this calculation is found in step #3 below.  The remaining steps 
discuss the methodology to determine how much of the residual liquid volumes in each of the 
241-C SST, C-301 and 244-CR Vault tanks and cells can be incorporated through various mix 
design options:

1. Estimate the number of ready-made 8-yd3 grout trucks and/or onsite 8-yd3 grout batches 
for each of the 241-C SSTs, 241-C-301 Catch Tank, and 244-CR Vault tanks and cells.  
Table 4 provides this information.  

2. Since SCC is a versatile concrete that does not require rodding, tamping or mechanical 
vibration, it can be poured continuously in one lift. The 241-SSTs, C-301 and 244-CR 
Vault tanks and cells serve as appropriate forms to provide resistance against the 
hydrostatic forces of the SCC, allowing operational flexibility for pouring lifts. A lift is
based on amount of grout poured per day; which equals 80-yd3 of grout as explained in 
Section 4.0 of this report.  Table 4 presents the number of days or lifts needed to fill the 
tanks and cells with closure grout.  It is important to note that all of the subsequent 
sorption and enthalpy calculations are based on the size of grout lift.  Should the size of 
the grout lift placed per day increase, the amount of sorption and vaporization due to 
enthalpy will also increase.

Table 4.  Volumes of Closure Grout Needed to Fill the 241-C TF Tanks & Vaults

Tank / Cell Tank 
Volumes (gal)

Tank Volumes  
(yd3)c

Number of 
Grout 

Batchesd

Number of 
Grout Lifts 

C-101 530,000 2624 328 32.8

C-102 530,000 2624 328 32.8

C-103 530,000 2624 328 32.8

C-104 530,000 2624 328 32.8

C-105 530,000 2624 328 32.8

C-106 530,000 2624 328 32.8

C-107 530,000 2624 328 32.8

C-108 530,000 2624 328 32.8

C-109 530,000 2624 328 32.8

C-110 530,000 2624 328 32.8
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Table 4.  Volumes of Closure Grout Needed to Fill the 241-C TF Tanks & Vaults

Tank / Cell Tank 
Volumes (gal)

Tank Volumes  
(yd3)c

Number of 
Grout 

Batchesd

Number of 
Grout Lifts 

C-111 530,000 2624 328 32.8

C-112 530,000 2624 328 32.8

C-201 55,000 272 34 3.4

C-202 55,000 272 34 3.4

C-203 55,000 272 34 3.4

C-204 55,000 272 34 3.4

C-301 36,000 178 23 2.3

CR-001 45,000 223 28 2.8

Cell 001a 79,132 392 49 4.9

CR-002 15,000 74 10 1

Cell 002b 30,527 151 19 1.9

CR-003 15,000 74 10 1

Cell 003b 30,527 151 19 1.9

CR-011 45,000 223 28 2.8

Cell 011a 79,132 392 49 4.9

a Dimensions of the 244-CR Vault Cells 001 and 011 were reported as 22-ft by 26-ft by 29-ft with a 45 
gallon capacity sump. (WIDS queried on 10/7/19 at: https://phoenix.pnnl.gov/apps/wids/index.html).  
Therefore cell volumes = [(22 * 26 * 29) ft3 * (7.4805 gal/1 ft3)] + 45 gal sump = 124,132 gallons.
b Dimensions of the 244-CR Vault Cells 002 and 003 were reported as 16-ft by 20-ft by 19-ft with a 45 
gallon capacity sump. (WIDS queried on 10/7/19 at: https://phoenix.pnnl.gov/apps/wids/index.html).
Therefore, cell volumes = [(16 * 20 * 149) ft3 * (7.4805 gal/1 ft3)] + 45 gal sump = 45,527 gallons.
c 1 yd3 converts to 201.97 gallons (Engineering Toolbox).
d All partial batches are rounded up to the next whole batch number, as applicable.
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3. Calculate the amount of water needed for a closure grout batch, lift, and entire tank or 
cell using the ratios developed from the quantities of SCC components recorded in Table 
3 of Section 3.2.

The basic components of the preliminarily identified closure bulk-fill grout and their associated 
specific gravities are listed in Table 5.  Table 3 in Section 3.2 lists various properties and 
component ratios for the formulation that met engineering functional performance requirements.  

Table 5.  Bulk Densities of Components in Bulk-Fill Closure Grout for 241-C Tank Farm

Component Specific 
Gravity

Reference

Type I/II 
Portland 
Cement

3.15 CEES-1412, Rev. 1, C-200 Series Tank Closure Grout 
Formulation Laboratory Test Report

Class F Fly 
Ash

2.62 LaFarge Fly Ash Test Report at:
http://seattleconcretelab.com/wp-
content/uploads/2017/04/Centralia-Fly-Ash-Cert-6-17-F.pdf

Water 1.00 Engineering Toolbox
Coarse 
Sand/Fine 
Aggregates

2.75 CEES-1412, Rev.1, C-200 Series Tank Closure Grout 
Formulation Laboratory Test Report

1/2 to 3/8 
inch Pea 
Gravel 
Coarse 
Aggregates

2.78 Intermountain Materials Testing Trial Batch Worksheets for 
ARP QC – L13010

Master 
Glenium 
3030

HRWR Type 
F Admixture

1.05 BASF Safety Data Sheet at:

https://www.master-builders-solutions.basf.us/en-
us/products/concrete-admixtures/water-reducers/water-reducers-
high-range/masterglenium-3030

Master 
Matrix VMA 
358 Type S 
Admixture

1.0 BASF Safety Data Sheet at:
https://worldaccount.basf.com/en_US/msds.30605458.88385128
14549.en.pdf.html

To calculate the weights of components needed for one closure grout 8-yd3 batch, the equation 
below can be used:  

����ℎ� �� ��������� = ��� ∗ �� ∗
1 ���

0.037 ���
∗ ����ℎ ∗

��

100 %
Where:

                                                
 MasterGlenium 3030 is a registered trademark of the BASF Group, Beachwood, OH.
 MasterMatrix VMA 358 is a registered trademark of the BASF Group, Beachwood, OH.
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 Spg is the specific gravity of the aggregate (unitless). Found in Table 5.
 �� is the density of water (lbs/ft3).  A value of 62.4 lbs/ft3 is used from the Engineer’s

Toolbox.
 Batch is the grout batch size (yd3).  For this preliminary calculation a batch size of 8 yd3.
 Vm is the percentage (by volume) of the aggregate in the overall closure grout mixture 

(%).

The bulk-fill closure grout consists mainly of a coarse sand (fine aggregate) which ranged
between 60 and 65 % (by volume) according to previous testing recorded in CEES-1412, Rev. 1. 
Thus, on average, an estimated 63% of the bulk-fill closure grout is coarse sand for any mix 
batched and tested. Therefore, 63% (by volume) of sand will be used for all mix calculations.  

However, to prevent bleed water and limit shrinkage, 25% of the sand’s total volume was 
replaced with ½- to ⅜-inch pea gravel.  Thus, the sand’s overall volume in the bulk-fill closure 
grout mixture is 63% multiplied by 75%. Using the equation above with 47.25% (by volume) of 
sand for the overall closure grout mixture and a specific gravity of 2.75 for sand from Table 5;
approximately 17,531 lbs of sand is needed per 8-yd3 batch according to the following 
computation:

����ℎ� �� ���� = 2.75 ∗ 62.4
���

���
∗

1 ���

0.037 ���
∗ 8 ��� ∗

47.25 %

100 %
=

17,531 ��� �� ����

8 ��3 ����ℎ

Coarse aggregates or pea gravel amounts are calculated next using it’s specific gravity and 
overall percentage in the closure grout bulk mix (63% - 47.25% = 15.75%).  The amount of pea 
gravel needed is 5907 lbs per 8-yd3 batch, as shown:

����ℎ� �� ��� ������ = 2.78 ∗ 62.4
���

���
∗

1 ��3

0.037 ��3
∗ 8 ��� ∗

15.75 %

100 %
=

5,907 ��� �� ��� ������

8 ��� ����ℎ

Using the Total Aggregate to Total Cm Ratio (by volume) of 3.33 from Table 3, the volume of 
total cementitious materials can be calculated using the equation below:

����� ������ �� �� =
����� ������ �� ���������

3.33

However, to solve the equation above, the volumes of each aggregate (coarse sand and pea 
gravel) must be determined and summed.  The volume of aggregate used per 8-yd3 batch of 
closure grout can be calculated using the following equation:  

����� ����� �� ��������� =
����

��� ∗ ��
∗

0.037 ����� �����

1 ����� ����
Where: 

 ���� is the weight of the aggregate per a 8-yd3 batch (lbs)

 Spg is the specific gravity of the aggregate (unitless). Found in Table 5.
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 �� is the density of water (lbs/ft3).  A value of 62.4 lbs/ft3 is used from the Engineer’s 
Tool box.

The volume of coarse sand used per 8-yd3 batch of closure grout is equal to 3.78 yd3 as
demonstrated below:

����� ����� �� ���� =

17,531 ���
8 ���

2.75 ∗ 62.4
���

��3

∗
0.037 ���

1 ft3
=

3.78 ��� �� ����

8 ��� ����ℎ

The volume of pea gravel used per 8-yd3 batch of closure grout is equal to 1.26 yd3 using the 
following conversions and specific gravity:

����� ����� �� ��� ������ =

5907 ���
8 ���

2.78 ∗ 62.4
���

��3

∗
0.037 ���

1 ft3
=

1.26 ��� �� ��� ������

8 ��� ����ℎ

Therefore, the total volume of aggregate is the volume of sand plus the volume of pea gravel or 
5.04 yd3 of total aggregate/8-yd3 batch of closure grout as shown below:

3.78 ��� �� ����

8 ��� ����ℎ
+

1.26 ��� �� ��� ������

8 ��� ����ℎ
=

5.04 ��� �� ����� ���������

8 ��� ����ℎ

Thus, the Total Volume of Cm is 1.51 yd3 per an 8 yd3 batch, calculated using the Total 
Aggregate to Total Cm Ratio previously defined:

����� ������ �� �� =

5.04 ��� �� ����� ���������
8 ��� ����ℎ

3.33
=

1.51 ��� �� ����� ��

8 ��� ����ℎ

The Total Volume of Cm is comprised of both Type I/II Portland Cement and Class F Fly Ash.  
This can be calculated in the following equation:

����� ������ �� �� = �� + �� =
1.51 ��� �� ����� ��

8 ��� ����ℎ

Where:
 �� is the volume of fly ash present in a 8-yd3 batch of closure grout (yd3).

 �� is the volume of Type I/II Portland Cement present in a 8-yd3 batch of closure grout 
(yd3).

Using the volumetric ratio of fly ash to cement calculated in Appendix A and listed in Table 3, 
and the sum of the volume of cementitious material found above, the respective volumes of fly 
ash and cement can be calculated by the equations and substitutions below:

RPP-RPT-61899 Rev.00 1/22/2020 - 8:18 AM 40 of 77



RPP-RPT-61899, Rev. 0

32

��

��
= 3.006 �� �� = 3.006 ∗ ��

Substituting the volumetric ratio of fly ash to cement into the total volume of Cm equation above 
yields:

1.51 ��� �� ����� ��

8 ��� ����ℎ
= �� + 3.006 ∗ ��

This equation can be further manipulated to solve for ��:

�� =

1.51 ��3 �� ����� ��

8 ��3 ����ℎ

4.006
=

0.38 ��3 �� ���� �/�� �������� ������

8 ��3 ����ℎ

Once �� is found, �� can be found using the volumetric ratio of fly ash to cement:

�� =
0.38 ��� �� ���� �/�� �������� ������

8 ��� ����ℎ
∗ 3.006 =

1.13 ��� �� ��� ��ℎ

8 ��� ����ℎ

The W/Cm ratio (by weight) can be used to calculate the amount of total water needed for the 
generic bulk-fill closure grout.  To perform this calculation, first the volumes of Type I/II 
Portland Cement and Fly Ash volumes must be converted to weights as depicted in the following 
equations:

������ �� �� = �_�� ∗ ��� ∗ �_� ∗ (0.037 ����� �����)/(1 ����� ����)
Where:

 Spg is the specific gravity of the aggregate (unitless). Found in Table 5.
 �� is the density of water (lbs/ft3).  A value of 62.4 lbs/ft3 is used from the Engineering 

Toolbox.
 ��� is the volume of the Cm (yd3).  The volume of fly ash and Type I/II Portland Cement 

were found in the equations above.

The weight of Type I/II Portland Cement in the mix is:

������ �� ������ =
0.38 ��3 �� ������

8 ��3 ����ℎ
∗ 3.15 ∗ 62.4

���

��3
∗

1 ��3

0.037 ��3
=

2018.72 ��� �� ������

8 ��3 ����ℎ

The weight of fly ash in the mix is:

������ �� ��� ��ℎ =
1.13 ��� �� ��� ��ℎ

8 ��� ����ℎ
∗ 2.62 ∗ 62.4

���

���
∗

1 ���

0.037 ���
=

4993.01 �� �� ��� ��ℎ

8 ��� ����ℎ

The total weight of the Cm in the mix is:
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����� ����ℎ� �� �� =
2018.72 �� �� ������

8 ��3 ����ℎ
+

4993.01 �� �� ��� ��ℎ

8 ��3 ����ℎ
=

7011.74 �� �� ��

8 ��3 ����ℎ

The ratio of the weight of water to the total Cm is 0.357 as calculated in Appendix A – Basis of 
Bulk-Fill Closure Grout Ratio Calculations and listed in Table 3.  This ratio is determined from 
the quantities of water and Cm used during testing and reported in CEES-1412, Rev. 1.  Thus, 
the following ratio is used to solve for the quantity of total water needed for closure grout mix:

����ℎ� �� �����

����� ����ℎ� �� ��
= 0.357

����ℎ� �� ����� = 0.357 ∗ ����� ����ℎ� �� ��

����ℎ� �� ����� = 0.357 ∗
7011.74 �� �� ��

8 ��� ����ℎ
=

2503.19 �� �� �����

8 ��� ����ℎ

The weight of water can converted to gallons of water using the density of water and a cubic feet 
to gallons conversion:

������ �� ����� =
2503.19 �� �� �����

8 ��� ����ℎ
∗

1 ���

62.4 ���
∗

7.4805 ���

1 ���
=

300.08 ��� �� �����

8 ��� ����ℎ

The preferred HRWR admixture for reducing yield stress in a SCC is specifically a 
polycarboxylate-based admixture, due to its superior water-reduction capabilities and high early-
strength gains at low dosing rates. This relatively newer generation of synthetic admixture has 
been specially designed to increase the dispersion of the cement particles, which aids in plasticity 
and strength. (Concrete Countertop Institute (CCI), Queried 09/23/2019, [CCI, Understanding 
Self-Consolidating Concrete], https://concretecountertopinstitute.com/free-
training/understanding-self-consolidating-concrete/) The addition of HRWRs also allows for the 
reduction of required water; while maintaining the desired fluidity during the time required for 
transport and placement of the grout.  

Polycarboxylate based HRWRs consist of “comb-shaped” molecules that have a slightly ionic 
“backbone” chain and hydrophilic side chains of polycarboxylated-based polymers, which 
provide water reduction and a wide range of slump capabilities without affecting setting time.  
Polycarboxylate based HRWRs are very efficient at interacting with fine-grained materials such 
as cement, fly ash, slag and silica fume.  This ability to disperse these finely ground particles 
creates strength that is higher than expected from just the decreased water to cement ratio   
(National Precast Concrete Association’s Tech Notes, “Water-Reducing & Set-Controlling 
Admixtures,” March 2013).
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VMAs when added to SCCs also allow a more robust mix to be created with an enhanced 
capacity to absorb fluctuations in aggregate gradations and associated moisture contents.  This 
prevents the moisture in the ingredients, especially the fine aggregates, from having a profound 
influence on the consistency of the mix, negatively impacting segregation (CCI, Queried 
09/23/2019, [CCI, Understanding Self-Consolidating Concrete], 
https://concretecountertopinstitute.com/free-training/understanding-self-consolidating-concrete). 

Furthermore, VMAs minimize the effect of fines in the aggregates or its grain size distribution 
through various stereo-chemical interactions (SCC 028).

The volumes (in ounces) of the HRWR and VMA can be determined based on the Cm weight
ratios as listed in Table 3 and calculated by:

������ (��)�� ����

����� ��� ����ℎ� �� ��
= 5.12

������ (��)�� ���� = 5.12 ∗ ����� �������ℎ� �� ��

������ (��)�� ���� = 5.12 ∗
7011.74 �� �� ��

8 ��� ����ℎ
=

35,900.11 ��� ∗ �� �� ����

8 ��� ����ℎ

������ (��)�� ���� =
�35,900.11 ���

1
100 ∗ ��� �� ����

8 ��� ����ℎ
= 359 ��,

And:

������ (��)�� ���

����� ��� ����ℎ� �� ��
= 11.9

������ (��)�� ��� = 11.9 ∗ ����� �������ℎ� �� ��

������ (��)�� ��� = 11.9 ∗
7011.74 �� �� ��

8 ��� ����ℎ
=

83,439.71 ��� ∗ �� �� ���

8 ��� ����ℎ

������ (��)�� ��� =
�83,439.71 ���

1
100 ∗ ��� �� ����

8 ��� ����ℎ
= 834.4 ��

Note: cwt is defined as “hundredweight” and is equal to 100 lbs. In the equations above, the cwt 
term cancels with the 100 term in the first equation of each set.  The cwt term was not omitted to 
keep in line with various industry standards and publications.

Table 6 lists the general quantities of the bulk-fill closure grout calculated for a batch and lift 
mix designs based on the preliminary testing completed in the laboratory for the 241-C-200 
Series SSTs.  While additional testing is needed to confirm operational robustness of a bulk-fill 
closure grout, the following quantities will likely be similar to the bulk-fill grout that is 
eventually selected for the 241-C SSTs, C-301, and 244-CR Vault tanks and cells.
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Table 6.  Mix Design Quantity of Components Calculated for Bulk-Fill Closure 
Grouts for 241-C Tank Farm

Component Specific 
Gravity*

Quantity per Batch 
(lbs/8 yd3)**

Quantity per Lift
(lbs/80 yd3)**

Coarse Sand (Fine 
Aggregates)

2.75 17,531 175,310

½- to 3/8- inch Pea 
Gravel (Coarse 
Aggregates)

2.78 5907 59,070

Class F Fly Ash 2.62 4993 49,930
Type I/II Portland 
Cement

3.15 2019 20,187

Water 1.00 2503 25,032
Glenium 3030 
HRWR Type F 
Admixture

1.05 359 3590

VMA 358 1.0 834 8344

* References provided for specific gravities are included in Table 5.
**Fractional values are rounded to the nearest whole number.

6.3 WATER CALCULATIONS 

The following subsections discuss the water calculations.  The first subsection describes the 
methodology used to calculate the amount of water that is sorbed in or to the aggregates. The 
second subsection discusses the calculations that describe theoretical batched water reductions to 
allow for sorption of residual liquids found in the 241-C SSTs, C-301 and 244-CR Vault tanks 
and cells.  Comparing these amounts of water will indicate if the residual liquid waste present in 
the 241-C tanks and cells can be incorporated into the closure grout.  Additional subsections 
calculate the amount of water lost through vaporization due to the cement’s heat of hydration and 
provide a summary of residual water that is likely to be utilized during/after grout placement 
operations. 

6.3.1 Mix Design Water 

The bulk-fill closure grout or SCC mix water consists of batched water and the free water sorbed 
in or to the aggregates.  According to the generic mix design in Table 6, 2503 lbs of total water 
per 8-yd3 (batch) of mix water is required.  According to batch tickets from the grout (concrete) 
ready-made plant, the coarse aggregate contains 0.7% (by weight) sorbed water.  The fine 
aggregate contains 2.32% to 3.47% (by weight) sorbed water, depending on the time of day the 
sand is used.  For this calculation an average value of 2.9% sorbed water, by weight, was used.  

Thus, the amount of sorbed or “free” water present in the generalized bulk-fill closure grout mix 
is calculated by summing the sorbed water from the coarse aggregate (pea gravel) and the sorbed 
water from the fine aggregate (coarse sand) found using the following equation:
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����� ������ �� ��������� =
��

100 %
∗ ��

Where:
 �� is the percentage of water (by weight) that is sorbed in the aggregate (%). 
 �� is the weight of the aggregate need for a 8-yd3 batch of closure grout (lbs).

Using the above equation, the water sorbed to the pea gravel is calculated:

����� ������ �� ��� ������ =
0.7 %

100 %
∗

5,907 ��� �� ��� ������

8 ��� ����ℎ
=

41.35 ��� ����� ������ �� ��� ������

8 ��� ����ℎ

The volume of water sorbed to the pea gravel was converted from pounds to gallons using the 
density of water and the cubic feet to gallons conversion below:

������ ����� ������ =
41.35 ��� ����� ������

8 ��� ����ℎ
∗

1 ���

62.4 ���
∗

7.4805 ���

1���
=

4.96 ��� ����� ������ �� ��� ������

8 ��� ����ℎ

And, the weight of water sorbed to the sand is calculated as:

����ℎ� �� ����� ������ �� ���� =
�.� %

��� %
∗

��,��� ��� �� ����

� ��� �����
=

���.�� ��� ����� ������ �� ����

� ��� �����

The amount of water sorbed to the sand was converted from pounds to gallons using the density 
of water and the cubic feet to gallons conversion below:

������ ����� ������ =
508.40 ��� ����� ������

8 ��� ����ℎ
∗

1 ���

62.4 ���
∗

7.4805 ���

1��� =
60.94 ��� ����� ������ �� ����

8 ��� ����ℎ

The total sorbed water to aggregate is determined to be 549.75 pounds per a 8-yd3 batch of 
closure grout or 65.9 gallons per a 8-yd3 batch of closure grout as shown below:

����ℎ� ����� ������ �� ��������� =
41.35 ��� �� ��� ������

8 ��� ����ℎ
+

508.40 ��� �� ����

8 ��� ����ℎ
=

549.75 ��� ����� ������

8 ��� ����ℎ

������ ����� ������ �� ��������� =
4.96 ��� �� ��� ������

8 ��� ����ℎ
+

60.94 ��� �� ����

8 ��� ����ℎ
=

65.9 ��� ����� ������

8 ��� ����ℎ

Since the total batched water is equal to the sorbed or “free” water subtracted from the total mix 
water, the weight of the batched water is:

����ℎ� �� ����ℎ�� ����� =
2503.19 �� �� ����� �����

8 ��� ����ℎ
−

549.75 ��� ����� ������

8 ��� ����ℎ
=

1953.44 ��� ����� ����ℎ��

8 ��� ����ℎ

And the total volume of batch water is:

������ �� ����ℎ�� ����� =
300.08 ��� �� �����

8 ��� ����ℎ
−

65.9 ��� ����� ������

8 ��� ����ℎ
=

234.18 ��� ����� ����ℎ��

8 ��� ����ℎ

RPP-RPT-61899 Rev.00 1/22/2020 - 8:18 AM 45 of 77



RPP-RPT-61899, Rev. 0

37

The volume of water batched will be added to the grout components to make the grout mix 
which will then be placed in the tanks during grout placement activities.  The amount of water 
batched will serve as the basis for additional water optimization calculations below.

6.3.2 Theoretical Amounts of Water Consumed by the SCC

Various theoretical amounts of water consumed by the SCC include both batch water reductions 
and incorporation of residual water present in the WMA C tanks/cells as additions from mix 
design robustness and curing.  These theoretical amounts of additional water consumed are
calculated in the following subsections.  It is important to note that the theoretical amount of 
water consumed by the SCC is based on the size of the grout lift.  Should the size of the grout lift 
placed per day increase, the amount of sorption, and thus amount of residual liquid consumed by 
the SCC, will also increase.

6.3.2.1 Theoretical Water Due to Mix Design Robustness

According to SCC 028, 2005, The European Guidelines for Self-Compacting Concrete 
Specification, Production and Use, “A well designed and robust SCC can typically accept a 5 to 
10 liter/cubic meter (0.005 to 0.01 [or on average 0.0075] gallons of water per gallon of grout) 
change in water content without falling outside the specified classes of performance when fresh.”

Correlating this relationship to the generalized bulk-fill grout formulation, assuming additional 
testing proves the SCC is well designed and robust, the amount of water (present as batch water) 
that can be withheld from the mix, without impacting the grout’s fresh properties (i.e. slump flow 
spread) is calculated as:

������ �� ����� �������

8 ��� ����ℎ
=

0.0075 ��� �� �����

1 ��� �� �����
∗

201.97 ���

1 ���
∗

1

8 ��� ����ℎ
=

0.19 ��� �� ����ℎ �����

8 ��� ����ℎ

The volume of batch water that may be reduced in the closure grout mix was converted to a 
weight for the mix design using the density of water and the cubic feet to gallon conversion is:

����ℎ� �� ����� �������

8 ��� ����ℎ
=

0.19 ��� �� ����ℎ �����

8 ��3 ����ℎ
∗

62.4 ���

1 ��3
∗

1 ��3

7.4805 ���
=

1.59 ��� �� ����ℎ�� �����

8 ��3 ����ℎ

According to the assumptions in Section 4.0, it is likely that 10 grout batches will be delivered 
per day or lift.  Thus, the amount of batched water that can be reduced per lift is ten times the 
amount of batched water reduced per 8-yd3 batch of closure grout or ten times 1.9 
gallons/closure grout batch; which equates to roughly 15.9 lbs batched water saved per closure 
grout lift.

Studying the SCC 028 statement above, it also notes that the same amount of batch water
reduced could also be added to a well-designed and robust SCC, without significantly altering 
the SCC’s properties.  It would be acceptable for the water added to the grout mixture to be the 
residual liquids present in the 241-C SSTs, C-301 and 244-CR Vault tanks and cells.  

RPP-RPT-61899 Rev.00 1/22/2020 - 8:18 AM 46 of 77



RPP-RPT-61899, Rev. 0

38

Therefore, the tanks and cells could theoretically accommodate two times the 0.19 gal of reduced 
batch water/8-yd3 batch of closure grout or (2) * (0.19 gal) = 0.38 gal or (2) * (1.59 lbs) = 3.18 
lbs of water accommodated due to robust mix design per an 8-yd3 batch of closure grout.

Converting from 8-yd3 batch of closure grout to 80-yd3 lift of closure grout, the volume and 
weight of water accommodated due to robust mix design is multiplied by ten.  Therefore: 10 * 
(0.38 gal of water) = 3.8 gals of water that can be allowed in an 80-yd3 lift of closure grout due 
to the robustness of the mix design.  The weight of water that can be accommodated is: 10 * 
(3.18 lbs water) = 31.8 lbs of water accommodated in an 80-yd3 lift without altering the fresh 
properties of the grout due to the robustness of the mix design.  Additional testing would be 
required to ensure the SCC is well designed, robust and able to accommodate both the 
withholding of batched water and additional theoretical quantity of water added.

6.3.2.2 Theoretical Quantity of Water Required for Proper Curing 

For SCCs, curing is extremely important, yet can become a “fine line.”  Enough bleed water is 
required during the curing process to complete hydration reactions, fill both gel and capillary 
pore spaces and prevent shrinking and cracking.  However, too much bleed water causes the rate 
of drying to be accelerated; resulting in increased amounts of cracking and shrinkage.  

According to SCC 028,  

Curing is important for all concrete but especially so for the top-surface of elements made 
with SCC. These can dry quickly because of the increased quantity of paste, the low 
water/fines ratio and the lack of bleed water at the surface. Initial curing should therefore 
commence as soon as practicable after placing and finishing in order to minimize the risk 
of surface crusting and shrinkage cracks caused by early age moisture evaporation… 
Because SCC has little or no bleed it can lose surface water, resulting in drying shrinkage 
cracks if curing is not started at an early age.

Moist curing has proven to be the best curing environment for SCCs according to (Turk, et.al 
2007) and reported during the 2018-2019 testing. (Shi, et.al. 2016) provided experimental data 
regarding the theoretical additional amount of water 4.47% (by weight) of the total mix water
that sorbed during curing.  Specific W/Cm ratios were also correlated with the additional water 
weights sorbed during curing.  From this study it was noted that 4.47% (by weight) of the 
additional total mix water was sorbed during curing of an SCC with a W/Cm ratio of less than 
0.42.  As this is similar to the preliminarily identified bulk-fill closure grout, 4.47% (by weight) 
additional water uptake during curing is used by this calculation.  This result is a conservative 
assumption for the calculation; as most concrete or grout mixtures can absorb upwards of 10% 
additional amounts of mix water as they cure. (David Wilmshurst, Concrete & Structural 
Testing, Quora 08/03/2018; https://www.quora.com/What-is-water-absorption-in-cement)

The assumed adsorption percentage of water (by weight) can be used to calculate to the 
theoretical amount of water absorbed by the generalized bulk-fill closure grout mix during the 
curing process. The amount of water likely absorbed during curing per 8-yd3 batch of closure 
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grout is calculated using the 4.47% of water that is absorbed and the weight of water in the 
closure grout mix:  

����� �������� ������ ������ = ��
4.47%

100%
+ 1� ∗

2503.19 ���

8 ��� ����ℎ
� −

2503.19 ���

8 ��� ����ℎ
=

111.9 ��� �� ����� ��������

8 ��� ����ℎ

Converting this weight to gallons using the density of water and the gallons to cubic feet 
conversion yields:

����� �������� ������ ������ =
111.9 ���

8 ��� ����ℎ
∗

1 ���

62.4 ���
∗

7.4805 ���

1 ���
=

13.41 ��� �� ����� �������� ������ ������

8 ��� ����ℎ

Converting to weight and volume of water absorbed during curing from an 8-yd3 batch to an
80-yd3 lift of closure grout yields ten times each result:  

1120 lbs of total water absorbed during curing per an 80-yd3 lift of closure grout; or   
134.1 gal of total water absorbed during curing per an 80-yd3 lift of closure grout. 

6.3.2.3 Summary of the Theoretical Quantities of Additional Water Allowed

Table 7 summarizes the theoretical total quantities of additional water allowed due to the 
robustness of the mix design and needed for curing.  This summation does not include the 
amount of water vaporized due to the heat generated from the cementitious materials’ hydration, 
which is calculated in the section below.  

Adding the theoretical weights of water due to the robustness of the mix design and needed for 
curing yields a total of:

����� ����ℎ� �� ����� �������

8 ��� ����ℎ
= 3.18 + 111.9 =

115 ��� �� �����

8 ��� ����ℎ

����� ����ℎ� �� ����� �������

80 ��� ����
= 31.8 + 1120. =

1152 ��� �� �����

80 ��� ����

Adding the theoretical values needed for curing yields a total of:

����� ������ �� ����� �������

8 ��� ����ℎ
= 0.38 + 13.41 =

13.8 ���� �� �����

8 ��� ����ℎ

����� ������ �� ����� �������

80 ��� ����
= 3.8 + 134.1 =

138 ���� �� �����

80 ��� ����
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Table 7.  Additional Amounts of Theoretical Quantities of Water Incorporated into the 
SCC

Method
Amount Water 

Allowed 
(lbs/batch)

Amount Water 
Allowed  

(gal/batch)

Amount Water 
Allowed 
(lbs/lift)

Amount Water 
Allowed 
(gal/lift)

Robustness of Mix Design 3.18 0.38 31.8 3.8 
Absorbed During Curing 111.9 13.41 1120 134.3

Totals 115 13.8 1152 138

6.3.3 SCC Heat of Hydration Resulting in Water Evaporation Methodology

According to “Drying/hydration in cement pastes during curing,” (Bentz, D.P., et.al., 2001),  “As 
concrete cures in the field, there is a constant competition for the mixing water between 
evaporation and hydration processes.”  And according to “A review of early-age properties of 
cement-based materials,” (D.P. Bentz 2008), “As cement hydrates, a significant amount of 
energy is released as heat…[which] is dependent on the phase composition of the cement.”  D.P. 
Bentz (2008), further notes that the “…heat release can be either increased or decreased 
depending on the mineral admixture employed…the reactions of fly ash and slag typically
produce less heat than those of Portland cement [alone].”

The enthalpy calculations are based on the size of the grout lift placed.  Should the size of the 
grout lift placed per day increase, the amount of vaporization due to enthalpy would also 
increase, as material and energy balances are used to calculate the amount of water vaporized 
due to the heat released from the cement hydration reactions in a “closed” tank system by the 
following steps:

1. Subtract the additional amounts of theoretical water incorporated into the SCC (Table 7) 
from the residual liquid left in each of the WMA C tanks/cells (Table 1) for the initial
grout lift being placed.

2. Calculate the heat of hydration due to the initial grout lift being placed.
3. Calculate the heat required to raise the temperature of the residual liquid present in each 

WMA C tank/cell (from Step 1), reported in Table 8, to boiling at 100 ℃, using the heat 
capacity of water.

4. Compare the amounts of enthalpy calculated for Step 2 versus Step 3.
5. If the heat of hydration is greater than the heat required elevate the residual water’s 

temperatures to boiling, then 
6. Calculate the heat required to vaporize the residual liquid to a gas, and
7. Calculate the amount of residual tank/cell liquid that can be vaporized to a gas, (amount 

of water evaporated).

First, the total theoretical amounts of water allowed due to robustness of the mix design and 
needed for curing (Table 7) are subtracted from the residual liquid left in the tank. The average 
amount of residual liquid volumes for each WMA C tank or cell are found in Table 1. An 
example calculation for 241-C-101 follows:
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������ �� �������� ������ ���� �ℎ��������� ������ �� ����� ������������ �� ���
= (845 ��� �� �������� ������) − (138 ��� �� ����� ������ ��� ����)
= 707 ��� �������� ������ ��������� ����� ������� ����

and, 

������ �� �������� ������ ���� �ℎ��������� ������ �� ����� ������������ �� ���
= (7052 ��� �� �������� ������) − (1152 ��� �� ����� ������ ��� ����)
= 5900 ��� �������� ������ ��������� ����� ������� ����

These results are presented in Table 8 below.  

Table 8.  Calculated Residual Liquids in 241-C Tanks & Cells Less Theoretical 
Amount of Water Incorporated by the SCC after the Initial Grout Lift

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Average Estimated 
Residual Liquids 

Remaining in 241-C 
Tanks & Cells

Theoretical 
Amount of Water 
Incorporated by 
SCC for Initial 

Grout Lift

Calculated Residual 
Liquids in 241-C 

Tanks & Cells Less 
Theoretical Water 

Incorporated by SCC 
from Initial Lift

(gal) (lbs)a (gal) (lbs)a (gal) (lbs)a

C-101b 845 7052 138.1 1152.6 707 5899

C-102b 2588 21,597 138.1 1152.6 2450 20,444

C-103b 247 2061 138.1 1152.6 109 908

C-104b 1272 10,615 138.1 1152.6 1134 9462

C-105b 177 1477 138.1 1152.6 39 324

C-106b 85 709 138.1 1152.6 0 (-53) 0 (-444)

C-107b 5296 44,197 138.1 1152.6 5158 43,044

C-108b 232 1936 138.1 1152.6 94 783

C-109b 890 7427 138.1 1152.6 752 6274

C-110b 1287 10,740 138.1 1152.6 1149 9587

C-111b 890 7427 138.1 1152.6 752 6274

C-112b 3366 28,089 138.1 1152.6 3228 26,936
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Table 8.  Calculated Residual Liquids in 241-C Tanks & Cells Less Theoretical 
Amount of Water Incorporated by the SCC after the Initial Grout Lift

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Average Estimated 
Residual Liquids 

Remaining in 241-C 
Tanks & Cells

Theoretical 
Amount of Water 
Incorporated by 
SCC for Initial 

Grout Lift

Calculated Residual 
Liquids in 241-C 

Tanks & Cells Less 
Theoretical Water 

Incorporated by SCC 
from Initial Lift

(gal) (lbs)a (gal) (lbs)a (gal) (lbs)a

C-201b 1.5 13 138.1 1152.6 0 (-136.5) 0              
(-1140)

C-202b 2.2 18 138.1 1152.6 0 (-135.8) 0              
(-1135)

C-203b 12.7 106 138.1 1152.6 0 (-125.3) 0              
(-1047)

C-204b 3.0 25 138.1 1152.6 0 (-135) 0             
(-1128)

C-301c 1160 9680 138.1 1152.6 1022 8527

CR-
001d

476 3972 138.1 1152.6 338 2819

Cell 
001e

7.7 64.3 138.1 1152.6 0 (-130) 0              
(-1088)

CR-
002d

27 225 138.1 1152.6 0 (-111) 0 (-928)

Cell 
002e

10.0 83.5 138.1 1152.6 0 (-128) 0              
(-1069)

CR-
003d

169 1410 138.1 1152.6 31 257

Cell 
003e

9.1 75.9 138.1 1152.6 0 (-129) 0              
(-1077)

CR-
011d

1.0 8.3 138.1 1152.6 0 (-137) 0               
(-1144)
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Table 8.  Calculated Residual Liquids in 241-C Tanks & Cells Less Theoretical 
Amount of Water Incorporated by the SCC after the Initial Grout Lift

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Average Estimated 
Residual Liquids 

Remaining in 241-C 
Tanks & Cells

Theoretical 
Amount of Water 
Incorporated by 
SCC for Initial 

Grout Lift

Calculated Residual 
Liquids in 241-C 

Tanks & Cells Less 
Theoretical Water 

Incorporated by SCC 
from Initial Lift

(gal) (lbs)a (gal) (lbs)a (gal) (lbs)a

Cell 
011e

0 0 138.1 1152.6 0 0.0

a Most of the residual liquids found in the 241-C SSTs, C-301 and 244-CR Vault tanks and 
cells are due to retrieval rinsates, intrusion, infiltration and are assumed to have a density of 
water or 8.345 lbs/gal  (Engineering Toolbox) 
b Table 5-2 of RPP-RPT-42323, Rev. 4, converted to gallons from cubic feet.
c 10% of the liquid volume reported by Interoffice Memorandum WRPS-1803745 “FY18 
Visual Inspection of Tank 241-C-301” (Schofield 2018).
d 10% of the liquid volume reported in RPP-RPT-42323, Rev. 4.
e 10% of the liquid volume reported in RPP-RPT-42323, Rev. 4.  All 244-CR Vault cell 
capacities reported are net volumes as described in Table 1.  

Next, the amount of heat generated by the SCC’s cementitious material’s hydration is 
determined.  It is assumed that this heat stays within the closed tank system and is directly 
applied only to the calculated amount of residual tank waste liquids less the theoretical water
incorporated in the SCC, as calculated (Table 8).  

Figure 4 of “The Influence of Ground Fly Ash on Cement Hydration and Mechanical Property of 
Mortar,” by Feng, J., et. al., 2018, reported the heat of hydration (ΔH) of approximately 200 J/g
or 0.2kJ/g for an SCC containing fly ash.  This SCC also had very similar Fine Aggregate to Cm 
and W/Cm ratios as the WMA C 200 Series SST SCC formula found through testing.  Figure 8 
of “Rheological and Strength Behavior of Binary Blended SCC Replacing Partial Fine Aggregate 
with Plastic E-Waste as High Impact Polystyrene,” (Chunchu, B.R.K. and J. Putta, 2019), shows 
that the fresh density of SCC produced with a 0.36 W/Cm ratio, very similar aggregate 
percentages by weight with fly ash is approximately 2370 kg/m3. Using this fresh density and 
80-yd3 of grout or one lift, the amount of hydration heat is calculated as:  

��� ∆���������� =
0.200 ��

� ���
∗

1000 � ���

1 �� ���
∗

2370 �� ���

1 �� ���
∗

1 �3

1.31 ��3
∗

80 ���

����
=

28,946,564.9 ��

���� �� ���

This amount of heat generated can then be used to raise the calculated amount of residual tank 
waste liquids less the theoretical water incorporated in the SCC, as calculated (Table 8), from a 
mean temperature of 72.1 ℉ (22.22 ℃) to boiling at 100 ℃. This calculation is performed using 
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the heat transfer equation after determining an appropriate specific heat capacity of water at the 
temperature interval given.  

The mean temperature of WMA C 100 Series SSTs is calculated from the most recent 
temperatures reported by the lowest thermocouple present in each WMA C SST or recorded 
manually read temperatures, queried from PCSACS 12/26/19.  This data is presented in Table 9.

Table 9. Reported WMA C 100 Series SST Temperatures  

241-C Tank 
Farm 100 

Series Tanks 

Date/Time of 
Measurement

Depth of 
Measurement  

Type of 
Measurement

Temperature

(in.) (℉)

C-101 9/22/2011 at 4:00 16 TMACs 82.76

C-102 9/22/2011 at 4:00 16 TMACs 73.58

C-103 12/19/2011 at 9:26 38 Manual 81.6

C-104 12/19/2011 at 9:26 16 Manual 76.2

C-105 11/30/2016 at 8:57 14 Manual 70

C-106 9/4/2018 at 8:02 15 Manual 71.5

C-107 9/4/2018 at 8:02 15 Manual 64.4

C-108 9/4/2018 at 8:02 19 Manual 70

C-109 2/7/2007 at 4:00

12/9/2008 at 4:00

4

4

Manual

TMACS

70.7

67.46

C-110 5/1/2012 at 1:01 16 TMACS 59.72

C-111 9/27/2009 at 4:01 14 TMACS 74.12

C-112 5/16/2011 at 8:00

12/13/2017 at14:42

4 TMAC

Manual

70.2

67.4

Mean Temperature 71.8 ℉
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Using the mean WMA C 100 Series SST temperature, assuming the remaining WMA C 
tanks/cells also have the same mean temperature, an average temperature can be calculated 
between the mean WMA C 100 Series SST temperature of 71.8 ℉ (22.1 ℃) and the boiling 
temperature (100 ℃) by:

���. ��� � ����������� =
���� ����������� + ������� �����������

2
=

22.1 + 100

2
= 61.1 °�

The heat capacity at the average WMA C Temperature of 61 ℃ can be determined using the 
VAXA Software’s “Free Chemical Table – Heat Capacity of Water at Different Temperatures,”
(Queried 12/26/2019, [VAXA, Educational Resources],
http://www.vaxasoftware.com/doc_eduen/qui.html).  The heat capacity is 4.185 kJ/(K*kg). 
The enthalpy or amount of heat needed to raise the temperature of the liquid to boiling that must 
be transferred into the system can be found by:     

ΔH ������� = ����� ∗ ΔT ∗ M

Where:
 ΔHΔtwater is the amount of heat needed to raise the ambient tank waste temperature up to 

boiling temperature.
 CpAvg is the Heat Capacity of water at the Averaged (Mean and Boiling) temperatures of 

the residual waste in the WMA C tanks/cells = 4.185 kJ/(K*kg). 

 ΔT is the Boiling temperature (100 ℃) less the initial mean WMA C 100 Series SST 
temperature of 71.8 ℉ (22.1 ℃) = 100-22.1 = 77.9 ℃ or 351.05 K. 

 M is the mass (converted to kilograms) of Calculated Residual Liquids in 241-C Tanks & 
Cells Less Theoretical Water Incorporated by SCC from the initial grout lift (found in 
Table 10).

Table 10 lists the kilograms of water and enthalpy for the temperature change for each tank.  An 
example calculation for 241-C-101 is provided below:

∆�∆��� ����� = �
4.185 ��

�� ∗ �
� ∗ (351.05 �) ∗ (5899.4 ���) ∗

453.59 �

1 ��
∗

1 ��

1000 � �����
=

3,931,296.1 ��

���� �� ���

Finally, any residual heat in the closed tank system can then be utilized to vaporize the residual 
water; and depending on the amount of residual heat in the system, the specific quantity of 
residual water can be vaporized/evaporated.  This calculation assumes that once the residual 
liquid is vaporized, it does not condense until it exits the tank system.  

The latent heat of vaporization for water is 22.6 x 10^5 J/kg. This means that 2260 kJ of heat 
energy must be added to the system to vaporize/evaporate one kilogram of water from liquid to 
gas at 100 degrees Celsius (Engineering Toolbox).
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The Calculated Residual Liquids in 241-C Tanks & Cells Less Theoretical Water Incorporated 
by the initial grout lift must be converted to kilograms.  Table 10 lists the kilograms of water and 
enthalpy of vaporization/evaporation needed for each tank.  An example calculation for 241-C-
101 is provided below:

∆���� �� ����� = �
2260 ��

��
� ∗ (5899.4 ���) ∗

453.59 �

1 ��
∗

1 ��

1000 �
=

6,047,554 ��

���� �� ���

The total enthalpy into the system needed to evaporate the liquid is determined by adding the 
total enthalpy needed to raise the temperature of the Calculated Residual Liquids less the amount 
of liquids sorbed by SCC from the initial grout lift added to the enthalpy of 
vaporization/evaporation needed for each tank (based on the kilograms of calculated residual 
liquid present).  Table 10 lists the total enthalpy needed for each tank as compared to the total 
heat generated by the SCC for the first grout lift, for those tanks containing residual liquid waste 
that is not fully incorporated by the first grout lift.

Table 10. Enthalpies Required to Increase Temperatures & Vaporize 
Calculated Residual Liquids in 241-C Tanks & Cells Less Theoretical 
Amount of Water Incorporated by the SCC after the Initial Grout Lift

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Calculated 
Residual 

Liquids in 241-C 
Tanks & Cells 

Less Theoretical 
Water 

Incorporated by 
SCC from 
Initial Lift 

ΔHΔtwater 

from 
72.1⁰F to 
Boiling

(Needed)

ΔHΔVap 

water at 
Boiling  

(Needed)

ΔHTot 

water 

(Needed)

ΔHHydration 

SCC for 
First Grout 

Lift

(Produced)

Residual 
Liquids 

Theoretically 
Vaporized?

(lbs)a, b (kg)c (kJ) (kJ) (kJ) (kJ)

C-101 5899.4 2676 3,931,296.1 6,047,554 9,978,850.1 28,946,564.9 Yes

C-102 20,444.4 9273.4 13,623,926.1 20,957,828.4 34,581,754.5 28,946,564.9 84% first lift
16% second lift

C-103 908.4 412.04 605,347.9 931,213 1,536,560.9 28,946,564.9 Yes

C-104 9462.4 4292.1 6,305,640.6 9,700,033 16,005,673.6 28,946,564.9 Yes

C-105 324.4 147.15 216,176.6 332,546.8 548,723.4 28,946,564.9 Yes

C-106 0d 0 N/C N/C N/C 28,946,564.9 All Liquids 
previously 

incorporated in 
first lift of grout

C-107 43,044.4 19,524.6 28,684,320.7 44,125,391.2 72,793,369.9 28,946,564.9 Requires 2.5
lifts to heat & 
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Table 10. Enthalpies Required to Increase Temperatures & Vaporize 
Calculated Residual Liquids in 241-C Tanks & Cells Less Theoretical 
Amount of Water Incorporated by the SCC after the Initial Grout Lift

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Calculated 
Residual 

Liquids in 241-C 
Tanks & Cells 

Less Theoretical 
Water 

Incorporated by 
SCC from 
Initial Lift 

ΔHΔtwater 

from 
72.1⁰F to 
Boiling

(Needed)

ΔHΔVap 

water at 
Boiling  

(Needed)

ΔHTot 

water 

(Needed)

ΔHHydration 

SCC for 
First Grout 

Lift

(Produced)

Residual 
Liquids 

Theoretically 
Vaporized?

(lbs)a, b (kg)c (kJ) (kJ) (kJ) (kJ)

vaporize all 
residual liquids

C-108 783.4 355.34 522,049.3 803,073.8 1,325,123.1 28,946,564.9 Yes

C-109 6274.4 2846.02 4,181,192 6,431,971.5 10,613,163.5 28,946,564.9 Yes

C-110 9587.4 4349 6,388,939.2 9,828,172.2 16,217,111.4 28,946,564.9 Yes

C-111 6274.4 2846.02 4,181,192 6,431,971.5 10,613,163.5 28,946,564.9 Yes

C-112 26,936.4 12,218.1 17,950,124.4 27,612,864.6 45,562,989 28,946,564.9 64% first lift
36% second lift

C-201 0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

C-202 0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

C-203 0              0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

C-204 0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

C-301 8527.4 3868 5,682,566.6 8,741,552 14,424,118.8 28,946,564.9 Yes

CR-
001

2819.4 1279 1,878,817.5 2,890,204.7 4,769,022.2 28,946,564.9 Yes

Cell 
001e

0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout
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Table 10. Enthalpies Required to Increase Temperatures & Vaporize 
Calculated Residual Liquids in 241-C Tanks & Cells Less Theoretical 
Amount of Water Incorporated by the SCC after the Initial Grout Lift

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Calculated 
Residual 

Liquids in 241-C 
Tanks & Cells 

Less Theoretical 
Water 

Incorporated by 
SCC from 
Initial Lift 

ΔHΔtwater 

from 
72.1⁰F to 
Boiling

(Needed)

ΔHΔVap 

water at 
Boiling  

(Needed)

ΔHTot 

water 

(Needed)

ΔHHydration 

SCC for 
First Grout 

Lift

(Produced)

Residual 
Liquids 

Theoretically 
Vaporized?

(lbs)a, b (kg)c (kJ) (kJ) (kJ) (kJ)

CR-
002d

0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

Cell 
002

0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

CR-
003

257.4 116.75 171,528.6 263,864.2 435,392.8 28,946,564.9 Yes

Cell 
003

0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

CR-
011

0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

Cell 
011

0 0 N/C N/C N/C 28,946,564.9 All Liquids 
incorporated in 
first lift of grout

a Most of the residual liquids found in the 241-C SSTs, C-301 and 244-CR Vault tanks and cells are 
due to retrieval rinsates, intrusion, infiltration and are assumed to have a density of water or 8.345 
lbs/gal  (Engineering Toolbox) 
b All volumes taken from Table 8.
c Converted to kilograms using 1 lb is equal to 453.59 g (Engineer’s Toolbox), as described in the 
subsections above.
d Zero values indicate that all residual liquids were previously incorporated into the bulk-fill grout due 
to robustness of the mix and during the curing process.
N/C refers to Enthalpy values that were not calculated since the tank’s/cell’s residual liquid waste was 
fully incorporated into the first grout lift.

The calculations supporting Table 10 indicate that the preliminarily identified bulk-fill grout 
theoretically produces enough heat to raise the temperature of the residual liquids to boiling and 
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vaporize the residual liquid waste found in each WMA C tank/cell.  The residual liquid waste 
present in 241-C-102 and 241-C-112 require two grout lifts to heat and vaporize all residual 
liquids; while 2.5 lifts are needed to heat and vaporize the residual liquid wastes in 241-C-107.  
These theoretical calculations assume that the WMA C tanks/cells are closed tank systems and 
that the water vapor is removed before it condenses in the WMA C tanks/cells.  However, 
ventilation systems may be required to remove the liquid vapor from the tank before it 
condenses.  This ventilation would enhance the vaporization rate of the residual liquids present 
within the WMA C tanks/cells as would increasing the size of the lift of closure grout placed.  

6.3.4 Summary of Water Utilized During Grout Placement Operations

Section 6.3.2 calculates the quantities of residual tank liquids that will likely be incorporated into 
the grout through sorption and curing.  Table 8 summarizes these values and calculates any 
residuals present in the tank.  Section 6.3.3 calculates the quantities of enthalpies needed to raise 
the mass of calculated residual tank liquids from an average mean ambient temperature of 72.1
⁰F (calculated in Table 9) to boiling and the amount of heat needed to vaporize the mass of 
calculated liquids into gas, prior to their removal.  The total enthalpy needed was compared to 
the heat of hydration released by the SCC during the first grout lift’s placement. These 
quantities are summarized in Table 10.  If no calculated residual liquids were present in WMA C 
tanks/cells after initial sorption and curing, no enthalpies were further calculated.  The results in 
Table 10 indicate that that the SCC theoretically produces enough heat to raise the temperature 
of the residual liquids to boiling and vaporize the residual liquid waste found in each WMA C 
tank/cell. However, calorimetry testing of the bulk-fill grout should be conducted to ensure the 
actual amount of heat generated is similar to the that cited in Feng, J., et. al., (2018).

6.4 ADDTION OF POZZOLANS

According to WSRC-TR-2003-00556, Grout Placement and Property Evaluation for Closing 
Hanford High-Level Waste Tanks – Scale-up Testing, the addition of pozzolans were added 
during testing of simulated tank heels (sludge, supernate).  Testing was performed to obtain 
information on the interaction of the tank fill/grout with the simulated tank heels.  During the 
tests of the liquid portion of the heel, it was found that the supernate was displaced by the grout 
for both tests consisting of 150 gallons and 50 gallons of simulant for tests one and two, 
respectively.  Ingredients for the C-106 and C-200 Series simulants are listed in WSRC-TR-
2003-00556, Tables 3-3 and 3-4, respectively.  

WSRC-TR-2003-00556 states:
“Successive grout pours continued to displace the liquid portion of the simulant 
upward…To eliminate the upward displacement of the supernate, a top dressing 
consisting of dry grout [pozzolans], (cement, slag, and fly ash powders) was applied in 
one of the swimming pool experiments…

Approximately 1500 pounds (thirty 50-pound bags) of top dressing were applied to the 
displaced supernate fraction of the heel.  A pre-blended mixture of Type I/II Portland 
cement, Grade 100 blast furnace slag, and Class F fly ash was used as the top dressing.  
The top dressing was pneumatically applied through a central opening in the top of the 
plastic hut.  A Clemco compressed air sand-blaster was used to place the dry powder.
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[The] Top dressing was effective in solidifying the supernate (converting it from a liquid 
to a solid)…The water in the supernate reacted with the cement (slag and fly ash) in the 
top dressing to form solid hydrated phases…The top dressing materials coated all inner 
surfaces during the application. Consequently, the top dressing should coat the inner 
walls of the HLW tanks and any equipment within the tank.  The dust generated from the 
application of the top dressing settled within 12 hours.”

Based on the information presented above, roughly ten pounds of pozzolan is needed to solidify 
a gallon of residual liquid.  Solidifying agents in the form of additional pozzolans, such as lime 
or metakaolin, should also absorb the residuals liquids present within the 241-C tanks/vaults.  

The addition of more pozzolans would serve to increase the particle packing (forming a denser 
grout formula that would have less porosity) and increase the compressive and tensile strengths, 
and therefore, increasing durability.  Fly ash has been shown to be an effective addition for SCC 
providing increased cohesion and reduced sensitivity to changes in water content. 

6.5 EVAPORATION BY INSTALLATION AND OPERATION OF A PORTABLE 
EXHAUSTER

RPP-RPT-59273 describes “the use of portable exhauster POR06 on Hanford single-shell tank 
(SST) 241-T-111 (T-111) to evaporate water from the tank…as tank was believed to be actively
leaking.”

RPP-RPT-59273 states:
“Sustained exhauster operation began on July 15, 2015, and full operation was initiated 
on July 24, 2015. The exhauster operated at a nominal 450 standard cubic feet per 
minute (SCFM) with an on-stream efficiency of 58 percent between July 24, 2015 and 
December 31, 2016.  Monitoring of tank data for evaporation was halted on December 
31, 2016 after a total of 7,382 hr of exhauster operation.

Roughly 7,150 gal of water are estimated to have been removed from the tank, while 
reducing the surface area of the liquid pool by about 67 percent. Approximately 10 
percent of the water evaporated from Tank T-111 was removed from the liquid pool and 
90 percent from the surrounding sludge.

The evaporation rate, when the exhauster operated, ranged from 1.8 to 11.3 gal/24 hr/100 
SCFM (8.1 to 50.7 gal/day) and averaged 5.5 gal/24 hr/100 SCFM (24.7 gal/day) for the 
year from July 15, 2015 through July 15, 2016.

There are 15 lessons learned that apply to future SST exhauster deployments for 
evaporation (discussed in Section 10.0 [of RPP-RPT-59273]). Several of the lessons 
learned apply to tank farm operations in general.  Selected operating data obtained during 
POR06 exhauster deployment on Tank T-111 from July 15, 2015 to December 31, 2016 
is provided in Appendix A [of RPP-RPT-59273].”
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It is estimated that 67% of the moisture in this tank was removed due to exhauster operations.  
The same approach can be implemented in WMA C tanks/vaults to remove additional water 
prior to initiating closure grout placement operations.

6.6 ADDITIONAL RETREIVAL/PUMPING OF RESIDUAL WASTE PAST THE 
90% ASSUMPTION

A final alternative to consider is the removal of WMA C SST and ancillary tanks/cells residual 
liquids via retrieval/pumping actions beyond the assumed 90%.  Assuming the residual liquids 
are primarily water and after confirmatory sampling the liquids, the residual waste could be 
pumped from select WMA C tanks/cells into a tanker truck.  The residual liquid waste would 
then be routed to an appropriate treatment facility for final disposition, prior to the initiation of 
closure grout placement operations.  Additionally, the residual wastes (solid and liquid) could 
also be retrieved.  Retrieval has been completed for all WMA C SSTs to meet required Hanford 
Federal Facility and Consent Order Tri-Party Agreement Milestone requirements.  Retrieval 
operations require ventilation, portable valving, Hose-in-Hose transfer lines, and robust pumps.
Therefore, they tend to be costly endeavors reserved for complex wastes that cannot be easily 
removed from tanks.  

7.0 RESULTS

Results of this calculation are summarized in this section.  Suggestions to limit the variability 
and uncertainty associated with batching grout/SCC is also discussed.  Proposed secondary 
measures, that may be used to mitigate residual liquids in WMA C tanks/cells deserving of 
additional consideration, are also presented.

7.1 COMPARISION OF 241-C TANK/CELL RESIDUAL LIQUIDS TO 
THEORETICAL QUANTITIES OF WATER-REDUCED MIX DESIGN CONCEPTS

The average number of grout batches/lifts needed to sorb/solidify (neglecting evaporation) the 
residual liquids present in each 241-C tank/cell can be determined by comparing:

 the amount of residual liquid volumes per tank or cell found in Table 1, 
 the quantity of water needed per batch, lift, and entire tank/cell from Table 4, and 
 subtracting the sum of theoretical quantities of water reduced (by weight) based on the

robustness of the mix design and the additional water needed for curing listed in Table 7.  

These results are presented in Table 11.  The number of grout batches and lifts needed to sorb the 
residual liquids volumes present in each tank and cell can be calculated as show below for the 
241-C-101 SST: 

������ �� ����� ����ℎ�� ������ =
7052 ��� �� �������� ������

115.19 ��� �� ����� ������ ��� ����ℎ
= 61.23 ����� ����ℎ��

The 61.23 batches is rounded up to nearest whole batch, thus 62 batches is needed for Tank 241-
C-101.
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To calculate the number of lifts required, the number of batches required to sorb the residual 
liquid volume is divided by ten; therefore for 241-C-101 Tank, the number of lifts required = 62 
whole batches/10 = 6.2 grout lifts.  This assumes that 10 batches of closure group can be placed 
within the tanks/cells per day.  However, should the number of batches or the size of the grout 
lift placed per day increase, the amount of sorption would also increase.  Thus, the resulting 
number of batches needed to sorb the residual liquids present would decrease.

Based on an 80-yd3 lift size, the shaded rows in Table 11 indicate that WMA C tanks/cells that 
require more grout batches to solidify (by sorption only) the residual liquid volume that the tank 
has capacity to contain.  

Table 11. Resulting Number of Grout Batches and Lifts Needed to Sorb Average 
Residual Liquids in 241-C SSTs, C-301, and 244-CR Vault Tanks & Cells

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Average 
Estimated 
Residual 
Liquids 

Remaining 
in 241-C 
Tanks & 

Cells

Tank/Cell 
Volumes

% of 
Residual 
Liquid 

Volumes 
Remaining 

within 
241-C 

Tanks & 
Cells 

Number 
of Grout 
Batchesg

Needed 
to Fill 
Each 
Tank/ 
Cell

Number 
of 

Grout 
Lifts 

Needed 
to Fill 
Each 
Tank/ 
Cell

Number 
of Grout 
Batchesg

Needed 
to Sorb 

Residual 
Liquid 

Volumes

Number 
of Grout

Lifts 
Needed 
to Sorb 

Residual 
Liquid 

Volumes

(lbs)a (gal) (yd3)b (gal/gal) 1 batch = 
8 yd3

1 lift = 
80 yd3

1 batch = 
8 yd3

1 lift = 
80 yd3

C-101c 7052 530,000 2624 0.16 % 328 32.8 62 6.2

C-102c 21,597 530,000 2624 0.49 % 328 32.8 188 18.8

C-103c 2061 530,000 2624 0.05% 328 32.8 18 1.8

C-104c 10,615 530,000 2624 0.24 % 328 32.8 93 9.3

C-105c 1477 530,000 2624 0.03% 328 32.8 13 1.3

C-106c 709 530,000 2624 0.02 % 328 32.8 7 0.7

C-107c 44,197 530,000 2624 1.0 % 328 32.8 384 38.4

C-108c 1936 530,000 2624 0.04 % 328 32.8 17 1.7

C-109c 7427 530,000 2624 0.17 % 328 32.8 65 6.5
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Table 11. Resulting Number of Grout Batches and Lifts Needed to Sorb Average 
Residual Liquids in 241-C SSTs, C-301, and 244-CR Vault Tanks & Cells

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Average 
Estimated 
Residual 
Liquids 

Remaining 
in 241-C 
Tanks & 

Cells

Tank/Cell 
Volumes

% of 
Residual 
Liquid 

Volumes 
Remaining 

within 
241-C 

Tanks & 
Cells 

Number 
of Grout 
Batchesg

Needed 
to Fill 
Each 
Tank/ 
Cell

Number 
of 

Grout 
Lifts 

Needed 
to Fill 
Each 
Tank/ 
Cell

Number 
of Grout 
Batchesg

Needed 
to Sorb 

Residual 
Liquid 

Volumes

Number 
of Grout

Lifts 
Needed 
to Sorb 

Residual 
Liquid 

Volumes

(lbs)a (gal) (yd3)b (gal/gal) 1 batch = 
8 yd3

1 lift = 
80 yd3

1 batch = 
8 yd3

1 lift = 
80 yd3

C-110c 10,740 530,000 2624 0.24 % 328 32.8 94 9.4

C-111c 7427 530,000 2624 0.17 % 328 32.8 65 6.5

C-112c 28,089 530,000 2624 0.64 % 328 32.8 244 24.4

C-201c 13 55,000 272 0.003% 34 3.4 1 0.1

C-202c 18 55,000 272 0.004% 34 3.4 1 0.1

C-203c 106 55,000 272 0.02 % 34 3.4 1 0.1

C-204c 25 55,000 272 0.005 % 34 3.4 1 0.1

C-301d 9680 36,000 178 3.22 % 23 2.3 85 8.5

CR-
001e

3972 45,000 223 1.06 % 28 2.8 35 3.5

Cell 
001f

64.3 79,132 392 0.01 % 49 4.9 1 0.1

CR-
002e

225 15,000 74 0.18 % 10 1 2 0.2

Cell 
002f

83.5 30,527 151 0.03 % 19 1.9 1 0.1

CR-
003e

1410 15,000 74 1.13 % 10 1 13 1.3
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Table 11. Resulting Number of Grout Batches and Lifts Needed to Sorb Average 
Residual Liquids in 241-C SSTs, C-301, and 244-CR Vault Tanks & Cells

241-C 
Tank 
Farm 
Tanks 

& 
Cells

Average 
Estimated 
Residual 
Liquids 

Remaining 
in 241-C 
Tanks & 

Cells

Tank/Cell 
Volumes

% of 
Residual 
Liquid 

Volumes 
Remaining 

within 
241-C 

Tanks & 
Cells 

Number 
of Grout 
Batchesg

Needed 
to Fill 
Each 
Tank/ 
Cell

Number 
of 

Grout 
Lifts 

Needed 
to Fill 
Each 
Tank/ 
Cell

Number 
of Grout 
Batchesg

Needed 
to Sorb 

Residual 
Liquid 

Volumes

Number 
of Grout

Lifts 
Needed 
to Sorb 

Residual 
Liquid 

Volumes

(lbs)a (gal) (yd3)b (gal/gal) 1 batch = 
8 yd3

1 lift = 
80 yd3

1 batch = 
8 yd3

1 lift = 
80 yd3

Cell 
003f

75.9 30,527 151 0.03 % 19 1.9 1 0.1

CR-
011e

8.3 45,000 223 0.002 % 28 2.8 1 0.1

Cell 
011f

0 79,132 392 0.0 % 49 4.9 0 0.0

a Most of the residual liquids found in the 241-C SSTs, C-301 and 244-CR Vault tanks and cells are 
due to retrieval rinsates, intrusion, infiltration and are assumed to have a density of 8.345 lbs/gal.
(Engineering Toolbox)
b 1 yd3 is equal to 201.97 gallons. (Engineering Toolbox)
c RPP-RPT-42323, Rev. 4.
d 10% of the liquid volume reported by Interoffice Memorandum WRPS-1803745 “FY18 Visual 
Inspection of Tank 241-C-301” (Schofield 2018).
e 10% of the liquid volume reported in RPP-RPT-42323, Rev. 4.
f 10% of the liquid volume reported in RPP-RPT-42323, Rev. 4.  All 244-CR Vault cell capacities 
reported are net volumes as described in Table 1.

  g Partial batches are rounded up to the next whole batch number, as applicable.

The calculation and results presented in Section 6.3.3 and Section 6.3.4 demonstrate that all of 
the residual liquids are evaporated from the WMA C tanks/cells due to the heat of hydration 
generated from the cementitious materials present in the 241-C 200 Series SSTs’ closure grout 
formulation.  (This formulation was applied to all WMA C tanks/cells for this preliminary 
calculation, as it is the only WMA C closure grout formula tested to date.)  Thus, comparing the 
“Number of Grout Batches Needed to Fill Each Tank/Cell” to the “Number of Grout Batches 
Needed to Sorb Residual Liquid Volumes,” and incorporating the information presented in Table 
10, trends regarding the closure of the WMA C tanks and cells emerge.  These trends include:
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1. All larger, 100-Series SSTs, with the exception of 241-C-107, appear to have the ability 
to accommodate the remaining amount of residual liquids present, due to the robustness 
of the grout and curing process alone.  

2. All smaller ancillary tanks and cells and the 241-C-200 Series SSTs, with the exception 
of the 241-C-301 Catch Tank and two 244-CR tanks (CR-001 and CR-003) appear to 
have the ability to accommodate the remaining amount of residual liquids present, due to 
the robustness of the grout and curing process alone.  

3. All residual liquid wastes are heated and vaporized in three lifts for 241-C-107 and one 
lift for the 241-C-301 Catch Tank and two 244-CR tanks (CR-001 and CR-003).

4. Therefore, it is likely that additional water and/or cooling ventilation will be needed to 
remove the theoretical amount of heat generated due to the SSC in all of the WMA C 
tanks/cells.  

5. Additional water will also likely be needed to support the curing process in the 241-C-
106 and all of the 200 Series SSTs, all of the 244-CR Vault Cells and Tanks CR-002 and 
CR-011 to prevent shrinkage drying and cracking.

Results from this conservative theoretical planning calculation indicate that the preliminarily 
identified SCC used for bulk-filling the 241-C 200 Series SSTs, can sufficiently sorb and/or 
vaporize the residual liquids present in the WMA C tanks/cells.  Ventilation during grout 
placement operations will enhance the removal of heated water vapor from the closed tank 
system.

Should testing indicate that the preliminarily identified 241-C 200 Series SST bulk-fill closure 
grout not generate the amount of heat cited (Feng, J., et. al., 2018), the addition of pozzolans or 
addition of ventilation prior to closure grout placement operations should be considered to 
solidify residual liquid present in within WMA C Tanks/cells.

7.2 SCC CONCERNS

For SCCs in particular, the addition of extra water into the grout mixture can be a significant 
concern. SCCs utilize lower amounts of water than that of typical concrete.  Too much water in 
an SCC mixture can have significant consequences for hardened properties, including negative 
impacts on strength, dimensional stability, and durability. For instance, a slight change in water 
content may have minimal effect on conventionally placed concrete but cause severe segregation 
and rejected work in SCCs.  However, maintaining the relatively low W/Cm ratios through use 
of supplemental Cms – (i.e. fly ash, metakaolin, etc.), HRWR and VMA admixtures, and 
implementing  improved quality assurance and quality control measures, can result in stable SCC 
mixes and improved hardened properties.

To reduce uncertainty of the grout/SCC batching the following additional considerations are 
offered.  In addition to: (1) tightly controlling the mix design, (2) appropriate quality assurance
of the materials and equipment used to make the closure bulk-fill grout formulation, and (3) 
quality control testing of the mixed formula to ensure the grout being placed has the desired 
properties, various considerations should be further investigated.  These additional 
considerations will help to ensure that the closure bulk-fill grout, produced on a case by case 
basis, is able to meet closure needs.  Considerations include:
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 Employing batch plant ready-mixing software to accurately and precisely manage, 
measure, mix, and document all grout forming components.  Mixes can be tested to 
ensure tolerances are appropriate at each step and ensure appropriate absorbed and free 
waters are accounted for in the resulting mixture.  Batches can be monitored in real time 
to make adjustments and reduce out of tolerance loads.  Examples of this software 
include:

o Commandqc by Command Alkon, Inc.
(https://commandalkon.com/product/commandqc/)

o STONEMONTQC/MobileQC by STONEMONT Solutions, Inc. 
(https://www.stonemont.com/)

o iService by Quadrel, Inc. (https://iquadrel.com/company/)
o Giatec by Giatec Scientific, Inc. (https://www.giatecscientific.com/case-studies/).

 The moisture content, water absorption, grading and variations in fines content of all 
aggregates should be closely and continuously monitored and must be taken into account 
in order to produce an SCC of constant quality. Using washed aggregates will normally 
give a more consistent product. Changing the source of supply can make a significant 
change to the SCC properties and should be carefully and fully evaluated. (SCC 028)

Should concerns arise during grout placement operation regarding the consistency of the ready-
made SCC, the following actions may be conducted at the plant to modify the SCC, to ensure its 
consistency:

 Pre-Drying of the Aggregates:  The ability to dry the aggregates prior to incorporating 
them into the grout mixture, thus reducing the amount of moisture content and total 
volume of moisture absorbed within the mixture, would also allow for the additional 
incorporation of residual liquids present in the 241-C tanks and cells.  However, pre-
drying aggregates could have a negative impact on cost and schedule.  

 Ensure Consistent SCC Aggregate Particle Size Shape and Distribution:  The shape and 
particle size distribution of the aggregate is very important and affects the packing and 
voids content. Some mix design methods use the voids content of the aggregate in 
predicting the volumes of paste and mortar required. Single size aggregates and/or a gap 
in the grading between coarse and fine aggregates are used in some mix designs (SCC 
028).

In addition, the right type and quality of aggregate for the SCC also impacts the resulting 
fresh and hardened properties of the SCC.  This cannot be overemphasized since the 
coarse and fine aggregates generally occupy 60% to 75% of the concrete volume (70% to 
85% by weight).  In the past, it was customary to consider aggregates as an inert and 
inexpensive material.  However, this belief is has been abandoned as the aggregates’ 
physical, thermal, and chemical properties have a great influence on the concrete’s 
[grout’s] fresh and hardened properties. Aggregates must meet ASTM C33, Standard 
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Specification for Grout for Concrete Aggregates, for use in grout/concrete mixtures.  This 
standard requires that aggregates must be: clean, hard, strong, durable, and free of 
absorbed chemicals, coatings of clay, and other fine materials in amounts that could 
negatively affect the hydration and bond of the cement paste.  In the case of self-
consolidating concretes, great attention is given to the aggregate types, grading, and 
coarse-to-fine aggregate ratio due to their critical role in mixture performance.  Finding a 
preferred source with limited moisture content can reduce amounts of total water in the 
mix.  

●   Additional Mix Design Modifications/Testing:  According to Table 3, the desired SCC 
closure bulk-fill grout formulation has a paste fraction (by volume) of 0.371.  This is 
considered moderate for most SCC mix designs.  Additional cementitious materials and 
coarse aggregates could likely be added to this formulation to accommodate sorption of 
additional residual volumes of water remaining in the 241-C tanks and cells.  Enough 
HRWR and VMA would be required to ensure slump flow spreads remain at 24-inches.  
However, due to a moderate paste fraction, many mix design options of incorporating 
additional cementitious materials, specifically Type I/II Portland Cement and/or lime is a 
viable approach that would likely have positive impacts on the fresh and harden 
properties of the SCC as indicated by the various studies documented in (ICAR 2007).  
These positive impacts would include: increased stability of mix due to increased particle 
packing (yielding higher compressive, tensile, and flexural strengths), increased 
durability, and lower permeability (ICAR 2007).  Any changes to the mix design would 
require additional laboratory testing to ensure all Engineering requirements are met for 
both the fresh and harden properties.

8.0 CONCLUSIONS

The 241-C tanks/cells contain residual liquids.  Various mitigation alternatives were investigated
to determine if these residual liquids would be solidified at closure.  This calculation provides a 
conservative approach to determining the volume of liquids present, and calculating how much 
of these residual liquids would be mitigated by placement of the closure bulk-fill grout and other 
alternatives.

The desired closure bulk-fill grout formulation is currently under development. A preliminary 
formula was identified through various laboratory, experimental and field scale mock-up testing 
events over the course of the 2018-2019 calendar years.  Reviewing the quantities and ratios of 
components comprising the preliminarily identified closure bulk-fill grout formulation and its 
associated test data, the resulting type of grout formulation is likely to be an SCC. 

This calculation clearly demonstrates that all residual liquids present in the WMA C tanks/cells 
can be solidified at closure through sorption as a result of the closure grout’s robustness and 
curing processes and/or by vaporization due to the heat the bulk-fill grout generates during 
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hydration reactions.  Specifically, the SCC will theoretically sorb the residual volumes of liquids 
present in each tank/cell through the following mechanisms: 

1. Residual liquids present in the 241-C tanks/cells are incorporated into the grout mix 
formulation to initiate hydration reactions. 

2. Residual liquids present in the 241-C tanks/cells are incorporated into the grout mix 
formulation to initiate filling pore spaces during the hydration reactions.

3. Nearly 4.5% of residual liquids present in the 241-C tanks/cells are incorporated into the 
grout mix formulation to initiate filling pore spaces during the curing process.

Furthermore, nearly 29 million kJ of heat are generated, in theory, due to the hydration of 80 
cubic yards of SCC, or one lift of closure bulk-fill grout.  Depending on the volume of residual 
liquid remaining in the WMA C tank/cell, all of the liquid is heated and vaporized from this 
closed tank system.  Coupling this theoretical calculation with the assumption that all vaporized 
water is removed from the tank system before it condenses, all residual liquids would be 
removed from the WMA C tanks/cells during the pour of the first 80 yds3.  Only 241-C-102 and 
241-C-112 would require two lifts to mitigate their volumes of residual liquids; while 241-C-
107, the bounding case for the 100 Series SSTs, would require 2.5 lifts. And as previously 
indicated, it is important to note that all of the sorption and enthalpy calculations are based on the 
size of the grout lift placed.  Should the size of the grout lift placed per day increase, the amount 
of sorption and vaporization due to enthalpy would also increase.  Thus, the total number of 
closure grout batches/lifts would decrease.

To determine this conclusion, the calculation utilized various theoretical values associated with 
an SCC, cited by various literature sources and it is unknown what the uncertainty these values 
may have.  Therefore, various additional testing of the WMA C 200 Series SST preliminarily 
identified bulk-fill closure grout is recommended to ensure the robustness of the mix can sorb 
additional liquids, measure the amount of liquids sorbed during curing, and determine the heat of 
hydration generated.  

While the literature states that SCCs are more sensitive to changes in W/Cm ratios and the 
addition of batched water and/or free waters; in this specific scenario, the calculations 
demonstrate that the residual liquids present in the 241-C SSTs and ancillary tanks/cells will 
likely not negatively impact the proposed bulk-fill closure grout(s).  Sue McCraven offered the 
following advice 07/28/2010 in the National Precast Concrete Association Precast Magazine 
blog “Working with SCC Needn’t Be Hit or Miss” at https://precast.org/2010/07/working-with-
scc-neednt-be-hit-or-miss/)

“During that development process, the concept of mixture robustness must be 
evaluated.  Robustness refers to the ability of the concrete mixture to withstand 
slight fluctuations in material properties, such as in gradation and moisture.”

However, should the WMA C closure bulk-fill grout formulation(s) prove through additional 
testing that they are susceptible to the volume of residual liquids present in the WMA C 
tanks/cells, this calculation also provides a basis that several other investigated alternatives can 
successfully solidify the residual liquid wastes within WMA C tanks/cells prior to closure.  
These alternatives include: 
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 Addition of Pozzolans - The addition of pozzolans will serve as an efficient method to 
solidify remaining residual liquid waste not incorporated by the closure grout.  Smaller
amounts of residual liquids can be mitigated by adjusting the grout formulation and/or the 
addition of pozzolans into the WMA C tank/cell prior to grout placement operations.     

 Evaporation through Ventilation – Installing and operating the ventilation system needed for 
grout placement operations prior to grouting would allow the continual transfer of warm dry 
air; which would in turn evaporate residual liquids present within the WMA C tanks/cells.

 Liquid Pumping/Additional Retrieval of Waste – Installing and operating a pumping 
operation similar to the operations used to mitigate liquids in catch tanks and double-
contained tanks has and is a successful operation at tank farms that is employed at least 
annually.  Sampling of the liquids would be required to ensure contaminant levels are low 
enough to utilize existing equipment and plan for the final disposition of the liquids.  Should 
the liquids prove to be too contaminated, a more complex retrieval operation would be 
needed.

In summary, several viable alternatives can be employed to solidify the WMA C tank/cell 
residual liquids. Primarily, these liquids can be mitigated by placement of a bulk-fill closure 
grout that has been tested for the 241-C-200 Series SSTs.  Additional testing is needed to select a 
grout for the WMA C 100 Series SSTs and refine the formulation for the 200 Series SSTs.  
These formulations must satisfy all engineering functional performance criteria in both the fresh 
and hardened states, and the robustness of the final formulations must also be determined. 
Determining the robustness of the SCCs through testing will allow flexibility in the design for 
operations and establish what specific closure grout criteria should be supplied to a 
grout/concrete ready-made plant.  
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APPENDIX A – BASIS OF BULK-FILL CLOSURE GROUT RATIO CALCULATIONS

Various grout ratios were used to scale up the mix design for a self-consolidating grout, which is 
a type of self-consolidating concrete for use as a closure bulk-fill grout in the 241-SSTs, 241-C-
301 Catch Tank, and 241-CR Vault tanks and cells.  The basis of these ratios was the most 
favorable bulk-fill closure grout mix designed and laboratory tested, that met engineering 
requirements, presented in RPP-RPT-61675, C-200-Series Tank Closure Grout Placement Test 
Report. To determine each of the ratios the weights of the components and admixtures were 
converted to volumes using the equations below:

������ �� ��������� =
��

��� ∗ ��
∗

0.037 ��3

1 ��3

 Spg is the specific gravity of the material (unitless). Found in Table 5.
 �� is the density of water (lbs/ft3).  A value of 62.4 lbs/ft3 is used from the Engineer’s

Toolbox. 
 �� is the weight of each component in the bulk-fill closure grout formulation (lbs).

������ �� ��������� = �� ∗
0.00004 ���

1 ��
 �� is the volume of the admixture (oz).

Generally, the bulk-fill closure grout mix design consisted of per cubic yard of grout mix:

Table A-1.  Bulk-Fill Closure Grout Mix Design

Component Specific Gravity Weight/Volume in 
Mix Design

Volume (yd3)

Type I/II Portland Cement 3.15 240 lbs 0.0452
Class F Fly Ash 2.62 600 lbs 0.136
Coarse Sand 2.75 2113 lbs 0.456
½-in Pea Gravel 2.78 688 lbs 0.148
Water 1.00 300 lbs 0.178
MasterGlenium 3030 - 43 oz 0.00172
MasterMatrix VMA 358 - 100 oz 0.004

While this preliminary formulation met identified engineering performance requirements, 
additional testing is needed to determine bounding cases for this formulation, prior to use for the 
241-C-200 Series SSTs.  Additional testing for purposes of mixture robustness must be 
evaluated, to determine the robustness of the bulk-fill closure grout mixture.  Robustness is 
defined in Section 8.0.

Since batching variability can lead to larger inaccuracies which can be cumulative, various 
Quality Assurance/Quality Control methods, standards and guidelines and industry best practices 
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have been developed. Table A-2 provides a summary of batching accuracy requirements. (Obla, 
K., “Variation in Concrete Performance Due to Batching: Part 8,” 2012.)  

Specific Calculations for Ratios presented in Table 3 include:

Water to Cementitious Materials [Cm] Ratio (by weight):

����� �� �� ����� =
300 ��� �� �����

(240 ��� �� ������ + 600 ��� �� ��� ��ℎ)
= 0.357

Water to Total Admixture Ratio (volumetric):

����� �� ����� ��������� ����� =

300 ��� �� �����

�
62.4

���
1 ��3

957.51
��

1 ��3

�

(43 oz Glenium 3030 + 100 oz VMA 358)
= 32.2

HRWR to cwt of Cm (oz to 100 lbs):

���� �� ��� �� �� ����� =
43 �� �� ������� 3030

240 ��� �� ������ + 600 ��� �� ��� ��ℎ
100

= 5.12

VMA to cwt of Cm (oz to 100 lbs):

��� �� ��� �� �� ����� =
100 �� �� ��� 358

240 ��� �� ������ + 600 ��� �� ��� ��ℎ
100

= 11.9

Total Aggregate to Total Cementitious Materials Ratio (by volume):

����� ��������� �� ����� �� ����� =
��.��� ��� ��������.��� ��� �������

(�.���� ��� ������)�(�.��� ��� ��� ���)
= 3.33

Fine Aggregate to Total Aggregate Ratio (by volume):

���� ��������� �� ����� ��������� ����� =
��.��� ��� �����

(�.��� ��� ����)�(�.��� ��� ������)
= 0.756

Fly Ash to Cement Percentage (by volume):

��� ��ℎ �� ������ ���������� =
��.��� ��� ��� ����

(�.���� ��� ������)
∗ 100% = 300.9%

Paste Fraction (by volume):
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����� �������� =
��������

�������������������������
= 0.371

 �� is the volume of water in the bulk-fill closure grout formulation (yd3). A value of 
0.178 yd3 was used for this calculation.

 �� is the volume of Type I/II Portland Cement in the bulk-fill closure grout formulation 
(yd3). A value of 0.0452 yd3 was used for this calculation.

 �� is the volume of Class F Fly Ash in the bulk-fill closure gro ut formulation (yd3). A 
value of 0.136 yd3 was used for this calculation.

 �� is the volume of Coarse Sand in the bulk-fill closure grout formulation (yd3). A value 
of 0.456 yd3 was used for this calculation.

 ��� is the volume of ½-in Pea Gravel in the bulk-fill closure grout formulation (yd3). A 
value of 0.147 yd3 was used for this calculation.

 ���� is the volume of MasterGlenium 3030 in the bulk-fill closure grout formulation 
(yd3). A value of 0.00172 yd3 was used for this calculation.

 ���� is the volume of MasterMatrix VMA 358 in the bulk-fill closure grout formulation 
(yd3). A value of 0.004 yd3 was used for this calculation.

Mortar Fraction:

Volumes of water, air, and cementitious material (e.g. cement and fly ash), and all fines and the 
avg. portion [8%-according to a batch ticket] of coarse aggregates passing the #4 sieve (0.187 in 
or 4.75 mm) / total volume:

������ �������� =
������������[�.���∗���]

�������������������������
= 0.843

 �� is the volume of water in the bulk-fill closure grout formulation (yd3). A value of 
0.178 yd3 was used for this calculation.

 �� is the volume of Type I/II Portland Cement in the bulk-fill closure grout formulation 
(yd3). A value of 0.0452 yd3 was used for this calculation.

 �� is the volume of Class F Fly Ash in the bulk-fill closure gro ut formulation (yd3). A 
value of 0.136 yd3 was used for this calculation.

 �� is the volume of Coarse Sand in the bulk-fill closure grout formulation (yd3). A value 
of 0.456 yd3 was used for this calculation.

 ��� is the volume of ½-in Pea Gravel in the bulk-fill closure grout formulation (yd3). A 
value of 0.147 yd3 was used for this calculation.

 ���� is the volume of MasterGlenium 3030 in the bulk-fill closure grout formulation 
(yd3). A value of 0.00172 yd3 was used for this calculation.

 ���� is the volume of MasterMatrix VMA 358 in the bulk-fill closure grout formulation 
(yd3). A value of 0.004 yd3 was used for this calculation.

Percentage of Coarse Aggregate to Total Aggregate (by volume):

������ ��������� �� ����� ��������� =
��.��� ��� �������

(�.��� ��� ������.��� ��� ������)
∗ 100% = 24.4%
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A-4

Table A-2. Batching Accuracy Requrements per ASTM C 94 and NRMCA Plant 
Certification

(Obla, K. 2012)
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