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I. EXECUTIVE SUMMARY

This Special Analysis updates the inadvertent intruder analysis conducted in 1992 in support

of the SDF RPA, extends the groundwater analysis to consider additional radionuclides, and

provides an assessment of the air and radon emanation pathways. The results of the RPA
were originally published in the WSRC report (WSRC-RP-92-1360) entitled Radiological
Performance Assessment for the Z-Area Saltstone Disposal Facility (MMES et al., 1992).
The present reevaluation considers new requirements and guidance of the USDOE Order
435.1 (USDOE, 1999), expands the list of radionuclides considered, incorporates an increase
in design thickness of the roof on a disposal vault, and produces results in terms of interim
limits on radionuclide-specific concentration and inventory rather than dose resulting from a
‘projected inventory. The limits derived herein will be updated when the Saltstone PA is
revised (currently planned for fiscal years 2003/2004).

The SDF is located within a 650,000 m? area of SRS designated as Z Area. The SDF together
with the SPF are part of an mtegrated waste treatment and disposal system at the SRS.
Saltstone is a solid waste form that is the product of chemical reactions between a salt -
solution and a blend of cementitious materials (slag, flyash, and cement). Based on the
present projected site layout of the SDF, up to 730-million L (192 million gal) of wastewater
can be treated for subsequent disposal as saltstone. The SPF and SDF are regulated by the
State of South Carolina, USDOE Orders, and other Federal regulations that are applicable to
disposal of solid waste.

As part of the RPA process, USDOE Order 435 1 requires an assessment of the dose toa
potentlal member of the general public to limit doses from all pathways to no more than 25
mrem in a year and, from the air pathway alone, to no more than 10 mrem in a year. The
Order also requires an assessment of radon release to ensure that the radon flux does not
exceed 20 pCi/m’/s. Additionally, for purposes of establishing limits on concentrations of
radionuclides for disposal, the Order requires that an assessment be made of impacts to -
hypothetical persons assumed to inadvertently. intrude into the low-level waste disposal
facility and an assessment of the impacts to water resources. For the intruder analysis, the
pertinent performance measure specifies that dose to such hypothetical individuals may not
exceed 100 mrem EDE per year for chronic exposure, and may not exceed 500 (EDE) mrem
from a smgle event. To meet the assessment requirement addressing impact on water
resources in the Order, SRS uses the Safe Drinking Water Act Maximum Contaminant
Levels (USEPA, 2000) as the pertinent perfonnance measure.

To limit the number of radionuclides for which analyses are needed, the half-lives of.
- radionuclides and physical processes by which low-level waste destined for the SDF is .
generated were considered. Such considerations led to selection of 75 radionuclides for
analysis. Potentially significant contributions by radioactive decay products of these 75
radionuclides were also assessed. .

4

Two time frames for the analyses are considered in this Special Analysis. The USDOE
Order 435.1 specifies a time frame of 1,000 years after facility closure for establishing limits
on allowable disposals. Here, both the 1,000-y time frame and a longer time frame of 10,000
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years after facility closure are also considered, to be consistent with both the USDOE Order'
and the Disposal Authorization Statement (DAS) for SRS (Fiori and Frei, 1999).

In the intruder analysis, the only credible scenario within 10,000 years is the resident
scenario, based on the current design of the SDF. The 0.4 m of grout directly above the
saltstone, 0.1-m concrete roof over the vaults, and 1 m of grout on top of the roof combine to
provide at least 0.5-m of shielding up to 10,000 years, assuring that excavation into the waste
during this time period is not a credible occurrence (Fig. 1-1). The resident scenario is
evaluated at 100, 1,000, and 10,000 years after disposal. In the resident scenario, the intruder
is assumed to excavate no more than 3 meters in building a home. Evaluation of the scenario
at 100 years, when the engineered barriers (i.e., the grout above the saltstone, the vault roof,
and the grout above the roof) are assumed to be intact, resulting in the intruder’s home being
constructed on top of the uppermost layer of grout, is used to determine limits on allowable
disposals of shorter-lived photon-emitting radionuclides in the waste. Evaluation of the
resident scenario at 1,000 and 10,000 years, when the engineered barriers are assumed to
‘have failed (i.e., have lost their physical integrity) and are no longer a deterrent to intrusion,

resulting in a lesser thickness of shielding above the waste, is used to determine limits on
allowable disposals of longer-lived photon-emitting radionuclides. The thickness of
uncontaminated material above the waste is the same at these two later times because the
upper 0.9 m of the closure has eroded (Fig. 1-1) and the depth of the intruder’s excavation is
limited to 3 m. The resident scenario at 1,000 years may be important for radionuclides
having longer-lived photon-emitting decay products. The resident scenario at 10,000 years is
important only when a longer-lived radionuclide has long-lived photon-emitting decay - .
products whose activities increase with time beyond 1,000 years.

For the groundwater, air, and radon emanation pathways, results from the previous SDF PA
and applicable portions of the E-Area LLWF PA were used to derive limits on allowable
disposals based on analyses for time frames of 1,000 years and 10,000 years after facility
closure. For the groundwater pathway, it was necessary to extend the previous analysis in
- the SDF PA to radionuclides not previously considered, using the PATHRAE code.

The results of this Special Analysis indicate that, for the 10,000-year time frame, 41
radionuclides, of the 75 selected, require limits on disposal. Of the 41 radionuclides for
which disposal limits: were derived, 34 are limited by the intruder analysis, four by the
groundwater pathway analysis, two by the air pathway analysis, and one by the radon
emanation analysis. The radionuclide disposal limits were compared with the currently
estimated radionuclide concentrations in low curie salt. The greatest fraction of a limit is
0.038 for '°Sn and the total sum-of-fractions of all the limits is 0.084. This provides
assurance that low curie salt can be disposed in the saltstone disposal facility without
exceeding any of the USDOE performance objectives. =~ '

For the 1,000-year time frame, 37 of the 75 radionuclides would require disposal limits. Of
these, 35 would be limited by the intruder analysis, none by the groundwater analysis; two by
the air pathway analysns and none by the radon emanation analysis. The greatest fraction of
a limit would remain 0.038 for '2°Sn and the total sum-of fractions would decrease to 0.048.

The 10,000-year time frame limits should be used to develop WAC for the SDF.
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At 100 years after closure, there has been no erosion and the grout and- vault roof have not
deteriorated so that they effectively prevent excavation. Therefore, the intruder constructs
his residence atop the grout above the vault roof, resulting in a total of 150 cm of shleldmg
between the resndence and the saltstone. :

At 1,000 years aﬁer closure, erosion has removed the upper 91 cm of the closure.
However, the gravel, which is the uppermost portion of the lower closure, prevents further
erosion. The grout and vault roof have deteriorated to soil equivalent material so that they
no longer can prevent excavation. Since the intruder’s excavation is limited to 300 cm,
the residence is constructed on top of the vault roof, resultmg in a total of 50 cm of
shxeldmg between the residence and the saltstone.

At 10,000 years after closure, erosion has not penetrated further than at 1 000 years (| e.;
91 cm), because of the gravel layer. Since the intruder’s excavation is limited to 300 cm,

the residence is constructed on top of the vault roof, resulting in a total of 50 cm of
shielding between the residence and the saltstone.

Fig. 1-1. Resident Scenario Conceptual Model

Rev. 0
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A.2.2 Time of Compliance and Simulation Time Intervals

The DOE time of compliance is 1,000 years (Wilhite 2003). However, the total time used for
groundwater modeling is extended to 10,000 years to assess the impact of a longer period of
compliance. The eight time intervals (Phifer 2004) used for groundwater modeling are shown in
Table A-3. ' '

Table A-3. Simulation Time lntei‘vals

INTERVAL TIME (YEARS)
TIO01 0 to 100
TIO2 100 to 300
TIO03 300 to 550
TIO4 550 to 1,000
TIOS 1,000 to 1,800
TIO6 : 1,800 to 3,400
TIO7 3,400 to 5,600

TIO8 -5,600 to 10,000

A.2.3 Flow Modeling
A.2.3.1 Flow Properties

The fundamental concept of the SDF (wasteform and facility features) is controlled contaminant
release. Due to the low hydraulic conductivity and low molecular -diffusion in cementitious-
materials, contaminant leaching from the SDF is very slow. This makes transformation into
Saltstone an effective method for liquid waste disposal. Among all the factors affecting the SDF
performance, the most important factor is hydraulic conductivity. The saturated hydraulic
conductivities of the engineered porous media (Saltstone, concrete and gravel drain layers) were.
measured by Core Lab as described in 1993 (Yu 1993). These intact values are used for the first
100 years of simulation under the column heading TIO1 in Table A-4.

———>  Table A4. Svafurated Hydraulic Conductivities (cm/sec)

TIO01 TIO2 TIO3 TIO04 TIO0S5 TI06 TIO07 TIO8

Horizontal conductivity:
Nati/Back 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04
Drain Bot 1.00E-01 9.99E-02 9.97E-02 9.90E-02 9.71E-02 9.30E-02 8.63E-02 7.46E-02
Drain Ver '1.00E-01 1.00E-01 1.00E-01 1.00E-01 1,00E-01 1.00E-01 1.00E-01 1.00E-01
Drain Top 1.00E-01 9.99E-02 9.93E-02 9.75E-02 9.28E-02 8.25E-02 6.58E-02 3.66E-02
Concrete 1.00E-12 5.20E-12 1.29E-11 3.16E-11 7.64E-11 1.98E-10 4.19E-10 1.00E-09
Saltstone 1.00E-11 3.00E-11 5.S50E-11 1.00E-10 .1.80E-10 3.40E-10 5.60E-10 1.00E-0S
Vertical conductivity:
Drain Bot 9.52E-02 6.45E-02 2.70E-02 8.94E-03 3.34E-03 1.41gE-03 7.25E-04 3.93E-04
Drain Top 8.89E-02 4.21E-02 1.29E-02 3.78E-03 1.36E-03 5.69E-04 2.91E-04 1.57E-04

In this SA, it is assumed the hydraulic conductivities of Saltstone and concrete will increase as
time proceeds. As a result, water percolation will gradually increase through the vault. 1t is also
assumed that the conductivities of the top and bottom drains will decrease with time due to
plugging in the lower part of these drains resulting in the engineered drains becoming less
effective in shedding perched water above the concrete roof. It is assumed that the effective

Rev. 0



APPROVED for Release for
‘Unlimited (Release to Public)
6/27/2005

SLAG CEMENT — LOW-LEVEL WASTE FORMS AT THE
SAVANNAH RIVER PLANT

by

R. I. A. Malek, D. M. Roy, and M. W. Barnes

Materials Research Laboratory,” A
The Pennsylvania State University .

"University Park, PA 16802

and
C. A. Léngton
E. I. du Pont de Nemours and Company .

Savannah River Laboratory
Aiken, South Carolina 29808

‘A paper proposed for presentation at the S

87th Annuai American Ceramic Society Meeting
Cincinnati, OH '
May 5-9, .1985

This paper was prepared in connection with work done under
Contract No. DE-AC09-76SR00001 with the U.S. Department of Energy.
By acceptance of this paper, the publisher and/or recipient
acknowledges the U.S. Government's right to retain a nonexclusive,
royalty-free license in and to any copyright covering this paper,
along with the right to reproduce and to authorize others to

‘ reproduce all or part of the copyrighted paper.

DP-M5-85-9 <——




Table VIII. Summary of X-Ray Phase Identification - R4-45.

Age (Days)

Phase : 7 28 56 90 180
unreacted cement * . decrease with time >
.unréacted fly ash - . . .. - - : -

(quartz + mullite)

ynreacted slag o . . . .
l:Lme - ‘ L L ‘ .a Py  ax Py
bonding substituted * . * * *

compound Cc~-8-H »
M(N03)2'9H20 large quantity . . . » s
Ca(NOg), "2H,0 . ' i » - increase ————>
Others:

CSAH6' 03FH6 . ?‘ . L2 E *® : »
Na2CO3°10H20 ’ * _ L T - _ . .
_CaC03 o ' Ty ) - : . increase ———>

*Identified. **Unidentified.

appreciable reaction of the fly ash Sphebes and buildub of_CSH structure.
Some reticular network C—S—H is still apparent at this age. .Figure 7 is a
‘micrograph of 84—40 cured for 180 days. Agaié the overall integrity of the
structure is evident. A pleroéphere (spheres within fly ash spheres) apbears
very well reacted externally and bound into the surrounding matrix.

. 84-41. Figure 8 {llustrates the morphology of 84-41 at 7 days.
Micrograph 8(a) is a secondary electron image whereas B(b) is a back-scattered
image, which gives bettér contrast. These imageé show an area where an
agglomerate has occurred (on the right hand side of the micrograph). Figure
8(c,d) are elemental maps for Ca and Si, respectively. It is evident fronm
this series of microgfaphs that the'agglomerated parts aré cement (highVCa.

low Si). Figures 8(e,f) are successively higher magnifications to the cement

13




side (right side) of'miérOgraphs (a,b). It shows precipitated crystals
embedded in the hydrated matrix.' EDXA of selected parts of that micrograph
are shown. Curve a is for some area outside the crystalline part. It shows
the C~S-H structure besides the precipitation of some othér salts including Al
and Na. Curve b is for a crystalline part. It shows the lime including C-S-H
and sulphucr—containing compounds. Such agglomerations can lead to a very low
early strength (since early strength should be totally depehdenp on the cement
portion) and a very slow strength development,' Figure 9 is a series of
micrographs at. variable magnifications to 84—41 at 90 days. The podr
integrity and high porosity of the structure is evident from micrographs
9(a,b). Micrograph 9(c) shows some-chafacteristic features of the dissolutioﬁ
of low-calcium fly ash. Figﬁre 9(9) shows a dissolved glassy surface with
residual Fe oxide (magnetite or hematite) (low solubility) remaining attached
to the surface of the aéh sphere. Figure 10 is a series of micrographs at
successively increasing magnifications of 84—41 cured for 180 days. ‘Poor
integrity and high porosity despite more gel formation are the common
features. '

84-45. Figure 11 shows low and high magnifications (backscatter images)
of 84—45 cured for 7 days. Integrity and low porosity are apparent with some
cenosphere peaks attached to the matrix. Figure 12 gives micrographs of a 28-
day-old sample. Features similar to those in Fig. 11 (7 days) are evident. A
glassy irregular slag fragmentation seen (left center, b). Figure i3
represents a 56-day-old sample, showing a dense structure. Some of the same_
common features as in Figs. 11 and 12 are evident, together with the i&side of
a (hemi-) sphere which remained attached to ﬁhe matrix after sawing the
sample. This indicates a good bond strength between fly ashes and matrix.
Analysis of this hemisphere is shown in the EDXA result repreéented'in Fig.
14, Figures 15 and 16 represent backscattered electron images for the mix
84—45 at.90 and 180 days, respectively. The same features of that mix at
previous ages are evident; namely, integrity and low porosity. The latter
indicates the very h;gh degree of idtegrity obtained with this composition at
180 days. ’ ‘ ‘

4) Contaminant Release Rates

A modified Paige leach test (2) was used in evaluating formulations

84—40, 84—41, and 84—45. The leachant used was a natural spring water

20
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—_ Table 331 Summary of hydraulic propertics assumed in the near-field model

Effocti Residual
: porusity, moisture «

Material (cm s1) 6, coateat, 6, (cmy n

Backfill | 1.0 x 10° 0.44 na’ na’ na’
Clay 7.6 x 10”? 039 0.115 82 x10* | 133
Gravel 0.5 ' 038 0.010 82x102% | 3.7
Concrete | 1.0 x 10" 0.08 0.064 75 x107 | 1.57
Saltstone | 1.0 x 10! 0.46 0.368 74 x 10% | 4.41

* Fitting paramecter for van Genuchten and Mualem expressions for moisture

characteristic curves.

* A Stone's correlation curve was used to

the backfill.

* Saltstone, concrete, gravel, and backfill properties not required for fractured saltstone

casc.
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Sensztlvn:y analysis results for degraded mteri&l properties - of unfractuzed saltstone
and concrete, )

Response to PRP Request --page 11 of 24 May 17,

_>_ Table 3,

: Peak Groundwater Concentration " o
Z-Area RPA intact' Z-Area RPR Fracture®| . % 19 : Ran 29
pCi/L__lTime (yr) | pci Tir pCL/L __ | Yime (yr) 1 pCi/L |
1.2x10-2 | 2.1x10% 4.4 1.5x104 92.0x10L | 8.0x10¢ | 2.1x10! 104
6.7x10°7 | 1.6x108 J3.3x100 | 2 4x103 11,1102 2,8x105 1 2.1x102 3
4.0x10-11 | 9,2x105 . 2%10=3 2.2x105 19,1x10-2. 3.0%105 | 9.1x10-2 | x10%
7.2x10°3 | >2,.5x106 [7.5x%10-2 3.2x103 J1, -2 2.8x105 6x10-2 ° | 2.8x10%

* Intact saltstone and concrete; Keay = -10°11 em/s for saltstone and 10-30 cm/s for conereﬁ:ea
Defs = 5x10°% cm?/s. See RPA, p. 4-8. '

=

Fractured saltstone and concrete; Ksat = 10" cm/s for saltstone. andl 10=10 cm/8s - f@lf concrete;
Dezg = :

5x107% cm?/s. See RPA, p. 4-9.
© Ksar = 10% cm/s for saltstone and 10-® cm/s for concrete; Degg = 5x10-° cm2/s,

Ksar = 10-% cm/s for saltstone and 10-8 cm/s for concrete; Degs = 10°7 cm2/s.
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SUMMARY

This report summarizes the work performed by Core Laboratories (Carrollton, Texas)
under subcontract No. AA46362N for the measurement of hydraulic and mechanical
properties of the materials used for Environmental Restoration and Waste Management
facilities at the Savannah River Site (SRS). The scope of the work includes the

" measurement of porosity, permeability to water (saturated hydraulic conductivity),

capillary pressure, relative permeability, and mechanical properties of ten field samples..

The samples are top soil, gravel, Dixie clay, Grace clay, sand, Burma Road backfill, - :
" Turner Road backfill, concrete for E-Area vault, concrete for Saltstone vault, and :

Saltstone. The Core Lab final report detailing sample preparation, test procedures .
results, and QA is attached. o .

An analysis of the Core Lab results was made by WSRC personnel. The water-air two-
phase flow propertles (capillary pressure and relative permeability) are curve-fitted to
analytical expressions. The calculated versus experimental characteristic curves and the
parameters used for the curve ﬂttmg and are also included. The analytxcal expressions
are used for gronndwater modelmg '
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Cumulative

~Sample Test Time,
1.0 days
Turner Road
Backfill - 1 - 36.8
Turner Road
Backfill - 2* 35.8

: Concrete from

Saltstone Vault-1B 24.0

Concrete from

Saltstone Vault-58 37.7

Concrete from
‘Saltst. Vault-78*

Concrete from
E-Area Vault-2t
Concrete from
E-Area Vault-4E
Concrete from
E-Area Vault-7e*

Saltstone - 1
Saltstone - 3A
Saltstone - 4*

*Sample selected for Gas-Water Relative Permeability Tests

38.0

36.9

37.5

37.5
16.0

16.0

12.0

Length,
—cm

7.59
7.59

6.24

5.77

5.05

5.46

"~ 5.35
4.44

§.29
4.35
4.74

f;;gz

11.76

- 11.76

11.05
11.13
11.10

10.76

- 10.68

10.72

11.07
11.26
11.30

OF

Viscosity, Pressure,
—_—p

0.988
0.988

2.39
0.988
0.988

0.988
0.988
0.988
2.39

2.39
2.39

. Delta

50.0
50.0

50.0
50.0
50.0

» 50.0
50.0
50.0
50.0

50.0
50.0

File: DRES-92119

Incremental Permeability / Hydraulic

Flow Rate,
cc/sec
1.6e-03
2.6e-03

5.3e-07
l . 60-05
9,9e-06

5.0e-09
8.3e-09
1.0e-08
2.4e-08

2.0e-08
1.3e-08

to Liquid, -
millidarcies

© 3.1e-01

4.8e-01

- 2.1e-04

2.4e-03
1.3e-03

7.4e-07
1.2e-06
- 1.3e-06
6.6e-06

5.4e-06
3.7e-06

Conductivity,
cm/sec (Q/A)

3.0e-07
 4.7e-07

1.1le-10
2.3e-09
1.3e-09

7.2e-13
" 1.2e-12
1.2e-12
3.4e-12

2.8e-12
1.9e-12

Porosity,
percent

45.5
8.7

17.4
18.9
16.8

18.1
19.3

18.6
44,6

41.6
40.6
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Core Laboratories Report attached to Data from pages 3-83, 3-93 and 3-103 are | Table of data compiled from pages 3-83,
WSRC-RP-93-894 A enclosed following response. - 3-93, and 3-103 also enclosed following
: _ ' _ response
Domenico and Schwartz, 1990 Excerpt included in response (Table 34-2)

- *Excerpt Locations:

1. Excerpt included within response: The excerpt is included within the text of the response or is appended to the response.

2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.

3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely
applicable are enclosed following the response.

4. Other

V APFROVED_ for Release for
Unlimited (Release to Public)
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RESPONSE TO RAT COMMENT 34
ROADMAP TO REFERENCES

Compiled from three tables in Section 3 of Core Laboratories Report (contained 1n
WSRC-RP-98-00156)

Cum. Vol. Cum. Vol.
Sample Time injected Injected  Inflow Rate
' (min) (pore vols) (cc) {cc/min)
Saltstone #4 0.99 4.60E-05 1.00E-03
1.88 9.20E-05 2.00E-03 1.13E-03
3.08 1.40E-04 3.05E-03 8.71E-04
38 1.80E-04 3.92E-03 - 1.21E-03
781 2.30E-04 5.01E-03 2.72E-04
‘8.79 2.80E-04 6.10E-03 1.11E-03
9.82 3.20E-04 6.97E-03 8.46E-04
111 3.70E-04 8.06E-03 8.51E-04
148 2.50E-02 5.45E-01 1.45€E-01
159 1.76E-01 3.83E+00 2.99E+00
169 9.82E+01 2.14E4+03 2.13E+03
17 1.18E+02 2.57E+03 4.31E+03
171 1.39E+02 3.03E+03 4.57E+03
172 1.61E+02 3.51E+03 4.79E403
173 1.83E+02 © 3.99E+03 4.79E+03
Concrete 0.99 7.90E-02 7.44E-01
(from Saltstone) 1.51 . 1.06E-01 9.99E-01 4.89E-01
©23t ¢ 1.25€E-01 1.18E+00 224E-01
3.21 1.35E-01 1.27E+00 1.05E-01
7.22 1.46E-01 1.38E+00 2.58E-02
© 95 1.68E-01 1.58E+00 9.09E-02
105 1.83E-01 . 1.72E+00 1.41E-01
145 2.87E-01 ~2.70E+00 2 45E-01.
155 3.13E-01 2.95E+00 2.45E-01
233 5.48E-01 5.16E+00 = 2.84E-01
242 5.75E-01 5.42E+00 2.83E-01
244 5.83E-01 5.49E+00 3.77E-01
Concrete 113 5.60E-05 4 48E-04
(from E-Area) 2.08 1.10E-04 8.80E-04 4.55E-04
28 1.70E-04 1.36E-03 6.67E-04
6.81 2.20E-04 1.76E-03 9.98E-05
8.11 2 .80E-04 2.24E-03 3.69E-04
9.09 3.40E-04 2.72E-03 4.90E-04
11.1 3.90E-04 3.12E-03 1.99E-04
141 '4.50E-04 3.60E-03 1.60E-04
15.1 5.10E-04 4.08E-03 4 80E-04
158 5.60E-04 4 48E-03 5.71E-04
22 6.20E-04 4 96E-03 7.74E-05
37 6.70E-04 5.36E-03 2.67E-05
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PROJECT SUMMARY

Background

The testing program was designed to measure the fluid flow and mechanical
properties of various materials utilized in the construction of waste containment
vaults. All testing was performed at the minimum confining stress possible to model
the field conditions. The ten supplied materials were as follows:

Unconsolidated Materials
Top Soil
Gravel
- Dixie Clay
Grace Clay
Sand

Burma Road Backfill
Turner Road Backfill

Consolidated Materials

Concrete frorh the Saltstone Vault
Concrete from the E-Area Vault
Saltstone

’

The first seven materials, which are unconsolidated, were provided to Core
Laboratories in labeled one gallon metal containers. The Concrete from the E-Area
vault material was a 1ft x 1ft x 1ft block, the Concrete from the Saltstone Vault was
supplied as a formed cylinder, and the Saitstone was contained in several one liter
plastic jugs. Test samples of each material were prepared as described in the test
protocols for each type of measurement. '

Specific Parmeability to Liquid and Effective Porosity

Specific permeability to liquid and effective porosity were determined for two samples
of each unconsolidated material and three for each of the consolidated materials using
the procedures described in Section 2. The tests were performed with no confining
pressure to model the field conditions of the materials as closely as possible. The
unconsolidated materials were tightly packed in stainless steel tubes with screens on
each end. The consolidated materials were mounted in an epoxy coating. A test
concrete sample, whose specific permeabillity to liquid had been previously determined
at minimal confining stress in a coreholder, was mounted in epoxy and permeability
remeasured, as a quality control check of the epoxy seal. The pre- and post-mounting
permeability to liquid for this sample were equivalent, confirming the sealing of the
epoxy to the sample. ,

1-1




Specific permeability to liquid and effective porosity test results are presented in
summary form on Pages 1 and 2, and in detailed format in Section 2. The duplicate
measurements were in excellent agreement for all materials. The calculated hydraullc
conductivity was in the expected range for samples of this type.

Unsteady-State Gas-Water Water-Gas Relative Permeability

Unsteady-state tests were performed to determine the gas-water and water-gas

relative permeability relationships on one sample of each material following the

specific permeability to brine determinations using the procedures described in Section

- 3. The unsteady-state method was utilized due to the nature of the samples and the
low permeability values of the consolidated samples.

The displacements were generally piston-like in both directions, resulting in end-point
determinations only for the majority of the tests (gas-water curves were determined
for only the Top Soil, Sand, Burma Road Backfill, and Turner Road Backfill samples).
Gas-Water Water-Gas relative permeability test results are presented in summary form
on Pages 3 and 4, and in graphical and tabular formats in Section 3. Where
incremental two-phase data was not avanlable, curves were extrapolated from the end-

points.

The Top Soil, Gravel, and Sand samples demonstrated gas-water relative permeability
characteristics typical of clean water-wet unconsolidated materials. The Dixie Clay,
Grace Clay, Burma Road Backfill, and Turner Road Backfill samples showed evidence
of drying during the gas injection, which apparently caused cracking or shnnkage of
the clay materials in these samples. The effective permeabilities to gas at residual

water saturation and to water at trapped gas saturation were higher for each of these .

five samples than the ‘corresponding specific permeabilitv to brine.

The Concrete samples demonstrated expected behavior, however, the throughputs on
these samples were less than a pore volume due to their low permeability. The
Saltstone sample exhibited an effective permeability to gas at residual water
saturation 32400 times higher than the specific permeability to brine and an effective
permeability to water at trapped gas saturation 157 times higher. These data can be
explained by drying of the Saltstone during the gas injection, or the presence of a
trapped gas saturation in the original preparation of the material. The observed
- increase in permeability is not due to bypassing around the epoxy seal as the absolute
permeability measurements are low (effective permeability to gas at residual water
saturation - 1.2e-01 md effective permeability to water at trapped gas saturation -
5.8e-04 md).




Air-Brine Caplllary Pressure

Air-brine drainage capillary pressure curves were determined on two samples of each
of the unconsolidated materials using the procedures described in Section 4. The
water saturation at a capillary pressure of 35 psi for the Top Soil, Sand and Gravel,
ranged from 8.4 to 21.8 percent pore space. These values are in the expected range
for samples of this type. The clay containing samples (Dixie Clay, Grace Clay, Burma
Road Backfill, and Turner Road Backfill) ranged from 71.2 to 94.1 percent pore space
water saturation at 35 psi capillary pressure.

Air-brine imbibition capillary pressure curves were determined on one sample of each
of the consalidated materials using the procedures described in Section 4. The
samples were first desaturated with air at 35 psi capillary pressure, then allowed to
imbibe water at pressures up to 35 psi. These tests indicated that less than while ten
percent pore space water will be removed by air at 35 psi capillary pressure, the
displaced fluid will re-imbibe to resaturate the pore space.

The end-point saturations for all materials are in good agreement with those
determined in the gas-water relative permeability tests. The duplicate measurements
were in good agreement for all materials. Air-Brine Capillary Pressure test results are
presented in summary form on Pages 5 and 6, and in graphical and tabular format in
Section 4. ' ' '

Acoustic Velocity

Dynamic Moduli and Poisson’s Ratio were determined on two samples of each
material by measuring acoustic velocity as outlined in Section 5. Gravel, Burma Road
.Backfill, and Turner Road Backfill were retested for quality control purposes. An
Ottowa Sand sample was prepared and tested as a check plug in addition to the
normal aluminum standard. These samples were tested at three overburden pressures
in 500 psi increments beginning with 300 psi. Net stress was held constant by
increasing the overburden and pore pressures on the samples at the same rate.
Overburden pressure variation was used to determine if improper transducer seating
was occurring at low pressures causing inaccurate travel times. A saitstone vault
concrete sample (2-B), was also re-tested for confirmation of the data.

The data demonstrate that measured travel time increases gradually with increasing
overburden pressure. The lack of erratic or excessive changes in travel times indicates
that transducer seating at low pressures is effective. Retested backfill samples are
in close agreement to the original data as is the saltstone vault concrete sample.

The gravel samples, however, show a significantly higher shear velocity over the
original test data. In order to verify this finding, another set of gravel samples was
prepared and tested with similar resuits. The original data files were reviewed in an
attempt determine a reason for the variance. Original data acquisition work sheets
indicate that first arrival times for the shear waves were very difficult to determine




which resulted in a r’eponed shear velocity which was too low. The cause of this
weak shear signal in the original test was probably due to loose screens on the
samples. The original data has been revised for the final presentation.

Acoustic velocity test results are presented in summary form on Pages 7 and 8, and
in graphical and tabular format in Section 5. _

Pore Volume Compressibility

Pore Volume Compressibility was measured on two samples of each material using
the procedures described in Section 6. The pore volume reduction at 200 psi applied
stress for the unconsolidated materials ranged from 23.95 to 38.53 percent. The
consolidated materials demonstrated much lower reductions in pore volume, ranging
from 0.98 to 5.21 percent. These test results are as expected for these materials.
The duplicate measurements were in good agreement for all samples. Pore Volume.
Compressibility test results are presented in summary form on Page 9, and in graphical
and tabular format in Section 6.

Quality Control

All equipment was calibrated and standards evaluated as described in the individua!
test protocols. Copies of all records of pertinent information regarding the
performance of each type of test are included at the end of each Section. The main
tool for assessing the quality of the data set was duplicate measurements. In all
. cases, the duplicate measurements were in good agreement. In general the data was
within the expected ranges for the types of materials tested.
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SUMMARY OF PERMEABILITY T0 LIQUID TEST RESULTS

Westinghouse Savannah River Company

: Cumulative o : : Delta Incremental Permeability  Hydraulic :
Sample - = Test Time, Length, Area, Viscosity, Pressure, ‘Flow Rate, to Liquid,  Conductivity, Porosity,
1.0, __days o _emt e __psi cc/sec millidarcies ___cm/sec - percent
Top Soil -~ 1 3.0 7.59 11.76 0.988 0.050 0.017 3120 3.06e-03 -~ 40.5 |
Top Soil - 2* 3.0 ~1.59 11.76 0.988 0.049  0.017 3190 - 3.13e-03 38.8
Gravel - 1 3.0 30.48 =~ 5.07 0.988 0.029 0.050 151000 1.48e-01 38.0
Gravel - 2* 3.0 30.48 . 5.07 = 0.988 ©0.027 0.050 162000 © 1.59%e-01 38.6
Dixie Clay -1 11.0 7.59 11.76  0.988 50.0 5.1e-05 _ 9.5e-0§ 9.4e-09 54.1
Dixie Clay - 2* 11.0 7.59 11.76 0.988 50.0 3.9e-05 7.3e-03 7.1e-09 57.7
Grace Clay - 1 17.8 7.59. 11.76 0.988 ~ 50.0 3.4e-05 6.4e-03 . 6.3e-09 54.8
Grace Clay - 2* '17.8 7.59 11.76 0.988 50.0 4.2e-05 7.9e-03 - 1.7e-09 57.6
Sand - 1 2.5 71.59 -11.76 0.988 ~0.100  0.033 3120 3.06e-03 39.9
Sand - 2* 2.5 7.59 11.76 0.988 - 0.055% 0.017 : 2840 - 2.79e-03 34.8
Burma Road _ ' ‘ o : ' |
Backfill - 1 36.8 7.59 11.76 0.988  50.0 - 2.1e-03 4.0e-01 3.9e-07 '47.5
Burma Road . ' ' _
Backfill - 2* 35.8 - 7.59 11.76  0.988 .50.0 4.3e-03 8.1e-01 8.0e-07 . .51.6

*Sample selected for Gas-Water Relative Permeability Tests
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SUMMARY OF PERMEABILITY TO LIQUID TEST RESULTS

Hestinghouse'Savannah River Company

: Cumulative ' Delta Incremental Permeability Hydraulic _
Sample Test Time, Length, Areg, Viscosity, Pressure,  Flow Rate, to Liquid, Conductivity, Porosity,
1.0, days =~ _em . _cmt __¢cp psi millidarcies
~ Turner Road : o - _ :
Backfill - 1 36.8 7.59 11.76 0.988 - 50.0 1.6e-03 ~  3.le-01 3.0e-07 45.5
Turner Road , L ' . : ,
Backfill - 2* 35.8 7.59° 11.76 - 0.988  50.0 2.6e-03 - 4.8e-01 4.7e-07 42.7
Concrete from _ o ‘ : , ’
Saltstone Vault-1B 24.0 6.24 11.05 = 2.39 50.0 5.3e-07 = 2.le-04 1.1e-10 17.4
Concrete from ' ' : :
Saltstone Vault-58 37.7 - 5.77 11.13 0.988 50.0 1.6e-05 - 2.4e-03 2.3e-09 18.9
Concrete from ' T _— _
- . Saltst. Vault-78* 38.0 5.05  11.10 0.988 50.0 9.9e-06 1.3e-03 1.3e-09 16.8
Concrete from , . } :
E-Area Vault-2t 36.9 5.46 10.76 0.988 . 50.0 5.0e-09 7.4e-07 7.2e-13 18.1
Concrete from : ' -
~ E-Area Vault-4t ~ 37.5 5.3%5 10.68 0.988 50.0 8.3e-09 1.2e-06 1.2e-12 - 19.3
Concrete from ‘ , : : o ‘
" E-Area Vault-7e* 37.5 4.44 10.72 0.988 50.0 1.0e-08 1.3e-06 1.2e-12 18.6
Saltstone - 1 16.0 4.29 - 11.07 2.39 50.0 2.4e-08 6.6e-06 3.4e-12 44.6
Saltstone - 3A 16.0 4.35 11.26 2.39 50.0 2.0e-08 5.4e-06 2.8e-12 41.6

Saltstone - 4* 12.0 4.74 11.30 - 2.39 ~50.0 1.3e-08 3.7e-06 . 1.9e-12 - 40.6

*Sample seiected for Gas-Water Relative Permeability Tests

16
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SUMMARY OF GAS-WATER RELATIVE PERMEA ULTS
Westinghouse Savannah River Company
s ___Terminal Conditions
Water Specific Water Effective Relative
Saturation, Permeability Saturation, Permeability Permeability ____ Flyid Recovered
Sample Porosity, percent to Water, percent to Fluid, to Fluid,+ percent percent flui
LD, —percent  pore space millidarcies pore space millidarcies millidarcies pore space __in plice
Turner Road  42.7  100.0 0.478 75.2 1.30 270  24.8 ' 24.8
Backfill 2 - - 86.0 - 1.90 - - 4,02% 10.8 - 43.6
Concrete from the 16.8 | 100.0 1.35—03 85.4 7.9e-06 0.0061* 14.6 14.6
Saltstone Vault 7B -- -- 87.0 2.0e-04 0.154** 1.5 10.3
Concrete from the 18.6 100.0 1.3e-06 100.0 - 4.6e-08 0.035%* - --
E-Area Valt 7E -- -- 98.7 5.4e-07 0.415%+ 13 - --
Saltstone 4 40.6 100.0 3.7e-06 99.3 1.2e-01 32400* 0.7 0.7
-~ .- 99.3 -

5.8e-04 157** - -

* to Gas .
** {p Water

+ Relative to the specific permeability to water




- RESPONSE TO RAI COMMENT 34
ROADMAP TO REFERENCES

Compiled from three tables in Section 3 of Core Laboratories Report (contained in
WSRC-RP-98-00156)

Cum. Vol. -Cum. Vol.

Sample Time Injected _Injected Inflow Rate
(min) (pore vols) (cc) (cc/min)
Saltstone #4 0.99 4.60E-05 1.00E-03
1.88 9.20E-05 2.00E-03 1.13E-03
3.08 1.40E-04. 3.05E-03 8.71E-04
-~ 38 1.80E-04 3.92E-03 1.21E-03
7.81 2.30E-04 5.01E-03 2.72E-04
8.79 2.80E-04 6.10E-03 1.11E-03
9.82 3.20E-04 ~ 6.97E-03 8.46E-04
11.1 - 3.70E-04 8.06E-03 8.51E-04
14.8 2.50E-02 5.45E-01 1.45E-01
15.9 1.76E-01 3.83E+00 2.99E+00
16.9 9.82E+01 2.14E+03 2.13E+03
17 1.18E+02 2.57E+03 4.31E+03
17.1 1.39E+02 3.03E+03 4.57£+03
17.2 . 1.61E+02 3.51E+03 4.79E+03
17.3 1.83E+02 3.99E+03 4.79E+03
Concrete ] 0.99 7.90E-02 7.44E-01
(from Saltstone) 1.51 1.06E-01 9.99E-01 - 4.89E-01
231 - 1.25E-01 1.18E+00 2.24E-01
3.21 1.35E-01 1.27E+00 1.05E-01
7.22 1.46E-01 1.38E+00 2.58E-02
95 1.68E-01 1.58E+00 9.09E-02
10.5 1.83E-01 1.72E+00 1.41E-01
14.5 2.87E-01 2.70E+00 2.45E-01
15.5 3.13E-01 2.95E+00 2.45€E-01
23.3 - 5.48E-01 5.16E+00 2.84E-01
24.2 5.75E-01 . 5.42E+00 2.83E-01
24.4 5.83E-01 5.49E+00 3.77E-01
Concrete 1.13 5.60E-05 4.48E-04
(from E-Area) . 2.08 . 1.10E-04 "8.80E-04 - 4.55E-04
: 2.8 1.70E-04 1.36E-03 6.67E-04
6.81 2.20E-04 1.76E-03 9.98E-05
8.11 2.80E-04 2.24E-03 3.69E-04
9.09 3.40E-04 2.72E-03 4.90E-04
11.1 3.90E-04 3.12E-03 1.99E-04
14.1 4. 50E-04 3.60E-03 1.60E-04
15.1 5.10E-04 4.08E-03 4_.80E-04
15.8 5.60E-04 4.48E-03 5.71E-04
22 6.20E-04 4.96E-03 7.74E-05
37 6.70E-04 5.36E-03 2.67E-05
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GAS-WATER RELATIVE PERMEABILITY TEST RESULTS
Unsteady-State Method
Temperature: 72° F

Y

Westinghouse Savannah River Company ° - Length: ' 5;05‘cm

Sample I.D.: Concrete Saltstone 78 Area: ' 11.10 cm2
Porosity: 16.8 percent Viscosity of Water: - 0.988 cp
Specific Permeability Viscosity of Gas: 0.018 cp
to Mater: 1.3e-03 md Differential Pressure GF: 50.0 psi

Differential Pressure WF: 50.0 psi

Cumulative  Cumulative Effective Effective Effective

Cumulative ~ Fluid Gas Water = Permeability Permeability
" Time, Injected - Produced, Produced, to Gas, to Water,
pore volumes pore volumes pore volumes millidarcies millidarcies
Gas Displacing Water
0.990 ° 0.079 - 0.079 - 1.1e-03
1.51 -0.106 - 0.106 - 7.5e-04
2.31 0.125 - 0.125 ~ 3.4e-04
3.21 0.135 - 0.135 - 1.7e-04
7.22 0.146 - ' 0.146 - 3.8e-05
9.50 0.168 0.022 0.146 2.5e-06 - '
10. 0.183 0.038 0.146 4.0e-06 -
14.5 0.287 0.141 0.146 6.8e-06 -
15.5 0.313 . 0.167 0.146 7.2e-06 -
23.3 0.548 0.402 0.146 7.9e-06 -
24.2 0.575 0.429 0.146 7.9e-06 -
24.4 0.583 . 0.437 0.146 7.9e-06 -
Water Displacing Gas
0.035 0.0016 0.0016 - 1.2e-05 -
1.05 0.008 . 0.0080 - 1.6e-06 -
1.99 - 0.011 0.011 - 8.9e-07 -
3.04 0.013 0.013 - 4.5e-07 -
4.03 0.014 0.014 - 2.8e-07 -
4.92 0.015 0.015 - 1.6e-07 -
6.05 0.015 0.015 - 2.5e-09 -
6.86 0.019 0.015 , 4.3e-03 - 7.5e-05
7.95 0.029 0.015 1.5e-02 - 1.4e-04
- 8.71 0.039 - 0.015 2.4e-02 - 1.8e-04
11.8 0.082 0.015 6.8e-02 - 2.0e-04
15.0 0.128 0.015 1.1e-01 - 2.0e-04
16.0 0.142 0.015 1.3e-01 - 2.0e-04

—> 383
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S- S

Unsteady-State Method
Temperature: 72° F

Hestinghouse_Savanﬁah River Company Length: . 4.44 cm

Sample I.D.: Concrete E-Area 7€ Area: ' 10.72 cm2
Porosity: 18.6 percent Viscosity of Water: 0.988 cp
Specific Permeability . Viscosity of Gas: 0.018 cp

to Water: . 1.3e-06 md Differential Pressure GF: 50.0 psi
- Differential Pressure WF: 50.0 psi

Cumulative Cumulative Effective  Effective Effective

Cumulative Fluid - Gas Water Permeability Permeability
Time, Injected Produced, Produced, . to Gas, to Water,

millidarcies
" Gas Displacing Water |

- 1.13 5.6e-05 - 5.6e-~05 - 6.2e-07
2.08 1.1e-04 - 1.1e-04 - 7.3e-07
2.80 1.7e-04 - 1.7e-04 - 9.7e-07
6.81 2.2e-04 - 2.2e-04 - 1.7e-07
8.11 2.8e-04 - 2.8e-04 - 5.4e-07
9.09 3.4e-04 - 3.4e-04 - 7.1e-07

11.1 3.9e-04 - 3.9e-04 - 3.4e-07

14.1 4.5e-04 - 4.5e-04 - 2.3e-07

15.1 5.1e-04 - 5.1e-04 - 7.3e-07

15.8 5.6e-04 - . 5.6e-04 - 9.7e-07

22.0 6.2e-04 - . 6.2e-04 - 1.1e-07

37.0 6.7e-04 - 6.7e-04 - 4.6e-08

_ Water Displacing Gas
0.347 1.1e-04 - 1.1e-04 - 4.0e-06
1.30 1.7e-04 - 1.7e-04 - 7.3e-07
4.02 2.2e-04 - 2.2e-04 - 2.6e-07
8.03 2.8e-04 - 2.8e-04 - 1.7e-07
9.33 3.4e-04 - 3.4e-04 - 5.4e-07
10.3 . '3.9e-04 - 3.9e-04 - 6.8e-07
11.3 . 4.5e-04 - 4.5e-04 - 7.3e-07
12.0 5.1e-04 - 5.1e-04 - 9.7e-07
13.0 5.6e-04 - . 5.6e-04 - -6.9e-07
14.3 6.2e-04 - 6.2e-04 - 5.4e-07

K \ t
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Westinghouse Savannah River Company

Unsteady-State Method
- Temperature: 72° F

File: DRES-92119

4.74 cm
11.32 cm2
2.39 cp
0.018 cp
51.7 psi.
50.0 psi

Effective
Permeability
to Water,

millidarcies millidarcjes

. 3.3e-06
.7e-06
.8e-06 .
.6e-06
.2e-07
.4e-00
.2e-06
.5e-06

Ll i NNwwoo W

.5e-02 .
.0e-02
.8e-~02
.3e-03
.9e-03
.3e-04
.0e-04
. 23-04
6.0e-04
5.9e-04
5.8e-04
5.8e-04

DN = ) N W

Length:
Sample I.D.: Saltstone 4 - Area:
Porosity: 40.6 percent Viscosity of Water:
Specific Permeability Viscosity of Gas:
to Water: 3.7e-06 md -Differential Pressure GF:
‘ : p Differential Pressure WF:
Cumulative - Cumulative Effective Effective
Cumulative - :Fluid Gas o Water Permeability
Time, - Injected Produced, Produced, to Gas,
Gas Displacing Water
0.990 4.6e-05 - 4.6e-05 -
'1.88 9.2e-05 - 9.2e-05 -
3.08 1.4e-04 - 1.4e-04 -
3.80 1.8e-04 - 1.8e-04 -
7.81 2.3e-04 - 2.3e-04 -
8.79 2.8e-04 - 2.8e-04 -
9.82 3.2e-04 - 3.2e-04 -
11.1 3.7e-04 - 3.7e-04 -
14.8 2.5e-02 0.025 - 3.7e~-04 3.7e-06
15.9 0.176 0.176 3.7e-04 - 7.9e-05
16.9 98.2 98. 3.7e-04 5.3e-02
17.0 118 118 3.7e-04 1.1e-01
17.1 139 - 139 3.7e-04 1.2e-01
17.2 161 161 3.7e-04 1.2e-01
17.3 183 183 3.7e-04 1.2e-01
Water Displacing Gas
0.0 96 0.045 -
~0.240 - 0.084 - 0.084
0.287 0.095 - 0.095
- 1.08 - 0.131 - 0.131
1.66 0.146 - 0.146
3.30 0.159 - 0.159
5.00 0.173 - 0.173
7.21 0.192 - 0.192
12.0 0.231 - 0.231
13.3 0.241 - 0.241
17.2 0.271 - 0.271
19.1 0.286 - 0.286
- 26.2 0.342 - 0.342
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EXECUTIVE SUMMARY

New disposal limits have been computed for Vault 4 of the Saltstone Disposal Facility based on
several revisions to the models in the existing Performance Assessment and the Special Analysis
issued in 2002. The most important changes are the use of a more rigorous groundwater flow and
transport model, and consideration of radon emanation. Other revisions include refinement of the
aquifer mesh to more accurately model the footprint of the vault, a new plutonium chemistry
model accounting for the different transport properties of oxidation states III/IV and V/VI, use of
variable infiltration rates to simulate degradation of the closure system, explicit calculation of
gaseous releases and consideration of the effects of settlement and seismic activity on the vault
structure. The disposal limits have been compared with the projected total inventory expected to
be disposed in Vault 4. The resulting sum-of-fractions of the 1000-year disposal limits is 0.2,
which indicates that the performance objectives and requirements of DOE 435.1 will not be
exceeded. This SA has not altered the conceptual model (i.e., migration of radionuclides from the
Saltstone waste form and Vault 4 to the environment via the processes of diffusion and advection)
of the Saltstone PA (MMES 1992) nor has it altered the conclusions of the PA (i.e., disposal of
the proposed waste in the SDF will meet DOE performance measures). Thus a PA revision is not
required and this SA serves to update the disposal limits for Vault 4. In addition, projected doses
have been calculated for comparison with the performance objectives laid out in 10 CFR 6.
These doses are 0.05 mrem/year to a member of the public and 21.5 mrem/year to an inadvertent
intruder in the resident scenario over a 10,000-year time-frame, which demonstrates that the 10
CFR 61 performance objectives will not be exceeded. This SA supplements the Saltstone PA and
supersedes the two previous SAs (Cook et al. 2002; Cook and Kaplan 2003)
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A few recommendations pertinent to the closure concept are in order. Although
degradation of the facility over time was addressed and the performance of a degraded
facility was evaluated, degradation of the clay/gravel drain overlying the vaults was not
considered. Because of the uncertainty associated with the functional life of this drain,
it is preferable from the standpoint of providing reasonable assurance to not have to rely
on its continued function as conceptualized. The primary function of this drain system
is to reduce potential perching of water on the vaults, and perched water has the most
impact analytically on the degraded vault/saltstone scenarios. Therefore, a program of

- rescarch is recommended to investigate alternatives to this system that would serve a

similar purpose. One alternative that has been identified is placing a permeable material
on the top of and around the sides of the vaults, for the purpose of enhancing drainage
of any perched water. Any changes must be fully mvaugatcd in terms of constructibility
and possible adverse affects on performance.

Another consideration regarding the closure concept assumed for this RPA is the
possibility that the concept may be overdesigned. The results of the RPA indicated that
the presence or abseace of the upper moisture barrier was not a significant factor in the
analysis. This observation in part arises from the fact that the clay/gravel drain directly
on top of the vaults was assumed to function indefinitely. There is preliminary evidence
from model simulations that indicate normal infiltration into the facility does not
necessarily significantly increase releases from the SDF. Furthermore, more dilution
water in the near ficld can lower conceatrations of contaminants in water reaching the
aquifer beneath the site. Because the hydraulic conductivity of concrete and saltstone
is the limiting factor on flow through the wasteform in the intact scenarios, the
importance of reducing infiltration th:ough the site is reduced.

One final obsetvanon regarding the possibility of overdesign of the SDF is that
the waterproof polymer coating applicd to the interior walls of the vaults may not be
necessary. Credit was not taken for this design feature of the SDF because of the large
unccrtainty in the cffectiveness and the lifetime of this material. However, the analytical
results do not indicate a need for this coating since releases from the vaults are predicted
to peak thousands of years in the future, cven without considering any retardation of
release by this coating. The waterproof polymer coating may be superfluous for this
facility.

53 DATA AND RESEARCH NEEDS

A number of data and research needs have been identified in the course of
performing the RPA for the SDF. Thesc nceds are directed at improving‘(hc confidence
in the results of the RPA. Because the RPA is to be maintained through time, and thus
is a living document, further jterations of the RPA process will benefit greatly if these
nceds are satisfied.
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Rescarch and testing to improve the quality of data in the arca of hydraulic
propertics of slag saltstonc are nceded. The modcls used in this RPA to simulate
releases of contaminants from saltstone are very sensitive to the value of the saturated
hydraulic conductivity assumed, and there @5 a large amount of unccrtamty associated
with the value that was used. The addition of slag to saltstone resulted in reduced
leaching of Tc-99 and chromium, leading to the hypothesis that hydraulic characteristics
may be altered in addition to chemical characteristics. The saturated hydraulic
conductivity of slag saltstone sbould be measured cxpcnmentally for use in modeling the
relcase from the SDF.

Field measurement over time to determine the degree of saturation of slag
saltstone in the fAeld should also be done to further reduce uncertainties related to long-
term acceptability of performance. The simulations performed in this RPA assumed that
saltstone was near to saturation at steady state. However, if the degree of saturation of
thcmonohthsaﬁcrcunngscvenafcwperoentlessthansaturatxon, it may take a
considerable amount of time to achieve near-saturation, thus, affecting the time-history
profiles of releases. The release rate of saltstone constitueats is very sensitive to the
degree of saturation, because the unsaturated hydraulic conductivity is orders of

-magnitude less than the saturated conductivity, even for small reductions in saturation.

A modcling mvestlgation is also recommended to establish the sensitivity of model results
to initial saturation assumed for saltstone. More sophisticated modeling techniques for
the saltstone/concrete/soil system should also be investigated to provide additional insight
into the long-term performance of the saltstone wasteform.

A further evaluation of the uncertainties in the degraded vaults scenario is
indicated, based on the importance of this analym to peak groundwater concentrations.
Although mulnplc conservatisms are built into the analysis of this scenario in this RPA,
a quantitative evaluation of the effects of thac conservatisms is recommended for future
iterations of the RPA. N

With respect to estimates of dosc to inadvertent intruders, confidence in the
msnluwouldbcinucmdifmotupmkcofTo-%mmeasum from mix of crushed
saltstone and soil. The results of the agriculture scenario involving intrusion into
saltstone are the highest values obtained in this RPA for inadvertent intruders, and the
analysis supporting the results is quite sensitive to the plant-to-soil concentration ratio
for Tc-99. Technetium-99 is believed to be less available from the saltstone-soil mix, but
direct experimental evidence is lacking. Furthermore, the time history of root uptake
should be measured for such a mix, to cvaluate whether the Tc-99 becomes more or less
available over time. '

To cvaluatc the accuracy of the estimated mvcntory of nitrate and radionuclides

in the SDF, multiple measurements of key radionuclides in different batches of LLW

strcams are recommended. The sensitivity of intruder dose estimates to, the inventory
of Sn-126 indicates the desirability of such mecasurements to confirm experimentally
whether the estimated inventory is accurate, and the projected variability.
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Finally, detailed enginecring plans for closure of the SDF must be completed.

These plans will establish the ability to construct the closure as preseatly conceived, and

will also provide a basis for the cost of final closure. As noted in the previous section,

the results of this RPA were inconclusive regarding the need for the upper moisture .

barrier, but suggested the possibility that this barricr may represent an overdesign of the

facility. Further cvaluation of the impact of closurc design on the results should be
undertaken.
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7.5.5 Impact of Cover and Vault Degradation Beyond 10,000 Years

The fractional flux of I- 129 at the water table at 10,000 years is 1.29E-07 mole/yr/mole and rising
as shown in Table A-11 and Figure 7-16. To capture the peak of the flux transient, assuming
hydrologic conditions at 10,000 years persist indefinitely, the simulation run time was extended
to 70,000 years as shown in Figure 7-17 and discussed in Section 7.5.2. Additional simulations
were performed considering continued degradation of the cover system, vault, and Saltstone
contents beyond 10,000 years, with and without consideration of large-scale cracks in Saltstone
due to differential settlement and earthquakes. Table 7-11 summarizes the assumed changes in
hydraulic conductivities and infiltration between 10,000 and 100,000 years for these sensitivity
runs. : - :

.From 10,000 to about 12,000 years, the gravel drainage layer overlying the vault roof is predicted

to completely silt up with fines (Phifer 2004b), producing a significantly lower hydraulic
conductivity. The lower hydraulic conductivity estimate is conservatively assumed to apply over
the entire 10,000 to 25,000 year period in model simulations. Compared to the 5600 to 10,000
year period, the horizontal conductivity for this layer and time period abruptly decreases
approximately 2.5 orders of magnitude, as indicated by Tables A-4 and 7-11. The change
drastically reduces the ability of the layer to drain water off the top of the vault. Without
macroscopic cracks in Saltstone, water ponds over the vault roof from 10,000 to 50,000 years in
PORFLOW flow simulations. The increased hydraulic head gradient driving flow through
Saltstone, coupled with moderately increased Saltstone and concrete conductivities compared to
earlier times, produces a higher fractional flux shown in Figure 7-18 (No Crack curve) due to
post-10,000 year degradation. Flux peaks occur shortly after 10,000 and 25,000 years in response
to step changes in the modeled properties for Saltstone and concrete.

However, under ponded water or positive pressure conditions, large-scale cracks are expected to
preferentially transmit water compared to the surrounding matrix, as discussed in section A-4.
The additional effect of cracks on flow and water table flux was considered in a second sensitivity
run. The physical cracks are predicted to occur at a 30 ft spacing within the plane of the 2D
PORFLOW vadose zone model, which is a typical cross-section of the long axis of the vault. To
approximately estimate the impact of transverse physical cracks, three longitudinal cracks at a
nominal 30 ft spacing were placed in the half-width 2D model as surrogates (Figure 7-19), and
assigned the properties of the vertical drain. Each crack was assigned to one column of grids with
a width of 2 feet and given a porosity of 0.08 to represent the flow properties of a crack with a
width of 2 inches. The presence of cracks in the model prevents water from ponding on the vault
roof, but provides sudden pathways for water to infiltrate the core of the Saltstone waste. The
resulting flux transient for I-129 is shown in Figure 7-18 (Crack curve). A very sharp peak in flux
is observed immediately following 10,000 years, when the cracks suddenly become active in the
simulations. The flux is diffusion-limited, and stabilizes to a much lower value after 1-129 is
leached from Saltstone near the crack faces. A second peak occurs at 25,000 years in response to
increased Saltstone conductivity, similar to the no-crack sensitivity run. At 50,000 years, the
conductivity of Saltstone is assumed to increase by 2 orders of magnitude, and the remalnmg
" inventory flushes from the vault by advection. .

To a large extent, the abrupt changes in flux observed in the simulations including cracks are an
artifact of simulating transport using a sequence of steady-state flow fields. In reality, the flow
conditions would change gradually over time, and the flux transient would be much smoother
than depicted in Figure 7-18. In particular, flux peaks are. expected to be lower in peak
magnitude, but broader in duration.

This study demonstrates the importance of the drainage layer at the top of the vault. The time
over which the layer continues to function could be increased by making the layer thicker.
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Table 7-11. Material Properties and Infiltration Beyond 10,000 Years.

Hydraulic Conductivity TI09 TI10 TI11
and 10,000 to 25,000 25,000 to 50,000 50,000 to 100,000
Infiltration (cm/yr) years years years
Horizontal conductivity
Native and backfilled soil 3.15E+03 3.15E+03 3.15E+03
Drain, bottom 1.77E+06 3.15E+03 3.15E+03
Drain, vertical 3.15E+06 1.06E+06 1.81E+04
Drain, top 3.15E+03 3.15E+03 3.15E+03
Concrete 9.46E-02 3.15E-01 3.15E+01
Saltstone 9.46E-02 3.15E-01 3.15E+01
Vertical conductivity
Drain, bottom 7.16E+03 3.15E+03 3.15E+03
Drain, top 3.15E+03 3.15E+03 3.15E+03
Infiltration 35.81 35.81 40.93
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Figure 7-18. Instantaneous I-129 Fractional Contaminant Flux to the Water
Table (10,000 to 70,000 yrs) Assuming Cover and Vault
Degradation, With and Without Cracks.
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Figure 7-19. Surrogate Longitudinal Cracks in Two-Dimensional PORFLOW
Model Representing Transverse Physical Cracks.
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A.4 Impact of Macroscopic Cracks on Saltstone Vault 4 Performance

Vertical cracks or fractures spanning the entire Saltstone Vault 4 width and height are predicted
to occur at 30 ft intervals, coinciding with construction joints, in response to static setttement and
earthquakes. For the assumed properties of saltstone (10! cm/s conductivity), the literature
indicates cracks can be neglected when the suction head exceeds approximately 200 c¢m in
saltstone. Such conditions are predicted to occur during the 0-10,000 year period. This conclusion
applies regardless of crack geometry, i.e., open at top, open at bottom, or through-crack.

A.4.1 Introduction

Peregoy (2003) analyzed the structural behavior of Saltstone Vault 4 in response to forecast static
settlement and earthquakes. Approximately vertical cracks or fractures spanning the entire Vault
4 width and height were predicted to occur at 30 ft intervals, coinciding with construction joints.
In the structural simulations, these macroscopic cracks were observed to open at either the top or
bottotn, while remaining in close contact at the opposite end of the fracture face, the latter
forming a “hinge” of sorts. The cracks developed gradually over time (Peregoy 2003, Figure 9,
Figure 10 and Table 2). Predicted mean crack sizes are summarized in Table A-20.

Table A-20.  Summary of mean crack sizes at specific times.

Cracks open at bottom

Time (yr) ' Crack width at open end (in) Average width (in)
100 006 . 0.03
500 ' 0.18 ‘ 0.09
’ 1000 ' 0.30 ‘ 0.15
2500 0.63 031
5000 ‘ LS o 0.58
10000 : 2.18 - 1.09
Cracks open at top |
Time (yr) Crack width ét‘Open end (in) Average width (in) V
100 0.01 ' 0.004
500 0.03 ' 0.015
1000 - 0.06 0.03
2500 016 008
5000 031 0.16
10000 | 0.62 0.31
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Under a positive pressure condition, cracks or fractures in the saltstone monolith would be liquid-

filled and form preferential pathways for infiltrating water compared to the surrounding low
‘permeability matrix (10™"' cm/s). Under negative pressure or suction, the impact of cracks on
saltstone performance is not immediately clear. The purpose of this Section is to assess the effect
of macroscopic cracks on moisture movement through Saltstone Vault 4 under a range of
hydraulic conditions and crack dimensions.

s

A.4.2 Flow Regimes

Water flow through a rough walled crack in a porous medium occurs in at least three distinct
regimes:

1. Saturated flow, that is, liquid completely filling the aperture.

2. “Thick” film flow on each crack wall, where water is present as a film eomplerely filling
~surface pits and grooves and the air-water interface is relatively flat.

3." “Thin” film flow, where water recedes into surface pits/grooves by capillary forces and
adheres to flat surfaces by adsorption.

- The saturated flow regime occurs at positive or very slightly negative pressures. The “thick” and
“thin” film flow regimes occur at increasing negative pressures or suction in the surrounding
porous medium. Each flow regime is analyzed separately below in the context of a uniform crack
width.

An implicit assumption in these analyses is that the source of liquid to the crack is steady rather
than episodic/transient, and that the resulting fracture flow is steady. Unsteady fracture flow has
been observed at laboratory scale and inferred at field scale (Persoff and Pruess 1995; Su et al.
2001; Nativ et al. 1995; Fabryka-Martin et al. 1996; Pruess 1999). At laboratory scale, unsteady
flow appears to be associated with relatively low suctions in a variable aperture setting. Under
these conditions, water fills the smaller apertures while larger apertures are desaturated. At field
scale (e.g. Yucca Mountain), unsteady flow has been inferred under high matrix suction.
Temporal and spatial variations in infiltration and physical heterogeneity are thought to be factors
~ leading to episodic flow.

The planned Saltstone closure cover system is expected to insulate cracks from episodic rainfall
and lead to a relatively steady influx of water. Saltstone itself is expected to exhibit uniform
properties in comparison with fractured geologic media. Cracks forming from differential
settlement and seismic events are expected to be unsaturated. All of these conditions favor steady
flow in Saltstone Vault 4.

A.4.3 Saturated Flow

The height of capillary liquid rise H between two parallel surfaces of aperrure b is given by
(e.g. Looney and Falta 2000) -

2
H=22 A - (A-20)
Pgb L : .
where o is surface tension, p is liquid density, and g  is gravitational acceleration. In the

- context of a fracture subject to a given pressure P in the surrounding matrix, the aperture will be
liquid filled under the condition ' .
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P>—3bz o (A-21)

where suction is indicated by a negative pressure value (e.g. Wang and Narasimhan 1985) The
equivalent permeability of the fracture is

2
k= [1’_2. (A-22)
and the hydraulic conductivity is
: 2
- _pik = __/ﬁi | (A-23)

where 77 is liquid viscosity. F iguré 1 shows hydraulic conductivity as a function of éperture for .

water at 20°C. Note that even narrow cracks have a high conductivity compared to cementitious
-materials. '

1E+05
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1.E-01 1
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1.E-04 ‘ ST L EPEENELE
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~ Figure A-77.  Hydraulic condubtivity of saturated cracks as a function of aperture.
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A.4.4 Film Flow -

~ When P < —20/b, liquid can no longer span‘ an aperture and the crack will desaturate. For this |

condition, a rough fracture face can be conceptually simplified as a repeating series of vertical flat
surfaces and V-shaped grooves to facilitate further analysis, following Or and Tuller (2000,

Figure 1). At pressures slightly below —207/b, liquid will completely fill a groove and form a

flat liquid-vapor interface. At a sufficiently low pressure, liquid will recede into the comer of the
groove and be retained by capillary forces: Under this condition, the matric potential

pu=—=gH  (A24)

1

determines the radius of the liquid vapor interface in a groove (Or and Tuller 2000, Figure 2):
: o
r(u) ==
PH (A-25)

For a groove of depth L and angle y, the maximum radius accommodated by the groove
geometry is

. : Ltan(y/2)
COS(}/ / 2) . ' (A—26)

The critical pressure defining the transition between flat and cur\'/éd interfaces is
P=-= | (A-27)

and is the result of combining equations (A-24) through (A-26). Thus the three flow regimes
identified earlier occur over the following pressure ranges for the assumed geometry of the
fracture face: ‘ : '

1. Saturated flow: ‘ ' - P > S —
: . o 20
2. “Thick” film flow: ~——<P<———
¥, b
. ) : o
3. “Thin” film flow: P<——
r

Liquid not being held by capillary suction will adhere to the remaining surfaces of the fracture
face as a thin film. Considering only van der Waal forces, liquid adsorption on solid surfaces can
" be characterized by

A 1/3 ,
Mm=fii]” (A-28)
67pu o
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where A is film thickness and A,,; is a Hamaker constant.

Liquid held in groove corners by capillary suction and adhering as a thin film to remaining
surfaces flows downward under the force of gravity. Or and Tuller (2000) present a detailed
analysis of the. liquid area and average velocity associated with corner and film flows, which is
summarized in the Appendix. Figures A-78a and A-78b illustrate equivalent film thickness and
average hydraulic conductivity for a representative “rough” fracture surface (Or and Tuller 2000,
Figure 6a). The critical matric potential defining the transition between “thick” and “thin” film
flow is g, =-0.22 J/kg or approximately 2 cm of suction head. A discontinuity in film thickness

is observed in Figure 6a at this matric potential.
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A.4.5 Application to Saltstone V:iult 4

Under saturated flow conditions, the thickness of saltstone transmitting the same flow as a
saturated crack under the same hydraulic gradient is

K v kb ’ .
D saltstone = K_cracj___ (A-29)
saltstone

~ where b is the aperture and K, is defined by Figure A-77. For the assumed Saltstone Vault

‘4 hydraulic conductivity of 10_1>1 cmy/s, even a small crack is significant because of the extreme
conductivity contrast. During the 10,000-50,000 year period, Saltstone Vault 4 is predicted to
experience ponding on the upper surface. Cracks should be considered under these positive
pressure conditions.

Similarly, the equivalent thickness of saltstone for unsaturated flow is

2K ;D4

Dsaltstone = K (A-30)

saltstone

. where the factor of two results from consideration of flow down both sides of the crack, D 4 the

average film thickness (e.g. Figure A-78a), and K 4 is average conductivity (e.g. Figure 2b).

Figure 3 defines the suction head required to desaturate a fixed width crack and the equivalent
saltstone thickness, for the aperture conditions assumed in Figure A-78.

For example, at a suction of 100 cm, cracks larger than 6x107™ inches will be unsaturated
according to equation (A-27). Therefore the exact geometry of the crack, i.e. open at top or
bottom, has little impact on the end result. The equivalent saltstone thickness, assuming a
conductivity of 107" cm/s, would be about 3 ft. At lower suctions, the equivalent thickness
increases rapidly. Conversely, thickness rapidly decreases at higher suction. During the 0-10,000
year period, Saltstone Vault 4 is predicted to experience a suction of around 1200 cm. At this

~107> ft from Figure A-
79). An informal sensitivity study that varied groove depth (L), angle (), and spacing ( f in

Or and Tuller (2000)) indicates this conclusion is not sensitive to the particular values assumed in
"Figure A-79.

suction, unsaturated crack flow is predicted to be negligible (D, c/one
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Figure A-79. ' Minimum unsaturated aperture and equlvalent saltstone thlckness for film flow
down crack faces.

Ad.6 Conclusrons_

Macroscopic cracks forming in Saltstone Vault 4, whether pinched at top or bottom or through-
wall, can be neglected when the suction head exceeds approximately 200 cm. Such conditions are
predicted to occur during the 0-10,000 year perxod At lower suction or positive pressure
conditions, crack flow may be significant.
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A.4.7 Details from Or and Teller Reference

The key equations and relationships needed to reproduce 'Figui'e 6a in Or and Tuller (2000) are

summarized below:

Matric potential

P
u=—=gH
P

Film thickness adsorbed to surface under tension

1/3
A Vi
h(u) = [L}
67p1L

() =—-Z-
pu

Corner radius under capillary retention

Critical matric potential
Y _ ocos(y/2)
¢ pLtan(y/2)
. Critical radius of curvature (r <r,)
. _ _Ltan(y/2)
cos(y/2)
Corner area for u <y,

A (p) = ”(ﬂ)z[tan(

.Corner area for y >y,

1 _z(180-7)
v/2) .360 :

Acy = L tan(y /2)
Film area for u < u,

| ) L rw
Ap (1) = h(ﬂ){ﬂL * 2[cos(%/ 2) tan(y/2) :|}

Film area for p 2

Apa (1) = h(p){BL +2(1 - 5) L tan(y / 2)}
~ Smooth vertical surface film flow (Tokunaga and Wan 1997; Or and Tuller 2000)

=P8 )2
o 3n
Corner vertical flow (Or and Tuller 2000)
' V= P r?
en
where : :
+
&= exp[b dy :|
l+cy

andb = 2.124, ¢ =—0.00415 and 4 = 0.00783 for 10° < y <150°.
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Hydraulic conductivity

, K=v
Average hydraulic conductivity (velocity) for u < u,
_ KpAp +KcAnS
. . A Fl + ACI
Average hydraulic conductivity (velocity) for p 2 1, -

\ : _ KFAFZ +KCAcz§

K4

K4

Apy +Acy
Width of representative surface clement .
W = AL+ 2Ltan(y/2)
Effective film thickness . '
' : _Ap+Ac
W

D
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ROADMAP TO REFERENCES
REFERENCED i)OCUMENT EXCERPT LOCATION REMARK
Chandier 2004 X-SD-Z-00001, Revision 2 Attachment This attachment shows both the limits

8.1 enclosed following response.

mentioned as well as documents their
bases.

Cook, et al. 2005

WSRC-TR-2005-00074, Revision 0, Table
A-9 enclosed following response.

Cozzi, 2004

WSRC-TR-2004-00477, Revision 0,
Section 4.0 enclosed following response.

This test report concludes that Saltstone
containing Tank 48 material passes TCLP

| tests. :

| Cozzi and Zamencnik 2004

WSRC-TR-2004-00749, Revision 0.

The Task Technical and QA Plan identifies
benzene as a known decomposition
product of TPB salts.

Cozzi, etal. 2005

WSRC-TR-2005-00180, Revision 0,
i Executive Summary enclosed following
response.

The highlighted text indicates the
decomposition of the KTPB in the Tank 48
simulant as well as the decomposition rate
dependence on temperature.

DOE 2005

DOE-WD-2005-001 dated February 28,

response.

2005, Section 7.2.3.14 enclosed following

The indicated paragraph demonstrates that
the first step in performing a safety
analysis is the CHA Process.

Mahoney, et al. 2004

CBU-PED-2004-00027, Revision 0,
Sections 9.4, 10.1, and 10.2 enclosed

These sections demonstrate the variability
of options (and consequently schedule) for |

following response. Tank 48 material processing. Regardless-
- of the option selected, however, the
establishment of limits for Saltstone will
be completed prior.
- APPROVED for Release for
7/15/2005 '
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WSRC 2004

WSRC-SA-2003-00001, Revision 2,
Section 3.4 and 3.4.1 enclosed following
response

This section of the DSA states that the
CHAP only identified an explosion in the
SFT as a high-risk event. The basis of that
CHA was the Time-to-LFL calculation for
the SFT, which is also the basis for the
Tank 48 organic limits referenced in
(Chandler 2004).

WSRC 2005

ENG.08, Revision 2 Sections 5.2-5.3 and

Attachment 7 enclosed following response.

These attachments detail the process of
WAC revisions including the review and
approval by the receiving facility’s:
management,

7/15/2005
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9.3.2  Risks

Planning Baseline

The risks associated with salt tank characterization are as follows:

The model has a number of assumptions about how supernate behaves when it is
drained. To date, the draining process has been successfully completed on only one
tank, Tank 41. There is some limited data available from Tank. 3, but the Tank 3
draining process was not completed. Based on data obtained from Tank 41, the model
assumptions have been adjusted. However, how well the assumptions will work for
other tanks is unknown at this time. A model uncertainty evaluation is in progress.
The model does not predict the concentration of constituents other than Cs-137.
These must be determined or estimated from other data. There is a risk that some
other constituent will exceed Saltstone WAC llmxts These risks will be mitigated by
the enhanced characterization program : &

—>9.4 Tank 48 Disposition by Aggregatlon

The Recommended Case assumes the disposition path for Tank 48 is to aggregate this
‘waste along with other waste going to Saltstone such that the radionuclides meet
‘Saltstone limits. The main radionuclides of concern are Cs-137 and actinides.

The risks of aggregation of Tank 48 waste are as follows:

A new permit with considerably higher limits is required. The Cs-137 concentration
in Tank 48 waste is currently 1.7 Ci/gal Cs-137."? Plans are to aggregate this waste
with other wastes so that the combined concentration is less than 0.2 Ci/gal Cs-137,
with an alpha emitter concentration of less than Class C (100 nCi/gm in the grout).
However, this is well in excess of the current Saltstone permit and also in excess of
Class A for alpha emitters. SCDHEC has previously stated they are reluctant to
approve a permit with greater than Class A limits. Although the focus of the
SCDHEC statements was total curies, not alpha concentrations, there is a risk that
SCDHEC will not grant a permit that allows Cs-137 or alpha concentrations high
enough. For example, if Saltstone is limited to Class A limits for alpha emitters (10
nCi/gm), aggregation of Tank 48 waste in a reasonable period of time is not feasible.
The tetraphenylborate and other constituents in Tank 48 waste may cause
unacceptable releases from Saltstone. Toxicity Characteristic Leach Procedure
(TCLP) tests have already been conducted for benzene releases from Tank 48 waste.
Preliminary results indicate that all benzene TCLP results are well below regulatory
limits. Measurements for nitrobenzene and mercury continue. ¥ There is a risk these
tests will be unacceptable. There is also a risk that benzene releases will cause
flammability or toxicity concerns in the area of the vault. When test results are
available, a safety basis review of aggregating Tank 48 waste in Saltstone will be
conducted to identify any modifications required.

A revision to the Tank Farm Documented Safety Analysis (DSA) will be required.
There is a risk that flammability concerns will lead to modifications being required
for Tank 50, Low Point Pump Pit and associated transfer paths
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evaluation is currently in progress to assess the impact of the DSA revision for trapped
gas retention in slurried sludge on the overall siudge processing life-cycle.

/
/

10. Opportunities

* There are a number of opportunities for improving the schedule or recovering from
schedule problems, which are described in this section. '

~—§ 10.1 Tank 48 Disposition by Thermal and Chemical Degradation :

The Planning Baseline for Salt Processing, which was described above, is to aggregate
Tank 48 waste with other wastes going to Saltstone so that the resulting waste meets
revised Saltstone WAC, DSA and permit requirements. However, there are a number of
risks to this approach. '

The backup case is to degrade the tetraphenylborate in Tank 48 using a combination of a
catalyst (most likely palladium) and elevated temperatures. The degradation products
from this operation, mostly benzene, are released into the vapor space and purged from
the tank by the tank’s ventilation system. The goal of the process is to reduce the
tetraphenylborate inventory to a level that is acceptable for the Tank Farm DSA, about
400 grams." Once the inventory is reduced to this level, the waste in Tank 48 can be
treated as normal Tank Farm waste, i.e. it can be evaporated or mixed with other wastes.
(Note that degradation may be beneficial even if it is not possible to reduce the
tetraphenylborate inventory to less than 400 grams because it could be used to reduce the
amount of tetraphenylborate being sent to Saltstone).

Research and development to support this case is currently underway. Preliminary results
have not yet identified a combination of palladium catalyst and elevated temperature that
will be sufficient to degrade the tetraphenylborate. There are a number of risks.

The risks of thermal and chemical degradation are as follows:

e It might not be possible to find conditions that will cause degradation at a rate high
enough to adequately degrade the tetraphenylborate in a reasonable amount of time
but not exceed safety limits in Tank 48. The desired rate is about 2 — 7 mg/L/hr.
Research is currently ongoing to determine a method for achieving this degradation
rate. :

e Purposely raising the degradation rate in Tank 48 presents safety hazards. If the
reaction were to get out of control, it could cause flammable vapors in Tank 48. The
plan currently assumes that the costs of controls to mitigate this hazard are minimal. .
There is a risk that controls would be prohibitively expensive or.burdensome.

e The implementation of this option would result in an estimated 750,000 gallons of
waste in Tank 48 that must be transferred to an evaporator system for.processing.
Though it is expected that the space recovery from evaporation will be high, there is
still a risk on the tank space impact on the Planning Baseline.
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10.2 Other Opportunities for Dispositioning Tank 48 Waste

Even if it is not possible to reduce the tetraphenylborate inventory in Tank 48 to less than
400 grams, thermal and chemical degradation could be beneficially used. Depending on
the results of the ongoing research on degradation, there are a number of possible ways
that degradation could be used to enhance the program:

* Degradation could be performed on Tank 48 before aggregation, reducing the
concentration of tetraphenylborate in the material being sent to Saltstone. This would
mitigate the risks of tetraphenylborate in Tank 50 and Saltstone.

e After most of Tank 48 has been emptied by aggregation, the current plan is to flush
the tank to further reduce the inventory of tetraphenylborate. There is a risk that more
flushing than currently planned might be needed. Degradation could be used at this
point to reduce the inventory of tetraphenylborate and reduce the dlfﬁculty of
returning this tank to Tank Farm sérvice. :

e It may be possible to raise the DSA limit for the tetraphenylborate inventory in Tank
48 as more data on.degradation becomes available.

10.3 Acceleration of MCU Startup

The recommended and back-up strategies show a need for the start-up of MCU operation

in August 2007. This is based upon the need to start-up the MCU to decontaminate higher

+ activity salt solutions on a schedule that supports several of the program objectives that

are described in Section 5. Specifically, the program objectives supported by MCU

start-up in August 2007 are: -

¢ Maintain sufficient space in the Tank Farms to allow continued DWPF Operations

¢ Support Sludge Batch preparation for DWPF

e Provide tank space to support staging of salt solution adequate to feed 5 Mgal of salt
solution to SWPF during the initial year of operation starting in April 2009. ‘

e Ensure that the curies to Saltstone during the lnterlm Salt program are acceptably low
(less than 5 MCi total).

MCU start-up in August 2007 is also supportxve of the followmg key assumption

described in Section 6.

e Process adequate salt solution as LCS and eventually by the ARP/MCU process to
support Tanks 41, 42, 48, 49, 50, and 28 as SWPF feed staging tanks.

Acceleration of MCU startup before August 2007 would benefit the Salt Program in the

following ways:

e It would reduce the number of curies sent to Saltstone as outlined in the Planning
Baseline. Earlier operation of MCU would allow additional Salt batches to be
processed through the MCU instead of being sent directly to Saltstone. The resulting
decontaminated salt solution would then be sent to Saltstone.

e It would provide experience with operating a solvent extraction process on a
production scale prior to operation of SWPF. Application of lessons learned during
the operation of MCU provides risk reduction for SWPF startup and initial operations
(The information will probably be received too late to have a significant impact on
SWPF design). :
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EXECUTIVE SUMMARY

The Savannah River National Laboratory was tasked with determining the benzene generation
rates in Saltstone prepared with tetraphenylborate (TPB) concentrations ranging from 30 mg/L to
3000 mg/L in-the salt fraction and with test temperatures ranging from ambient to 95 °C.'
Defensc Waste Processing Facility Engineering (DWPF-E) provided a rate of benzene evolution
from saltstonc of 2.5 ng/L /h saltstone- (0 9 pg/kg saltstone/h) to use as a target rate of concern
(TRC)?

f—ﬁ[Thc generation of benzene, toluene, and xylenes from saltstone containing a simulant of Tank
48H salt solution has been mecasured as a function of time at several temperatures and
" concentrations of TPB. The Tank 48H simulant contained potassium tetraphenylborate (KTPB),
the decomposition products (phenol, biphenyl, and benzene), and diphenylmercury in addition to
inorganic salts. The saltstone slurries were prcparcd from blends of the Tank 48H simulant and
DWPF recycle sunulantJ

The purpose of this interim report is to provide DWPF-E- with a brief description of the
methodology and an indication of the.trends of benzene evolution. The data presented are to be
used by DWPF-E for preliminary calculations with the knowledge that more data are being
collected and may alter the final results. A more complete description of the methods and
— materials will be included in the final report.['l"he benzene evolution rates approximately follow
an increasing trend with both increasing temperature and TPB concentration. The benzene
generation rates at 95 °C from 1000 mg/L and 3000 mg/L. TPB simulant exceeded the recovery-
adjusted 0:9 ug/kg saltstone/h TRC (2.5 ug/L saltstone/h), while all other conditions resulted in
benzene generation rates below this TRC (except for the initial rate from tests at 75 °C and 3000
mg/L.).|The toluene evolution rates for at least one sample at cach temperature exceeded the TRC
~initially, but all dropped below the TRC within 2-5 days. The toluene emissions appear to be
mainly dependent on the fly ash and are mdcpcndcnl of the TPB level, indicating that toluene is
not generated from TPB.
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A.2.6 Molecular Diffusion

The molecular diffusion coefficients selected for use in this investigation were established by
material type, and are listed below in Table A-9. These values are not expected to vary
significantly as the material hydraulic properties in some zones and no attempt was made to re-
define them as such changes occurred. The selected values are consistent within the range of
diffusion coefficients reported for ionic solutes in porous media (Domenico and Schwartz, 1990).

The values selected for Saltstone and concrete are near the lower end of this range, as one would -

expect. .
_ > Table A-9. Molecular Diffusion Coefficients
Molecular Diffusion Coefficients

Porous Media | cm?/sec ) cm?/year
Native/Backfill Soil : 5.E-05 ‘ 1.58E+02
Drainage Layer =~ ~ 5.E-05 1.58E+02
Saltstone - 5.E-09 1.58E-01
Concrete " 1.E-08 . 3.15E01

A.2.7 Initial and Boundary Conditions

* For the first time period (0 to 100 years), an initial amount of 1,000,000 moles of the parent
radionuclide is placed in the Saltstone, from NX = 4 to 64 (0.75 to 99.25 ft) and NY = 33 to 61
(42.0 to 65.75 ft). The height from 65.75 to 66.75 ft is clean pour (i.e., concrete containing no

- waste). The thickness of the third dimension is 1.0 cm. The porosity of Saltstone is 0.42.
PORFLOW sets the initial concentration in the pore water at every node of the “waste™ zone to be
equal. From PORFLOW output, this concentration for nitrate is 1.1138 mol/cm’. Since Q =
CxVx¢pxS = 10° moles and V = 98.5x23.75x30.48 = 2.1734x108 cm?, then S = 0.9836. This is in
good agreement with the average Saltstone saturation pred1cted by- the TIO1 steady-state flow
field.

No-flux boundary conditions for contaminant transport are assumed for the top and both sides of
the modeling domain. No boundary condition is specified for the bottom of the modeling
domain. PORFLOW 5.97.0 has a default algorithm to calculate convective and diffusive ﬂuxes to
the water table.

A.2.8 PORFLOW Transport Runs

Under the initial and boundary conditions, contaminant transport is simulated for the first time

_interval (0 to 100 years). The steady-state flow field is used for the transient-state transport
simulations. Contaminant migration is generally in a downward direction from Saltstone to the
water table. The time-history of the contaminant release to the water table is saved for post
processing. In the post-processing program, the predicted quantity of contaminant release in
mole/yr is divided by the initial amount of 1,000,000 moles to get a fractional release rate (unit =
mole/year/mole parent).

For the second time interval (100 to 300 years), the flow field is represented by a new set of
saturations and velocities. Because the infiltration rate is higher, the saturation at each of the

Rev. 0
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PURPOSE

This procedure documents the requirements for the creation, revision, and use of Waste Acceptance
Criteria (WAC), Waste Compliance Plans (WCP), and Special Waste Compliance Plans (SWCP), and
the responsibilities of each organization when sending waste streams across the interfaces of Luqund
Waste Disposition Pr01ects Waste Solidification Projects, and supporting organizations.

\

SCOPE

This procedure applies to the departmems and facilities in Liquid Waste Dlsposmon Projects, Waste
Solidification Projects, and supporting organizations. .

TERMS AND DEFINITIONS

A. - High Level Waste (HLW) ~ "The highly radioactive waste materia! that results from the
reprocessing of spent nuclear fuel, including liquid waste produced directly in reprocessing and
any solid waste derived from the liquid, that contains a combination of transuranic waste and
fission products in concentrations requiring permanent isolation." {DOE Order 435.1) Most of
the wastes received into the Tank Farms are high-level wastes. However, if the material meets
certain crltena it can be sent to a non-high-level waste treatment facnny, e.g. Saltstone or

Wastewater Treatment.
8. Salt — The soluble fraction of Tank Farm precipitated waste.
C. Sludge — The insoluble fraction of Tank Farm precipitated waste.
D. Waste Acceptance Criteria (WAC) ~ Document describing the requirements hecessary to

accept the transfer of waste streams between facilities such as the Canyons, Tank Farms,
Saltstone, Effluent Treatment, Salt Waste Processing (Future), and DWPF, whose processes
have external interfaces. Each facility typically has a WAC (shown in Attachment 1) or a
document containing the equivalent information to a WAC associated with it.

E. = Waste Compliance Plan (WCP) — Document describing the mathods used to meet the WAC for
the transter of waste streams between facilities such as the Canyons, Tank Farms, Saltstone,
Effluent Treatment, Salt Waste Processing (Future), and DWPF, whose processes have
external interfaces. Each facility typically has a WCP (showri in Attachment 1) or a document
containing the equivalent information to a WCP associated with it.

F. . Special Waste Compliance Plan (SWCP) - Document with the same function of a WCP but
required for the transfer of a Special Waste.

G. Regular Waste (RW) — Waste that has a consistent composition — both the species present,
and their concentrations, are relatively constant over time.

ENGINE \
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WASTE ACCEPTANCE CRITERIA, WASTE COMPLIANCE PLAN, Revision: 2
AND SPECIAL WASTE COMPLIANCE PLAN Page: 4 of 26
5.0 PROCEDURE

51  USE OF WACS, WCPS, AND SWCPS

—— 5.2

. T—> 53

" WACs, WCPs, and SWCPs satisfy the requirements of Department of Energy (DOE) Order 435.1 as

shown in Attachment 6. The DWPF Waste Form Compliance Plan and the DWPF Waste Form
Qualification Report are also included in Attachment 6 as the basis documents for waste certification as
defined in DOE Order 435.1 and implemented through the DOE EM-Waste Acceptance Product
Specifications (WAPS). WACs, WCPs, and SWCPs are used to implement feed acceptance criteria
from a facility’s Safety Basis documents. The sending facility's WCP/SWCP shall control parameters so

-they meet the WAC. The WCP/SWCP for the sending facility may also need to control other

parameters that are not safety or regulatory related (e.g., parameters that affect product quality).

REVISION OF WACS, WCPS, AND SWCPS.

. WACs, WCPs, and SWCPs will comply with the guidelines of Attachment 7, WAC/WCP/SWCP

Development Guidelines. The Engineering Manager for the facility owning the WAC, WCP, or SWCP is
responsible for making sure revisions to the WAC, WCP, or SWCP, with guidance from the FE&D
group, are appropriately developed per Attachment 7. Steps to revise a WAC are described in 5.3 [2].

'STEPS IN WAC PROCESS

This section describes the formal process for creating and revising WACs and identifies the

" organizations responsible for each step. The steps are outlined in a functional flow diagram shown in

Attachment 2. The following subsections describe each step in the diagram of Attachment 2 and should
be used together to complete the process.

[1] New WAC Development/Initial Flowsheet Development

A new WAC development coincides with a new facility 6r process. A new WAC will be
developed for Salt Processing (ARP, MCU, and SWPF) as shown in Attachment 1,

[a]' Receiving Facility and FE&D group develop the initial flowsheet or revise the eXIstlng
flowsheet for the new facility or process (Step 1).

[b] Savannah River National Laboratory (SRNL) performs the appropriate technical
studies, presenting the results of completed evaluations and develops a schedule
and/or provides status updates for future evaluations (Step 2).

[c] Receiving Famhty and FE&D group perform initial impact reviews as descrlbed in
Section 5.5 and Attachment 4 to determine if and how the composition of the
transferred material from the new process will impact both the Receiving Facility and
downstream facilities. The FE&D group documents the impacted facility’'s SSCs
including the receipt tank(s) and transter path(s) and the results of the impact analyses
(Step 3).

[d] Receiving Facility and FE&D group informs all organizations listed in Table 1, including
the impacted facilities’ Facility Manager(s) (FM), of the upcoming transters (Step 4)..
Not all organizations are affected and it will be decided at the initial strategy meeting
which organizations are the stakeholders, i.e, which organizations shouid contmue with
the planning of the new process and resulting waste stream.
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53 - STEPS IN WAC PROCESS - continued

(M

[2]

New WAC - continued

Table 1 - Organizations to Inform for Initial Meetings
H-Canyon Systems Engineering A
F-Canyon Systems Engineering
DWPF Process Cognizant Engineering
DWPF Programs Engineering
' ‘Saltstone Engineering
Effluent Treatment Project — Process Support
' H&F Tank Farms Process Support

Waste Charactenzatlon/Program Support (Field Support Services Business Unit)

(el
[
()

(hl
gl
m

[k]

Program Development and Optimization
Savannah River National Laboratory (SRNL)
Salt Engineering
H-Disposition

F-Disposition

Receiving Facility and FE&D group initiates strategy meeting(s) (Step 5).

. Receiving Facility, FE&D group, and all organizations Iisted in Table 1 identify the

downstream facilities (stakeholders) that will be impacted by the new process and
resulting waste stream (Step 6).

FE&D group ensures that all of the stakeholders are informed of and are adequately
represented during the strategy meeting(s) (Step 7).

During the strategy meeting(s), the Receiving Facility and FE&D group determine the

impacts of the new process and resulting waste stream, impacted SSCs, potential

material composition impacts, and potential schedule impacts (Step.8).

Receiving Facility and FE&D group review the initial flowsheet for the new process and
revise it as necessary (Step 9). ‘

Receiving Facility and FE&D grodp finalize the flowsheet for the new process and

potential new waste streams (Step 10).

Receiving Facility and the appropriate safety group develop and document a new basis
for the DSA/Safety Basis for the new process (Step 11).

WAC Revision

{a]

[b].

As the safety basis is developed, the Receiving Facility begins drafting the WAC (Step
12). (Note: Attachment 8 shows an example WAC cover sheet as described by the
Implementation Checklist development in Section 5.6. The next revision of ali WACs
shall include this WAC cover sheet as well as the Implementation Checklist.)

During the WAC draft development and review, the Receiving Facility and Stakeholders
develop the Implementation Checklist (Section 5.6, Attachment 9, Step 13).
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[2] WAC Revision - continued

(<l
[d]

[e] |

ifl

(9]

[h]
[i]
(]
[k]

U

Receiving Facility, FE&D group, and stakeholders review the draft WAC (Step 14).

LWDP Scheduling Integration Group determines if the schedu'le inputs provided during

. the Strategy Meetings meet the qualification of a formal schedule change input form

(SCIF) (Step 15). The guidelines for a SCIF are found in Reference 7.0 G. If so, the
Receiving Facility and LW Scheduling Integration Group prepare (Step 16} and obtain
approval of the SCIF (Step 17). If not, the Receiving Facility and LW Scheduling
Integration Group obtain approval of the schedule (Step 18) and insert it into the
appropriate Plan of the Week (POW) or Pian of the Day (POD) schedules (Step 19).

Receiving Facility mcorporates comments on draft WAC and Implementation Checkhst
(Step 20).

Waste Generator determines if the new process, waste stream, or WAC requirements
will affect the existing WCPs (Step 21). if the existing WCPs are-affected, refer to
Section 5.4 and Attachment 3 for WCP/SWCP development (Step 22). If the existing
WCPs are not affected, no change in the WCP is necessary. If a deviation was
identified (Section 5.10), the deviation is approved.

Approves the DSA/Safety Basis, if necessary, for new process WACs or changes to the
safety basis (Step 23).

Receiving Facility (DAE) performs a USQ on the new/revised WAC (Step 24).

~ Receiving Facility (DAE) Managers approve new/revised WAC {Step 25).

Receiving Facility (DAE) and all stakeholders complete and approve the
Implementation Checklist by approving the appropriate WCPs, procedures etc. (Step
26). .

Receiving Facility implements WAC and approves waste stream to new/revised
process or facility (Step 27).

Receiving Facility approves or disapproves the transfer of waste stream(s) by revising
the appropriate controlling document (the ERD is the controlling document for the Tank
Farms — Step 29).

STEPS IN WCP/SWCP PROCESS

This section describes the formal process for creating and revising the WCPs and SWCPs and
identifies the organizations responsible for each step. The steps are outlined in a functional flow
diagram shown in Attachment 3. The following subsections describe each step in the diagram of
Attachment 3 and should be used together to complete the process.
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_ : WAC/WCP/SWCP DEVELOPMENT GUIDELINES

e These guidelines document format and content suggestions for WACs WCPs, and SWCPs.

e The information below should be included in WACs, WCPs, or SWCPs to ensure development is based on
sound and defensm!e data.

+ The review cycle for the document should lnclude the appropriate review as specified in Sections 5.4[4] and
5.5.

e AllWAC revisions in LWDP require FOSC review. WSP does not require FOSC review but can provide
FOSC review for WAC revisions, if necessary.

« The originator, technical reviewer, Chief Engineer, and facmty manager, at 2 minimum, must approve the
"~ WAC.

e Approval of WCPs/SWCPs for LWDP must include FOSC review if there is a deviation. WSP does not
require FOSC review but can provide FOSC review for deviations, if necessary.

» To be consistent with liquid waste and waste solidification documents, the format of the WAC/WCP/SWCP
should include eight major sections, labeled:

1.0 PURPOSE
20 SCOPE
3.0 TERMS, DEFINITIONS, ACRONYMS
4.0 RESPONSIBILITIES
5.0 = PROGRAM CRITERIA
6.0 RECORDS
- 7.0 REFERENCES
8.0 ATTACHMENTS

¢ Section 5.0 PROGRAM CRITERIA should contaln the major document content and may include
subsections unique to the specific WAC/WCP/SWCP.

* An example of Section 5.0 subsections for a WAC is as follows:

5.1 General Information
5.1.1  Introduction
5.1.2 Background

5.2 . Prerequisite Programmatic Criteria -

.53 Acceptance Criteria
5.3.1  Physical/Chemical Criteria
. 5.3.2 Radionuclide Criteria

5.3.3 . Nuclear Safety Criteria
5.3.4 Heatload

5.4 Administrative Controls

: 5.4.1  General Documentation

5.4.2 Nonconformances
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ATTACHMENT 7 (Page 2°0f 2)
WAC/WCP/SWCP DEVELOPMENT GUIDELINES

5.4.3 Deviations

e An example of Section 5.0 subsections for a WCP/SWCP is as follows:

5.1 General Information
5.1.1 Introduction
5.1.2 Background
5.2 Prerequisite Programmatic Criteria
5.3 Compliance Plan - :
5.3.1 Physical/Chemical
5.3.2 Radionuclide
5.3.3 Nuclear Safety
5.3.4 Heat Load
5.4 Administrative Controls
5.4.1 General Documentation
5.4.2 Nonconformances
5.4.3 Deviations

The Acceptance Criteria and Compliance subsections should include specific information on scope,
specification, and basis. Criteria which must be met in order to satisfy Safety Basis requirements must be
clearly noted within the WAC/WCP/SWCP. Section 5.3 should specify how the generator plans to meet the
- WAC (e.g. process knowledge sampling, etc.)
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Attachment 8.1: Acceptance Limits for Chemical Contammants in Aqueous Waste
Transferred to Z-Area (page 2 of 2)

Chemical Chemical Molecular WAC Limit Basis
Name Formula Weight (mgiL)
{grams/mole) | ‘
Organic Compounds
Total Organic Carbon ' 5.00E+03 83% of Permit Max
Butanol & Isobutanol C4HyOH .74.12 2.25E+03 75% of DSA value (See Note 3)
Isopropanol C3H;OH . 60.09 2.25E+03 75% ot DSA value (See Note 3)
Methanol CH,0H 32.04 2.25E+02 75% of DSA value (See Note 3)
Phenol CesHsOH 94.11 7.50E+02 75% of DSA value (See Note 3)
Tetraphenylborate B(CsHs) 319.22 - 3.00E+01 | Protects assumplions made conceming
(See Note 1) benzene concentrations in Time-to-LFL
. : calculation for the SFT (S-CLC-Z-00012)
Toluene CgHsCH, 92.13 3.75E+02 75% of DSA value (See Note 3)
Tributylphosphate (C4Hg):PO 218.31 3.00E+02 75% of DSA value (See Note 3)
EDTA (See Note 2) 29225 3.75E+02 75% of DSA value (See Note 3)
Note 1: The rate of benzene generation from TPB and TPB degradauon products shall be

less than 0.092 mllllgrams per liter per hour at 40°C. This is an acceptance limit.

Note 2:

EDTA (ethylene-diamine-tetraacetic acid) formula:

(HOCOCHz)zNCHzCHzN(CHzCOOH)g EDTA is assigned CAS No. 60-00-4 and
is a CERCLA Hazardous Substance.

Note 3:

The DSA values referenced in Attachment 8.1 are those concentrations

evaluated in USQ-SSF-2004-0016. These values will be incorporated into
Revision 2 of WSRC-SA-2003-00001, the “Saltstone Facility Documented Safety
Analysis.”
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« Inthe PVVS, the offgases from the SFT and the exhaust from the SHT Ventilation
System are sent through a HEPA filter. '

« The venturi scrubber in the SHT Ventilation System removes particles and certain
gases from the vented offgases.

" No Z-Area liquid effluents are discharged directly to the environment without passing a

radiological screening. Design features designed to minimize efﬂuent releases to the
environment include the following:

- Liquid process waste from flushing activities and facility drains is collected in the
SFT and returned to the process stream at the saltstone mixer.

» Rainwater can drain into the SFT sump. The sump is analyzed to determine if it is
radioactively contaminated. If the contents are contaminated, they are transferred to
the SFT for subsequent processing into saltstone.

« For the saltstone vaults, leaching and migration of chemicals and radionuclides from
the saltstone monoliths are minimized through design and material selection so that
groundwater at the landfill boundary will not exceed Environmental Protection
Agency drinking water standards.

. Groundwater monitoring wells are installed and monitored to detect contamination.

3.3.2.3.5 ACCIDENT SELECTION

DOE-STD-3009-94 (Ref. 2), Section 3.3.2.3.5 requires at least one bounding accident from
each of the major types determined from the hazard analysis should be selected unless the
bounding consequences are Low. K

Since the consequences for the SFT explosion event were qualitatively determined to be ngh
this event was selected for quantitative analysis.

34 ACCIDENT ANALYSIS

Section 3.3 discusses the process by which potential events are screened in order to identify
those that require further, quantitative accident analysis. This section describes the
methodology used to analyze these accidents, and presents the final results of the analysis. As
a result of the initial CHA performed for the Saltstone Facility, only one postulated event,
Explosion in the SFT, was binned as a high-risk event for radiological and chemical hazards
(Region A). Per DOE-STD-3009-94, this event was selected for a more formal, quantitative
accident analysis. The bounding accident scenario addresses a detonation of the SFT due to
the presence of benzene in the vapor space. The resulting explosion fails the tank, and
hazardous material is released to the environment.

Based on the results of the CHA, this accident analysis conservatively bounds the
consequences of any credible event that could occur at the Saltstone Facility. Prior to it being
processed into grout and pumped to the vaults for permanent disposal, salt solution is the only
hazardous material stored in Z-Area. The largest inventory of salt solution in Z-Area is
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contained in the SFT. Once formed into saltstone, the radionuclides and toxic chemicals in the
salt solution are immobilized and isolated from the environment by the stability of the material
and the design of the disposal vaults. Saltstone grout is not considered a hazardous material
and is not subject to rapid dispersion in case of a catastrophic failure of a vault. Therefore, the
highest consequence accident involving the contents of the SFT is considered the bounding
accident scenario for the Saltstone Facility:

3.4.1 Methodology/Scenario Development -

Accident analysis for the Saltstone Facility began with the development of the bounding
accident scenario. A source term was then determined using phenomenological calculations.
Once the source term was developed, the radiological and toxicological consequences were
determined using computer programs. Finally, the consequences were compared to the EGs to -
determine if safety-related SSCs and Administrative Controls are required. Per DOE-STD-
3009-94, detailed accident quantification is not required for HC-3 facilities. Therefore, a
graded-approach was taken during the development of the bounding accident analysis, which

- simplified the development of the source term and consequence analysis.

A detonation of the SFT is postulated to occur due to the presence of benzene vapor in the
tank’s vapor space. During the processing of high-level waste in the In-Tank Precipitation
Facility, sodium tetraphenylborate was used to remove cesium from the waste. Operation of
this facility and the ensuing recovery of Tank 49H resulted in the accumulation of
tetraphenylborate (TPB) solids (primarily potassium TPB) in Tank SOH, which is the feed tank
to the Saltstone Facility. Therefore, measurable quantities of TPB are present in the salt
solution that is transferred to the Saltstone Facility for treatment and disposal. TPB (both
soluble and insoluble) slowly undergoes hydrolysis in the salt solution to produce benzene.
For the bounding accident scenario, it is assumed that sufficient benzene can be generated in
the waste such that the Lower Flammability Limit for benzene is exceeded in the SFT vapor
space.. The flammable vapor composition subsequently leads to an explosion that serves as the
initiator for the bounding accident, which mvolves the release of salt solution stored in the SFT
to the environment.

The bounding accident scenario makes the following assumptions:
. An eXpleion occurs in the SFT to initiate the event.

o The SFT explosion is conservatively assumed to occur once in the lifetime of the facivlity
~ (i.e., event frequency is Anticipated). : :

¢ Bounding radionuclide concentrations shown in Table 3.6-6 and bounding chemical
concentrations shown in Table 3.6-7 were used to establish source term and consequence
analysis for the bounding accident scenario. All radionuclides and chemicals are assumed
to be at their bounding concentrations simultaneously. The concentrations of radionuclides
and chemicals in the actual salt solution that will be treated in the Saltstone Famhty are
much less than the concentratlons used in the accident analysis.

3-16
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e No credit is taken for operator intervention to prevent the explosion or mitigate the
resulting spill of hazardous material.

e No credit is taken for secondary containment provided by the concrete dike sutrounding the
SFT. '

e No credit is taken for any installed equipment or procedures that could prevent the
explosion or mitigate the consequences of the explosion.

e The density of the salt solution in the SFT is assumed to be 1000 kg/m®, which is the
density of water. Using a lower than normal density for the salt solution results in a shght
over prediction of the source term and consequence.

e In order to produce the maximum s source term, it is assumed that a stoichiometric benzene
concentration exists in the SFT vapor space at the time of the explosion.

e The predominant flammable vapor in the SFT is benzene. - Other flammable vapors may be
present, but their quantities are considered insignificant. Although hydrogen will be
present in the vapor space due to radiolysis of water, the explosion of stoxchlometnc
benzene bounds the hydrogen explosxon

e The height of the sloped bottom on the SFT is combined with the helght of the right-
circular cylinder portion of the tank to maximize the calculated tank vapor space. By doing
this, the maximum volume of the SFT is assumed to be 29 m’.

e Any flammable vapors located in the vapor space of the SSHT do not contribute to the
amount of energy released by the SFT explosion.

e For the radiological source term and consequence analysis, a 3-minute plume duration is
assumed for the explosion event.

e For the chemical source term and consequence analysis, a 15-mmute plume duration is
assumed for the explosmn event.

e Onsite dispersion factor (x/Q) at 100 meters is 1.0x10” sec/m’.

e Offsite x/Q at 10.9 km is 2.63x107 sec/m’.

3.4.2 Source Term Analysis

The source term (ST) is a measure of the amount of material released to the environment
during a postulated event. Thus, the source term units are typically units of mass or volume

. (grams, gallons, etc.). The release of radioactive material due to a tank explosion occurs in two
cumulative phases. The initial phase considers the result from the explosion of the tank itself. -
The second phase is the aerodynamic entrainment of material as ambxent wind conditions
resuspend the released radioactive material pooled outdoors.

3-17
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Pursuant to Part 835, activities at SRS, including disposal operations at SDF, must be conducted
in compliance with the documented RPP for SRS as approved by DOE. The key elements of the
RPP include monitoring of individuals and work areas, control of access to areas containing
radiation and radioactive materials, -use of warning signs and labels, methods to control the
spread of radioactive contamination, radiation safety training, objectives for the design of
facilities, criteria for levels of radiation and radioactive material in the workplace, and continually
updated records to document compliance with the provisions of Part 835. The RPP also includes
formal plans and measures for applying the ALARA process.

The requirements of Part 835 as contained in the approved RPP are incorporated in the WSRC’s
Standards and Requirements Implementing Document system. The Standards and Requirements
Implementing Document system links the requirements of Part 835 to the site-level and lower-
level implementing policies and procedures that control radiological work activities conducted

- across the site. These requirements are primarily contained .in the WSRC 5Q Manual,
Radiological Control, and its lower tier manuals, e.g.,, WSRC 5Ql.1, Radiation and
. Contamination Control Procedures Manual, and WSRC 5Q1.2, Radiation Monitoring
i Procedures Manual. These procedures control the planning of radiological work, the use of
radiation monitoring devices by employees, the bioassay program, the air monitoring program,
the’ contamination control program, the ALARA program, the training of general employees,
“radiological workers, Radiological Control Inspectors, and health physics professionals and
technicians, and the other aspects of an occupational radiation protection program as requ1red by
Part 835.

7.2.3.14 Documented Safety Analysis

A DSA [43] has been approved by DOE for operation of SPF and SDF in accordance with 10
——> CFR Part 830. As the first step in the development of the DSA, a formal Consolidated Hazards
Analysis (CHA) [44] was performed at the Saltstone Facility to evaluate. the potential risk of
operations to the workers and the public. The CHA was performed by a group of approximately
20 subject matter experts; with expertise in the fields of operations, engineering, industrial

hygiene, radiological protection, environmental compliance, and maintenance.

The CHA consisted of three basis phases: hazard identification; hazard classification; and hazard .
evaluation. During the hazard identification phase, all possible radiological and chemical
hazardous materials associated with the normal and abnormal operations of the facility were
identified, along with all potential energy sources available to disperse the hazardous materials to
the environment. ‘

During the hazard classification phase, the maximum quantities of hazardous materials possible
in the Saltstone Facility are evaluated against the criterion listed in DOE-STD-1027-92, Hazard
Categorization and Accident Analysis Techniques for Compliance with DOE Order 5480.23,
Nuclear Safety Analysis Reports, to determine the overall hazard classification of the facility. It
was determined by the CHA team that the hazard classification of the Saltstone Facility was
Hazard Category 3, which is the lowest hazard classification and denotes a potential for only
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localized consequences to workers at the facility and no potent1al for significant consequences to
other workers at the site or to members of the public.

During the third and final phase of the CHA, all possible normal and abnormal operational events

_that could result in exposing facility. workers or the public to hazardous material were evaluated
to determine the magnitude of the risk. During this hazard evaluation phase, the consequence and
frequency of each operational event was qualitatively determined, and the resulting level of risk
was identified. The purpose of identifying the level of risk was to determine which operational
events posed some level of risk (and thus required additional evaluation) and those events which
presented negligible risk to the facility workers and public. As a result of the hazard evaluation
for the Saltstone Facility, all normal operational events were determined to present negligible risk
to the workers and public (i.e., exposure < 5 rem to facility workers), and were thus removed
from further evaluation. For purposes of this CHA, the waste inventory and curie concentrations
were assumed to be greater than currently planned for the DDA, ARP/MCU, and SWPF streams.

The DSA analyzed the hazards that were identified in the CHA that could impact facility workers
during normal operations and accident conditions, and specifically included radiation exposure
hazards. The DSA identified the basis for derivation of the Saltstone Facility Technical Safety
Requirements (TSR) [45] and also discussed summary descriptions of the key features of safety
management programs at SRS as they pertain to SDF.

~ The Saltstone Facility TSR document identified the administrative controls that are necessary to

achieve safe operations at SDF. In part, .these TSR administrative controls require: (1) that a
facility manager be assigned who is accountable for safe operation and in command of activities
‘necessary to maintain safe operation; (2) that personnel who carry out radiological controls
functions for SDF have sufficient organizational freedom to ensure independence from operating
pressures; (3) that SDF personnel receive initial and continuing training including radiological
control training; and (4) that an RPP shall be prepared consistent with 10 CFR Part 835. The
DSA determined that the administrative controls identified in the TSR are sufficient to ensure
worker protection in accordance with 10 CFR Part 835. ' '

In addition, the design requirements for SPF and SDF implemented 10 CFR Part 835 [46] and, in
particular, implemented ALARA principles. The design is currently being upgraded to reflect the
radionuclide concentrations in the low-activity waste streams to be received at SPF and SDF
from pianned Interim Salt Processing facilities and SWPF. While the upgraded design is not yet
complete, based on the current SPF and SDF design, it is estimated that occupational exposures
for SPF and SDF workers will be at least an order of magnitude lower than the 10 CFR Part 835
‘dose limit of 5 rem per year during both Interim Salt Processing and SWPF operation.

7.2.3.15 Radiological Design.for Protection of Occupational Worlr<ers and the Public
New SRS radiological facilities and facility modifications including the ongoing Saltstone

Facility modifications are designed to meet the requirements of 10 CFR 835 Subpart K, Design
and Control [47]. SRS Engineering Standard 01064, Radiological Design Requirements [40],
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provides the requirements necessary to ensure compliance with 10 CFR Part 835. The standard.
refers to 10 CFR Part 835, DOE orders, DOE standards, DOE handbooks, national consensus
standards, SRS manuals, SRS engineering standards, SRS engineering guides, and site operating
experience in order to meet the 10 CFR Part 835 specific requirements and additional
requirements to ensure the design provides for protection of the worker and the environment.

The standard covers the full spectrum of radiological design requirements and not just radiation
exposure limits. The following are the specific areas addressed in the standard: radiation
exposure limits; facility and equipment layout; area radiation levels; radiation shielding; internal
radiation exposure; radiological monitoring; confinement; and ventilation. 4 )

The design requirements for several of the important sections of the standard are highlighted in
order to understand the design limits and philosophy for SRS designs. The first area of interest is
the radiation exposure limits. The following is an excerpt of the standard which presents the
exposure limits and philosophy for both external and internal radiation exposure.

“During the design of new facilities or modification of existing facilities, the
design objective for controlling personnel exposure from external sources of
radiation in areas of continuous occupancy (2000 hours per year) shall be to
maintain exposure levels below an average of 0.5 mrem per hour and as far below
this average as is reasonably achievable. The design objectives for exposure rates
for potential exposure to a radiological worker where occupancy differs from the
above shall be As Low As Reasonably Achievable (ALARA) and shall not exceed
the external limits in Table 5-1. Regarding the control of airborne radioactive
material, the design objective shall be, under normal conditions, to avoid releases
to the workplace atmosphere and in any situation, to control the inhalation of such
material by workers to levels that are ALARA; confinement and ventilation shall
normally be used [6.3, 6. 12] Table 5-1 summarizes the design basis external
‘ radlatlon exposure 11m1ts '

Design Basis Annual Occupational Radijation Exposure Limits

Type of Exposure : Limit (rem)
Whole Body TEDE 1.0
Internal CEDE ' 0.5
Lens of Eye . 3
Extremity 10
Any Organ (other than eye) or 10

Tlssue

To meet the Site’s no deliberate intake policy, engineered controls will be
evaluated and implemented to ensure that, under normal operating conditions, no
worker will receive a deliberate intake of radionuclides (i.e., CEDE=0 rem). As a
result, the TEDE limit will be independent of the CEDE limit. The 0.5 rem
- CEDE limit in Table 5.1 is to be applied to potential intakes from anticipated
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potential releases or anticipated off-normal maintenance. Under these anticipated
potential conditions, engineered controls will be evaluated and implemented to -
minimize the potential for workers to receive intakes that will exceed the 0.5 rem
CEDE. This evaluation will not take credit for the use of respiratory protection.

The dose to any member of the public or a minor exposed to radiation at a DOE
facility shall not exceed 0.1 rem TEDE in a year.”

The facility design also incorporates radiation zoning criteria in order to ensure the exposure
limits presented above are met by providing adequate radiation shielding. Areas in which non-
radiological workers are present are assumed to have continuous occupancy (2,000 hours per
year) and are designed to a dose rate less than 0.05 mrem per hour to ensure that the annual dose
is less than 100 mrem. Other zoning criteria are established to ensure radiological worker doses
are ALARA and less than 1,000 mrem per year to meet the 10 CFR 835.1002 desrgn
requirements.

The design is also required to provide necessary radiological monitoring or sampling for airborne
and surface contamination to ensure the engineered controls are performing their function and, in
the event of a failure or up_s,et condition, workers are warned and exposures avoided.

Radiological protection personnel ensure the requirements of the standard are addressed and
presented in design summary documentation. The incorporation of all the radiological design
criteria in the engineering standard ensures the requirements of 10 CFR-Part 835 are met and the
design provides for the radiological safety of the workers and environment.

7.2.3.16 Regulatory and Contractual Enforcement

Any violation of the requirements in 10 CFR Part 835 is subject to civil penalties pursuant to
 section 234A of the Atomic Energy Act of 1954, as amended, 42 USC 2011 et seq., as

‘implemented by DOE regulations in 10 CFR Part 820. In addition, the requirements in 10 CFR
Part 835 and all applicable DOE Orders are incorporated into all contracts with DOE contractors,
including WSRC, the DOE contractor for disposal operations at SDF as well as other operations -
at SRS. DOE enforces these contractual requirements through contract enforcement measures,
1nclud1ng the reduction of contract fees.

7.2.3.17 Access Controls, Training, Dosimetry, and Menitoring

Training or an escort is required for individual members of the public for entry into controlled
areas. In addition, use of dosimetry is required if a member of the public is éxpected to enter a
controlled area and exceed 0.05 rem per year to ensure no member of the public exceeds radiation
exposure limits [48]. ‘ : '

In addition, worker radiation exposure monitoring is performed for all workers expected to
receive 100 mrem per year from internal and external sources of radiation to provide assurance

: _ February 28, 2005
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4.0 CONCLUSIONS AND RECOMMENDATIONS

Aggregates were prepared with Tank 48H material and either DWPF recycle simulant or
inhibited water with concentrations of 1500, 3500, and 5500 mg/L. TPB. :

Alr entrainment caused by the mixing of the aggregate in the slurry preparation method used
produced a stable structure. the led to premature gelation of the slumes that required admixtures
for remediation.

Processable Saltstone slurry formulatlons were demonstrated with Tank 48H material and both .
DWPF recycle simulant and inhibited water with concentrations of 3500, and 5500 mg/L TPB. It
is expected that acceptable formulation can be prepared with aggregates of 1500 mg/L TPB.
Table 4-1 is the recommended initial processing parameters for the six aggregates tested

Table 4-1. Recommended Initial Processmg Parameters for Tank 48H Aggregates

TPB (mg/L) Water/Premix Set Retarder (Wt %) - Antifoam (Wt %)
1500 -0.60-0.63 0.1-0.2 0.1
3500 0.65 0.2 0.15
5500 0.65 0.30 0.15-0.2

Analysis of the TCLP extracts of the Saltstone prepared from the six aggregates indicates that the
resulting Saltstone is not hazardous for benzene, nitrobenzene, or mercury.

Testing of the fresh Saltstone slurry and cured Saltstone prepared with simulants indicate that the
. neither the fresh nor cured Saltstone is hazardous for ignitability. ‘

After transferring Tank 48H material to Tank 50 and prior to processing through the SPF, Tank
50 should be sampled to verify processability with the recommended processing parameters in
Table 4-1.
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I. INTRODUCTION
A. Task Definition

—=> The operating strategy for processing’at Saltstone is projected to result in elevated temperatures in the
Saltstone vaults over a period of months. The review for this strategy resulted in a review of documentation
for the production of benzene via the decomposition of potassium tetraphenylborate (KTPB) solids at
clevated temperatures for an extended period of time. Initial results of this review indicate that benzenc
could potentially accumulate in the vault vapor space under the strategy. The current Z-Area Safety Basis
does not postulate an explosion in the vaults, and therefore, the Safety Basis does not rcsmct vault
temperatures or TPB concentrations relative to a vault explosion.

An evaluation of prior Saltstone production confirmed that previous facility operation has not resulted in
elevated grout temperatures for extended periods of time (no temperature higher than 51°C and these peaks
lasted for days rather than months). This review combined with previous sampling for benzene in vault
cells provides the basis for the position that there is no imminent hazard at the vaults..

The Savannah River National Laboratory (SRNL) was requested to determine benzene generation rates in
Saltstone prepared with TPB concentrations ranging from 30 mg/L to 3000 mg/L in the salt fraction and test
temperatures ranging from ambient to 95°C'. The request included determination of the effect of surface
area to volume ratio on the benzene generation rate.

A three stage approach will be used to meet these objectlves In the first stage, testing will be performed to
select one of several potential methodologies for the collection, recovery and analysis of benzene. The
second stage will entail demonstrating the methodology selécted in Stage I in testing with surrogate
materials. Testing of saltstone prepared w1th actual Tank 48H waste as the source of TPB will take place in
Stage I11.

Materials and Mixes .

The salt solutions to be tested in Stage Il will consist of Tank 48H simulant (as the source of TPB) blended
with a simulant of DWPF recycle material, inhibited water, or other salt solution specified by the customer .
and documented in the Laboratory Notebook ™. Table 1 is the properties for the materials to be blended. The
Tank 48H simulant’ is based on samples of Tank 48H taken in 2003°. The DWPF recycle simulant will
target the average sodium and the maximum anion and mercury content of the Tank 23 and Tank 24
samples taken 100 inches from the tank bottom as reported by Swingle®. Table 2 is the composition of the
DWPF Recycle simulant based on the major components in Reference 4. Any additional constituents will be
specified by the customer and documented in the Laboratory Notebook . The salt solutions will target three
TPB concentrations, 30 mg/L, the estimated concentration of TPB currently in Tank S0H, 1000 mg/L, the
concentration limit of TPB in the Saltstone Processing Facility Documented Safety Analysis (SPF-DSA),
and 3000 mg/L, the expected maximum or bounding TPB concentration in batches made with Tank 48H
waste. Table 3 is the make up of each of the salt solutions.

Table 1. Composition and Properties of Materials for Simulant Makeup.

Material TPB Wt. % Solids Density Mercury
(mg/L) | Undissolved | Total’ (g/ml) (mg/L)
Tank 48H* 18,800 2.18 18.42 1.144 10.3
DWPF Recycle 0 <l 5.09 1.039 14.5* (Tank 24)
simulant (s) : :
Inhibited Water (IW) |- 0 0 0.1 ~1 . 0

T Total solids is used to determine the water:premix ratio used for Saltstone processing.
Table 2. Composition of DWPF Recycle Simulant.

* WSRC-NB-2004-00180 “Benzene Generation in Saltstone”
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 PHYSICAL PROPERTIES OF SILAG SALTSTONE
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SUMMARY

Physical properties of two slag saltstone mixes were measured and
a formulation for cold run-in of the saltstone equipment has been
recommended. In addition, the effects of fly ash variability
(ashes from three different power plants) were evaluated with
respect -to saltstone processing. _

Compressive strength, rheological properties and thermal proper-
ties are comparable or improved with respect to the former refer-
ence mix (C fly ash and H cement). Fly ash source does not sig-
nificantly affect processing.

Formulations for cold run-in of the saltstone facility can be made
from the slag saltstone dry solids blend plus water (water to sol-
ids ratio of about 0.5). Rheological properties of this grout are
similar to mixes containing salt solution.
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RESULTS

es St

Compressive strength measurements were made on 2-inch cubes
of slag mixes I and II (ingredients listed in Table I) after
7, 14, and 28 days curing at room temperature. Samples were

" tested in triplicate. Plant Bowen Class F fly ash, slag from

Blue Circle, Atlantic Cement Company and Type II Giant Cement
or Ca(OH), from Augusta Lime and Fertilizer were used in

~these mixes.

.Data are tabulated in Table II and average values are plotted

in Figure 1. After 7 days curing, both mixes exceeded 500
pal which confirms that the grout set. The average strength
after 28 days curing was 2113 psi for the mix containing
Ca(OH) 5 as the lime source versus 1926 for the mix containing
portland cement. The lower value for the cement mix is ‘
attributed to a higher solution loading and also slower reac-.

- tion rates in this formulation.

Rheology

Plastic viscosities, yield points, and 10 minute gel
strengths were evaluated using a 6 speed Fann 35A rotovis-
cometer. Each mix was prepared and tested 5 times to ]
evaluate rheological behavior as a function of batch. Plant

. Bowen Class F fly ash, slag from Blue Circle, Atlantic Cement

Company and Type II Giant Cement or Ca(OH),; from Augusta Lime
and Fertilizer were used in these mixes. Data are tabulated
in Appendix I and rheological properties are summarized in
Table III. Average readings for shear stress at various
shear rates are plotted in Figures 2 and 3. ’

These grouts can be characterized as Bingham plastics which
undergo irreversible reactions as a function of time that
ultimately result in setting of rigid solid. Both mixes are
pumpable/pourable slurries after mixing. Mix I containing

- Ca(OH) ; had an average plastic viscosity of 27 cp and a yield

point of 175 dynes/cm2. Mix II containing portland cement
had values of 21 cp and 31 dynes/cm?, respectively. The

- higher values for the Ca(OH), mix are attributed to the

higher surface area (finer particle size) of the Ca(OH),
compared to the cement. Initial rapid hydration of the
cement, in particular, the tricalcium aluminate, may account
for the faster gelation of the cement mix.

The cement containing grout had an average 10 min gel

strength of 2945 dynes/cm? compared to 791 dynes/cm? for the
Ca(OH), mix. From these measurements and physical appearance
of the grouts, the cement mix is probably not pumpable after
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.10 minutes under static conditions. The Ca(OH),; mix was
pourable and, therefore, probably pumpable after 10 minutes
under static conditions. For comparison, the former cement-
based reference mix prepared in a Waring Blender routinely
exceaeded _a 10 minute gel strength of 600 1bs/100 ££2 (3000
dynes/cm?) and was not pourable.1 Other rheological data for
cement-based saltstone grouts are reported in references 2 -
and 3.

All grouts tested'in this evaluation of'rheology set within 2
days and had no free water or phase separation.

C 'me

The effect of fly ash variability on grout process1ng was
evaluated by measuring differences in thickening times with
an LSD/SRL designed gel strength tester.

This instrument measureS'the force exerted by grout on a
paddle rotating at a very slow speed, 0.01 inches/sec or
less. The sensitivity of this instrument is greater than
“that of the Fann viscometer and gel strength is measured and
recorded as a function of time rather than at a given time,
ie., 10 minutes.

Results for fly ashes from Plant Bowen, the Marshall Plant
and the Belews Creek Plant are summarized in.Table IV. Data
for these ashes in slag mixes I and II are plotted in
Figure 4. For comparison, data for the slag mix II with 3

" rather than 5% cement, a mix with no lime source, and the
former Class H cement-Class C fly ash are plotted in
Figure 5.

Slag mix T containing Ca(OH), as the 11me source gels slowly
and reaches a gel strength of 6 lbs/ft2 in 8-40 minutes
depending on the £fly ash source.* Marshall ash produced the

* Grouts which result in measurements of 60 lbs/ft2 in the gel
strength tester are not pourable. A paddle pressure of 40
lbs/ft (0.3 psi) for the gel strength tester was used here as a
tentative guide for estimating the maximum shear stress which
may be broken back to reinitiate grout flow after the material
has been static. However, correlations must be made between the
gel strength tester results and actual operating conditions and
equipment. Also 6 lbs/ft2 measured on the gel strength tester
does not correspond to 6 lb/ft2 measured on the Fann viscometer
even though both instruments have been calibrated. (A grout
with a gel strength of 6 lbs/ft2 measured on the Fann Viscometer
is not pourable ) This is attributed to fresh material being
sheared in the first case versus shearing in a region of dis-
turbed material for the second case.
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fastest gelling grout. Mix I containing plant Bowen ash
resulted in the slowest gelling grout. The maximum reading
on the gel strength tester which can be related to a margi-
nally pourable material is 40 lbs/ft2 (0.3 psi). This value
is measured after more than 60 minutes at near static condi-
tions for slag mix I.

Slag mix XX containing portland cement as the lime source
gels in 3 to 5 minutes. . The more rapid thickening is attrib-
uted to hydration of trlcalcium aluminate in the cement.
Thickening to 40 lbs/ft? occurred in 9 to 12 min for this
mix. A modified slag mix II containing 3 wt% cement gelled
slower than the mix containing 5 wt$ cement (11 min to
develop 6 lbs/ft shear stress).

A slag mix containing no lime source reached 6 lbs/£ft? gel :
strength in 35 min. It reached 30 lbs/ft2 after 400 min and
was still pourable at the end of this run. . '

For comparison, the gel strength development of the class H
cement-Class C fly ash mix (former reference) is shown in
Figure 5. This mix gelled to 6 lbs/ft? in 2 min. and to 40
lbs/ft? in 8.5 min. It was not pourable after termination of

the run.
e a- ert

The effects of fly ash source on the adiabatic temperature
rise and set time are summarized in Table V and Fiqure 6.

In mix I, ashes from the Bowen and Belews Creek Plants have
similar temperature rises (54 and 52°C) and set in 3 and 7
hrs., respectively. A lower temperature rise of 37°C was
obtained for the grout containing ash from the Marshall
‘Plant. In the Ca(OH), system, Marshall ash is probably less
reactive than the other two fly ashes. '

The average set time of slaq mix II is 32 hr. compared to 5
hr. for slag mix X. This longer set time is attributed to
delayed hydration of the_tri- and dicalcium silicates in the
cement which release Ca*2, thereby activating the slag hydra-
tion. The adiabatic temperature rise for mix II is similar
to that of mix I. The Marshall ash again resulted in the
lowest temperature rise of 42°C. Mixes containing Bowen and
Belews Creek ashes had temperature rises of 48 and 53°C,
respectively.

Ambient temperature of starting materials in all of these
tests was 26°C. Consequently, the maximum adiabatic tempera-
ture measured was 26°C + the adiabatic temperature rise.
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o] un-~-In Fo tions

Water and 50 wt$ caustic solution were substituted for 29 wt%
salt solution in slag mixes I and II. A water to cementi-
tious solids ratio of 0.49 was used. Rheological properties
of the resulting grouts were measured and are summarized in
Table VI. Cold run-in formulations made with potable water
have rheological properties similar to mixes made with salt
solution and are suitable for cold run-in of the saltstone
facility. Mixes made with 50% caustic solution did not set
for at least 60 days and are consequently unacceptable.

Lack of set is attributed to the very high pH of this solu-
tion which probably resulted in dissolution rather than
hydration of the cementitious solids.

sh Va

As discussed earlier in this report, fly ashes from three
different sources, Bowen, Marshall, and Belews Creek power
plants were evaluated for processing. (SRP D—-Area ash was -
also tested, DPST-86-864.)  Although the resulting grouts had
different set times, temperature rises and rheological prop-
erties, the ranges measured were within the limits of proces-
sability as defined by comparison to properties of the
saltstone processed at the full scale Halllburton demon-
stration.

Fly ashes from these sources were also used to prepare leach
samples. Effective diffusivities for NO;~ and Cr are summa-
rized in Table VII. Leach data are tabulated and cumulative
fractions leached versus time are plotted in Appendix II.
Effective Noi diffusion coefficients range from 3.5 x 10~

to 4.2 x 1-7 for slag mixes I and II made with the various
fly ashes. The chromium effective diffusion coefficient
_ranges from 4.0 x 10713 to 6.2 x 10”19 for the same mixes.
Mix II (containing cement as the lime source) has higher Deoff
NO3 but lower Dg Cr than Mix I (containing Ca(OH), as the
lime source). géxtional data are needed for a statistical
correlation of performance with fly ash source and for
detailed. interpretation of results. However, all slag mixes
tested in this study have improved leaching properties rela-
tive to the former cement-based mix.

Vendor analyses of these ashes are attached in Appendix III.
Ashes which have chemical and physical properties similar to
these ashes are expected to perform similarly in the salt-
stone formulation.
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CONCLUSIONS

0 Slag-Class F fly ash mixes have comparable or improved physi-
cal properties (compressive strength, rheology, thickening
time, and thermal properties) compared to the Class H cement-
Class C fly ash saltstone mix. '

0 Fly ashes from three different power plants resulted in some
variability in rheological and thermal properties. However,
processing will not be significantly impacted by the amount of
variation seen in this study. The variability in fly ash
properties are typical of commercially available Class F fly
ash. Other Class F fly ashes which are within the range of
ASTM 618 chemical and physical properties as were the three
ashes tested are expected to result in acceptable saltstone.

0 The use of Ca(OH), as a lime source has some advantages over
use of portland cement, ie., slower gelation but faster set-
ting. However, set time and gelation of the cement mix was
improved relative to the former reference mix and is therefore
considered acceptable. :

o Water can be used in‘the'slag saltstone formulation instead
of salt solution for cold run in. A water to cementitious
solids ratio of 0.5 is recommended. ’

 REFERENCES
1. ‘C. A. Langton, unpublished data.

2. C. A. Langton, "Halliburton Laboratory Report - Saltstone
Slurry Properties", DPST-85-875, October 28, 1985.
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TABLE I

INGREDIENTS IN SLAG MIXES I AND II

Lime source

Simulaied DWPF
salt solution
(29 wt3 salt)

Slag Mix I
Component wt$
Slag 26
Class F fly ash 26

3 (Ca(on)zy

45

Slag Mix II
wtd

24
24

5 (Type II cement)

47




TABLE 2. Compressive Strength Measurements for Slag Saltstones

COMPRESSIVE STRENGTH
SLAG 1
(kg/8qcm) {1bs/aqin)

TIMB
(days)

COMPRESSIVE STRENGTH
SLAG 2 -
‘(kg/8qcm) (1ba/aqin)

7

14

AVE »
SID =

28

115

9
93

100
11

117
130
130

126
6

132
147
166

149
14

1632
1298
1323

1423
149

1665
1850
1850

1793
90

1878
2092
2362

2113
199

118
64
118

100
23

101
116
86

101

12

138
138
130

135
4

1679
911
1679

1423
356

1437

1651
1224

1437

174 |

1964

1964
1850

1926

54

FIGURE 1. Averaged Compressive Strength As a Function of
Curing Time
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v TABLE 3. Rheological Properties of Slag
s Saltstone.
. PLASTIC
- VISCOSITY YIELD POINT 10 MIN, GEL STRENGTH
' MIX (cp) (1b/100£t2) (dynes/cm2) (1b/7100£t2) (dynes/cm2)
S - 19 47 225 170 - 814
LAG .g 21 48 230 180 862
3 32 3 158 170 814
4 31 31 148 140 670
L] 32 24 115 166 795
AVE. 27 36.6 175 165.2 791
STD. vV, 5.8 9.4 - 4S 13.4 64
: 2- 21 6 29 620 2969
SuAG 2-3 20 8 38 620 2969
3 22 7 34 615 2945
4 21 6 . 29 600 2873
S 20 5 24 620 2969
AVE. 20.8 6.4 k3§ 615 2945
STD . 0EV. 0.7 1.0 5 Te7 kY
PIGURE 2. Shear Stress vs. -
: RHEOLOGY OF SLAG MIX 1
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TABLE IV

THICKENING TIME OF SLAG SALTSTONES AS A FUNCTION

OF FLY ASH SOURCE

Time to Gel

6 lbs/ft2* 40 1bs/ft2*

Former
Reference

46 Class C Fly Ash
42.5 Salt Solution

* 1 1b/ft2 = 478 dynes/cm2

Mix No. Ingredients wt$ min ‘min
Slag I 26 Slag 40 >60
26 Bowen Fly Ash
3 Ca(OH) »
45 Salt Solutlon
26 Slag 8 85
26 Marshall Fly Ash
3 Ca(OH) 5
45 Salt Solution
26 SIag A 8 200*
26 Belews Creek Fly Ash
3 Ca(OR) 5
- 45  Balt Solution
Slag I 24 Slag 3 11
24 Bowen Fly Ash
5 Type II Cement
47  salt Solution
24 Slag 5 12
24 Marshall Fly Ash
5 Type II Cement
47 Salt Solution
24 Slag 4 9
24 Belews Creek Fly Ash
5 Type II Cement
47 Salt Solution:
Slag II 24 Slag 11 26
Modified 24 Bowen Fly Ash
' 3 Type II Cement
49 salt solution
Slag 27 Slag 35 400t
- Cao 27 Bowen
‘ 46 Salt Solution
Cement-~C Ash 11.5 Class H Cement 2 8.5




TABLE V

- ADIABATIC TEMPERATURE RISES AND SET TIMES OF SLAG
SALTSTONES I AND II MADE FROM DIFFERENT CLASS F FLY ASHES

Adiabatic Temperature Rise, °C Set Time, Hr.
Slag Mix I
"Bowen : 54 3

Marshall . 37 , 5
Belews Creek : 52 7

Slag Mix II
Bowen . _ 48 ' 28
Marshall 42 32

Belews Creek 53 35




TASBLE V1

RHENOGIQL PROPERTIES OF FORMULATIONS TESTED AS CANDIDATES FOR THE COLD RUN IN STARTUP OF Z-AREA

-

MNix - Plastic ’ Set Free
No. Ingredients vigcosity Yield Point-, 10 min Gel Strength Time H,0
(wtX) (ep) (bs/100 #12) (dynes/cn?) (1bs/100 f12) (dynes/ca?) (days) -
1-727  sieg s 32.1 4 o] 30 K 5 ml/125 ml
F Fly Ash = 32.9 : -
Ca(OH}, = 3.8
HzO s 32
3.7 Slag = 30.3 33 3% 1683 40 192 1 1 ai/125 mt

F Fly Ash = 30.3
Type 11 Cement = 6.4

uzo = 33

2-r27 Stag = 17 . 162 B &} 190 Unset None
F Fly Ash = 17 .after
Ca0H), = 2 . 60 days
30X Solution

4-7TT Slag = 15.4 150 12 190 Unset None
F Fly Ash = 15,4 after
Type 11 Cement = 32 ‘ 60 days

Na(OH) 50X = 66 -
Solution




TABLE VII

EFFECTIVE DIFFUSION COEFFICIENTS FOR SLAG MIXES I AND II
MADE FROM VARIOUS FLY ASHES

Slag Mix I Slag Mix II Q"‘
Fly Ash . Degf (cm2/sec) DefE—T%mz/sec)
Source NO4 Cr NO- Cx
Bowen . - 8.5x10710 -— Test in Progress
Marshall 7.2x10~10 4.0x10"13 3.5%10~2 1.3%10°13
Belews Creek 4.2x10710  1.2x10713 2.6x10°2 6.2x10"14

D-Area 1.9x1072 -— ——- -




PIGURE 4.

) Saltstones 1 and II As a Function of Fly Ash Source
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FIGURE 6. Adiabatic Temperature Rise vs.

Time for Slag Mixes I and II
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APPENDIX I

RAW DATA - RHEOLOGICAL PROPERTIES




{SLAG 1 ~1 (5-29-87)

SHEAR ‘RATE SHEAR STRESS SHEAR STRESS
. _ 1bs/100£t2 SHEAR RATE dynes/cm2 o
. rpm 1-h h-1 ave. (1/sec) 1-h h=-1 ave.
3 16 16 16 5.1 77 77 77
6 ‘ 18 18 18 10.2 86 86 B6
100 33 31 32 170 158 148 153
200 45 42 44 340 215 201 208
300 60 72 66 511 287 345 316
600 88 82 85 1021 421 393 407
" SLAG 1 ~2 (6-10~87) ,
SHEAR RATE SHEAR STRESS . SHEAR STRESS
. lbs/100£ft2 SHEAR RATE dynes/cm2
rpm ‘h=1 ave, (1/Bec) 1-h h-1 .ave.
3 .18 - 18 18 ‘5.1 86 86 86
6 21 20 21 10:.2 101 96 98
100 37 34 36 170 177 163 170
200 50 45 48 340 239 215 227
300 : 63 76 70 511 302 364 333
600 94 87 91 1021 450 417 433
SLAG 1-3 (5-29-87)
SHEAR RATE SHEAR STRESS : SHEAR STRESS
1bs/100£t2 SBEAR RATE dynes/cm2 _
Ipm 1-h h-1 ave. (1/sec) - 1-~h h-1 ave.
3 .19 19 19 5.1 91 91 91
6 22 21 22 10.2 105 - 101 103
100 40 37 39 170 192 177 184
200 55 50 53 340 263 239 251
300 68 62 65 511 326 297 311
600 100 95 98 1021 479 455 467
SLAG 1 -4 (5-29-87)
SHEAR RATE .SHEAR STRESS SHEAR STRESS
1bs/100£t2 SHEAR RATE dynes/cm2 ‘
rpm - l-h h-1 ave. (1/8ec) 1<h h-1 ave.
3 18 18 18 5.1 86 86 86
6 20 19 20 10.2 96 91 93
100 37 35 36 170 177 "~ 168 172
200 51 47 49 340 244 225 . 235
300 65 58 62 511 311 278 294
600 96 89 93 1021 460 426 443
SLAG 1 ~5 (5~29-87) }
SHEAR RATE SHEAR STRESS SHEAR STRESS
lbs/100£t2 SHEAR RATE dynes/cm2
rpm 1-h h-1 ave. (1/8ec) 1-h - ave.
3 18 » 18 18 5.1 86 86 86
6 20 19 20 10.2 96 91 93
100 34 32 33 170 163 153 158
¢ . 200 47 . 44 46 340 - 225 211 218
. 300 60 . 55 58 511 287 263 275 .
600 92 86 89 440 412 426

1021




. SLAG - =1 (6-10-87)

SHEAR STRESS

SHEAR RATE SHEAR STRESS
: lbs/100ft2 SHEAR RAT: dynes/cm2
. Ipm 1-h h-1 ave. (1/sec) 1-h h-1 ave.
3 2 2 2 5.1 10 10 10
6 4 3 - 4 10.2 19 14 17
100 13 11 12 170 62 53 57
200 21 18 20 340 101 86 93
300 30 23 27 511 144 110 127
600 53 42 - 48 1021 254 201 227
SLAG 4 -2 (6-10-87) :
SHEAR RATE SBEAR STRESS ' SHEAR STRESS
: lbs/100£t2 SBEAR RATE dynes/cm2
rpm - 1=h h-1 ave. (1/8ec) l1-h - h-1 ave.
3 3 -3 3 5.1 14 14 14
6. 4 4 4 - 10.2 19 19 19
‘100 14 12 13 170 67 57 62
200 22 18 20 340 105 86 96
300 32 34 a3 511 153 163 158
600 | 52 44 48 1021 249 211 230
SLAG 2 -3 (6~9-87) :
SHEAR RATE SHEAR STRESS SHEAR STRESS
1bs/100£t2 _ SHEAR RATE dynes/cm2
pm 1-h h-1 ave, (1/sec) 1-h h-1 ave,
3 3 3 3 5.1 14 14 14
6 4 4 4 10.2 19 19 19
100 14 12 13 170 67 57 62
200 22 18 20 340 105 86 96
300 32 24 28 511 153 115 134
600 56 43 50 1021 268 206 237
SLAG 2 -4 (6~9-87) : '
. SHEAR RATE SHEAR STRESS SHEAR STRESS
~ 1bs8/100£¢t2 SHEAR RATE dynes/cm2 .
pm l«h h-1 ave. (1/8ec) 1-h h-1. ave.
.3 2 2 2 . 5.1 10 10 10
6 4 4 4 10.2 19 19 19
100 14 11 13 170 67 53 60
200 22 17 20 340 105 81 93
300 31 23 27 511 148 110 129
600 54 42 48 1021 259 201 230
SLAG 2 -5 (6-9-87)
SHEAR RATE SHEAR STRESS SHEAR STRESS
: 1bs/100£t2 SHEAR RATE _ dynes/cm2
rpm 1-h h-1 ave. (1/8sec) 1-h h-1 ave,
3 3 3 3 5.1 14 14 14
6 4 3 4 10.2 19 14 17
100 13 10 12 170 62 48 55
200 . 20 16 18 340 96 77 86
300 28 .22 25 '511 134 105 120
600 48 42 45 1021 230 201 215




APPENDIX II

LEACH DATA FOR SLAG SALTSTONE AS A FUNCTION OF
FLY ASH SOURCE AND TYPE OF LIME SOURCE




0002-‘
0.01 -4
o ) | § 4 ¥ L T 1} T R § L T | ]  § 1™ & L)
(o] 2 4. (-] a8 10 12 14 18 18 20
TIME (days)
Mix 1 26 Slag
26 Class P fly agh
3 ca(on),
45 DWPP salt Solution LEACE NO3 CUNULATIVE PRACTION LEACHZD
INTERVAL  ~—~~=ean-= SERIBS 733 ==mmmoe=we
4 (days} - 1AsB 288 ETTY 4ASB 813 28 836 2AsB
T e Poomm s o som s e
. » - - - '°
4 Class F fly ash 3 0.0208 0.0469 0.0165 0.0394 0.0342 0.0396 .
5 Type 1II cement 7 0.0299 0.0674 0.0239 0.0589 0.0413 O0,0507
47 DWPF salt solution 14 0.0405 0.0088 0.0326 0.0764 0.0347 0.0648

BA

ac
DA

CUMULATIVE FRACTION NO3 LEACHED

NO3 LEACHING VERSUS MIX INGREDIENTS

e ¢ ———— et 4§ i {1 = 8t et e e s 3

0.1
- 0.09 -
0.08 -

9.07 T

| Y , ¥ MIX10A
0.08 - ' -/ //’,/
, o / — % MIX 1 BA

0.05 - / /
] /
0.03 v-{ . ’ 5

A MIX 2 MA

_.-4 MIX 2 BC

8 MIX 1 MA

= Bowen Ash
= Belews Creek Ash

= SRP D-Area Precipitator Ash

= Marshall Ash




4

Cr LEACHING VERSUS MIxX INGREDIENTS
0.0015 - : - — \
0.0014 .

0.0013 - _

0.0012 - M MA

0.0011 */’._______,_,..—-—-/ | MIX 1 8C
- 0.001 -
©0.0009 -

P4
O0.0008 - . /
Bo.oow - e/

0.0006 - MIX 2 MA
E0.000S . O ’
50.0004- ‘ _ __'__:,_ﬁ-—-“—""“'_::' — " MiX'2 BC
30-0003 ~ 7/

000024 &

0.0001 4 «

o | LS ¥ LS L] 4 [} | | T 1 ) 1 ) | L ¥

o 2 . 4 8 8 10 12 14 18
TIME (doys)
Cr CUMULATIVE FRACTION LEACHED
SERIES 723 :
Leach Time 1A&B 2A6B 3AGD . 4A&B
pays -
1 0.0007  0.0001 0.0008  0.0002
‘2 - - 0.,0009 . 0.0002 0.0009 0.0003
3 0.001 0.003 0.001 0.00038
7 9.0011 0.000% 0.0011 0.0004
14 0.0012 0.0003 . 0.0012 0.00045

18




) NO3

N3 BLR O3 WL R Cumlative
Saspls  Sample  Maste  Vaate u:: :‘:’" &?h Samele noy »0) wG) 03 Rolk Sors  Cumlastive fract. - .
Sasple  Comp Mass rorm Form  Fract oadd une  Aspect Laachate Lescd  Leach Leached Leached Leacked Leach Leach Leach O3 w03 Ef1. ©
. WES  tgm et W ma fge | hctier Aes Mtic volume  Tise Interval ' 92 Ave. Ave Mass  Ratw Rate  Leached Leached ]
e 8 (co2) V (omd) W5 (cal  (m)) - (days) (days) (mg/l)  (wg/1}  (wg/l) Wi (gm) cwa-d  gwesi-d (g} Sue Ki/Mo  cmi/sec
IR TTY g
268 mingmaLs s’ 492 843 0.0077 126,53 106.36  0.84  380.00 ° -
18 24 18 Catom) 7S,
S Dapr g €73 827 0.0473 12370 103,38 0.84  $00.00 3 1 197 1748 0.09  6.97E-04  1.485-02 9.0 8.0106  7.078-10
(I9VEALY) 152
2 1 7] 122 0.06 4.88£-04 - 1.03E-02 0.15 0.017s  1.922-08
source MO1 139,18 - 380 .
¢ ot redlus e 235 6,70 ~height A 3 1 56 53 0.00 2.78-04  d.a62-03 0,17 0.0200  5.376-10
radiue 8o 2.35 .50 *haight & 7 [} . 160 10 181.% 0.08  2.42e-0) 3.208-03 0.25 0.029%  5,3iz-10
14 7 n 2 176.5.  0.08  4.%4E-0)  2.132-0) 0.3¢ 0.0405  5.85t-10
: %03 BLR  NO3 MLE . Cu':uz ive
. o) 2] o3 Sample Sewple  Kample wo3 w03 w03 no3 sulk Norm Cunlative tact .
Sesple  Semple Maste Hante masa_ Surfsce Voluse Aspect Leachate Leach Leach  Leached Leached Laached L " Leach Leach %03 NO3 ek, o
Sample Rass rors Pors Fraction Ares Ratio Voluse Time- Intecvel (31 ” Ave. Ave Bass Rate Rate Leached Leached 20
¥o. (L. V] [T (ut 83 Mo (gm) § (co2) V (cm3) W5 (em) (al) - (days) (days) (mg/l) {(mg/1) (mg/1} K} (9w} gn/cm2-d gn/ce2-d {Q Sum Ri/Me cml/sec
n ;:: SLAG u:i:n a5 933 0.04%4 127,34 18018 0.85 s80.08 2
7 ST 192.00 6.9 848 0.049% 129,36 109,74 0,85  300.00 H 1 o7 “s.s 0.22 1.742-0)  3.512-02 0.32  0.023%  1.638-09
478 DT SOLB : pres 0318-08
(2308ALT) i , . 2 1 20 268 9.33 1.06E~8)  2.118-02 0.36 0.0381 9.08-
. ’ 252
source NO) 129.184 g/1 radius Ar 2,35 6.80 =height A ] 1 166 163.5 0.08 6.)3W-0¢ - "1.288-02 0.44 0.0469  5.012-09
a9 - .
tadlus B» 2,25 6.90 =height & ? . 380 Ly 0.19  6.03z-0)  7.638-03 0.63 0.057¢  3.32L-09
" ? 0! »s 3908 0.20 3.08E-02 - 4.40%-0) 0.83 o.0888  7.43£-0%
386 .
' ' . vlme W)W Cuslative ;
. ) L 03 Sasple  Sawple Sample §03 W) w03 w3 ik [T Cumiative Fiact, 1. ©
Sam Sample  Bample Maate Maste Nass Burfser WVolume . A:poft Leschate ::acl . :nchl ] 3 d 1 ch L e h L hed :::h b:::: “l&n N:“ .
. L] < [T vorm Yorm Fraction Ared atie Volume Tine nterve. ve. Ave Mase oched  Laac
. wt B gm) 8 Mo ign) 5 (ca2)’ ¥ (cmdl V/6 tem)  (ml)  (days) t(days) (mg/))  (Bg/1} (mg/1) Ai (gu) gasce2-d  gm/cml-d  (g) Sus Mi/No cm2/sec
123 gu suas éu.u “n 7.75  0.0473 118.0% 97,02 0.2 300.00 ° }
% BELEWS CBERK ASH
3 723 N CalOm)  170.00 .12 5.0  0.0472 120.07 100.20 0.83  360.00 : 1 137 .6 150.5 0.08 6.308-04  1.32£-02 c.08 0.0094  5.43L-10
450 OwPP SOLW . :
(293gALY) 2 1 53 “ s 0.03 2.685-04  5.675-03 0.l . 0.0007  6.01E-10
soutce NOJ 329.184 g/1 tadive A= 2.2% 4$.10 =huight A ] 1 (3} «“ 4.3 0.02 1.02E-04 3.852-03 0.1} 40,0165 $.03e-10
" radiva Bs  2.23 6.30 =helght B ? . n2 2 7 0.06 ).968-03  2.598-03 - 0.19 0.023%  4.08t-10
: 14 ? 133 . j§ 3] 0.07  2.045-63  1.66E-02 6,25 0.032¢  1.69E-20
32 . . .
. 01 SLB n03 KR Cumlative
. . Cumlative Pract.
. [ »0) MO}  Eample Sample Sample ) »3 w3 w03 ik Nors 03 tte. ©
Sesple Sample  Maste Maste NMass  Sucface Vol "? t Leachats Lesch  Llesch Lesched L Lescbed Lesched Leach ln.::'.' . “:::,‘ Leached
Savples  Comp Sass Fore Potm  Practicn Aces fatic vVoluss  Tise Intetval " "” Ave. Ave Rass Rate tee o Sum Ri/Ro Cm2/sec
¥o. ot 8 tgm) vt O Mo ign) $ (ca2) V fcad)V/8 (cm)  (8)) (days)  {days) tmg/l)  (wg/))  (mg/1} M4 (ge) gw/cna-d gw/c .
@ 723 24y SLAG 179,00 4“9 $.0¢ D0.04%¢ 123.70 103, .04 500.00 ° ' .
J40BELINE CREEX ASH * ’ o 1.4 s3m-03 .18 0.0203  3.63€-09
LR T 120,00 4.93  8.88  €.0433 125.13 104.87  0.8¢  500.00 1 1 s s . Mo om0 1ase-0d 2. 23 5.315-08
DWPP BOLN - 0. . -~
1L ' 2 ! 1 I e 10 0.2 0 ,
- .35 0.6394  3.29E-09
source NOJ 129,184 g/} tadius As 2,23 §.50=helght A 3 ) 1 Y] 0.06 S.10C~0¢ 1,002 . O J_
. i i ‘ s 7.062-03 a.52 0.0589 2.315-09
tadiue B 2.2 $.60=beight L) ‘ ns se8 345,85 | 0.17 5.558-03 . 280
W ’ 303 300.5 0.1 .646-03  3.ssz-03 048 o.07¢4 1.

31



Cr Leschlog

Cuel

: Creé .
Cooé Saspla  Sasple  Sasple : Cre6 Ceeé Cred Cesé sely  Cumlative Fract.
sample Sasple Vaate Vaste Builace Volume Aspect Leachste Leach Lesch  Leached Leached Lesched Lesched Lesch Creé Cieé ett. o
Sasple Coap Raps  Selutfoa Pev Ases Satic Voluwe Tiws laterval [y » Ave. Ave Mase Rate Leached Leached cee6
[ [C M Y} [T 2] fppm) Mo (39} 6 (CW2) V (cmd) WS few) [} Idays}  (dayel {wg/1)  (mg/3)  (my/l) (:9) wy/emd-d img) Sum mgl/wgo (cm2/sec)
1123 36 BAAG 179 2430 I 126,33 106,56 0.04  530.00 ] '
1 73 n'c.«m ‘{;‘s 2030 156 1237 ) [] ’ e.1 $.0007 ).372-12
.70 103, N $09.00 1 0.2 .222 9.31 5.872-D . . -
458 DWIP SOLN » 0.8 ' 8.300 ¢
aneLn ? 1 e.050 o8y 8.05708 0.93 2.382-0¢ 0.14 0.0009 J,228-12
. : ~ 0. .
2,28 © 6.70 sheight A 3 ] 0.9 0.0228 0.0269 8,01 1.082-04 [ N1} 0.0010 ¢.618-33
2.2 6.50 eheight B ? [ X 33t} o.oau 0.02988 0.6) 4.275-04 °.n? 0.0011 6.07%-14
n 70,0501 ) 0.03925 0.02 1.10E-03 0.1% . 0.0012 8.26E-14
: 5.0282
' e Fiact
Creb Cusé Sample Sasple Sampl Cred Clee Cieb Cred Sulk Cunlat ive tact .
Sasple  Sasple  Waste  Masta -.R.e. Vn?n:— u:e: Leachate Lasch  Lesch Leached Lesches Leached Lesched  Leach Cree I‘t;n;“ lg; "'
Sample Comp Rass Solutiea Porm Ates fatio Voluee Time Integval A » Ave. Ave Basp Rate Leached S0 “u o (cm)reec)
. Mo, (vt 0 g lppal Mo (mg) § (a2} V iced) WS (o) (m))  fdays) ldaye) (mg/l) tmg/l)  img/l)  Us) wg/cei-d  tmg) = %gi/nq rex
» ) g:: BLAG A::. 2430 175 127.9¢  188.1% 0.8% 500.00 ]
’ 23 s; 31 192 2430 170 129.36  109,7%¢ 0.05 3500.00 ] 1 0.0 "n‘ 0.0337 0.02 ).)18-04 0.02 0.0001 5.965-14
47e owp . K
* ﬂ’:ul-ﬂ H 1 0.0 8.0326 . 0.02 1.262-08 0.03 0.0002 3.218-)3
: ' 0.0294 :
radive .28 6.80 =haight A 3 10,0362 252 8.0257 0.0) 8.99K-05 0.05 0.0003 ).41E-53
. 0.0 ) .
tadivs 2,28 6.98 apglight 8 7 « 0,03 s.0307 0.03388 ©.02 3.268-04 _8.08 0.0004 7.218~14
14 T 0.0835 0.06045 .91 1.648-03 0.09 0.0005 1.805-1)
9.0554
CiLes
Cieé Cred Sasple Ssmple  Sawple Ceel Ce6 Creh Cped Buls  Cumlative Fract. .
Sempla Sample Wapte Maste Sutface Volums Aspect Ledchate  Lesch Leach & hed (esched L bed L hed Leach Ce¢+é Ceté ctt. 0
Sesple Comg Rass Solution Posm Asea Ratie Volume Tise Integval a 3 Ave. Ave Bass fate Lesched Lesched Coeé
Mo, (wt o tga) (ppm) Mo (ng) B (cmd) V (em)} W/ (em) (an 1asys) (days) (eg/1) (ma/1)  (ng/i} tng) mg/emi~d (mg) Sum qtlﬁlf ‘fﬂfﬁf’
164 2830 186 128,05  97.02 0.82 $00.00 o
[y . .
170 2430 131 330.87  100.2¢0 0.83 $00.60 1 ) 8.219 0.2243% 0.11 9.402-04 6.1 0.0008 3.3573-12
(39esALT) 2 1 0.0%1 o ;.” 0.0471 0.02 1.978-04 0.4 0.000% 9.)68-1)
1ad4us 2,25 6.)0 =haight A 3 1 o.e12 ;“” 0.9223% 0.01 '9.358-0% [ %13 9.0010 ).308-1)
tadive 2.2 6.30 ~haight B 7 ¢ 0.026) e-enl 0.0292 0.01 4.892-04 0.6 0.0031 7.238-14¢
" 7 0.0448 * . 0.8420% 0.02 1.2)8-02 0.30 . 0.0812 1.04E-13
0.03% -
. Creé -
Creé Cre§ Basple Saaple Saspile E Cis6 Creé Ceon Cuek Buik  Cemletilve Prect. . o
Sampla Sample Wasts Maste Sutfece Volume Aspect leschate  Leach Leach L hed L bed L e L hed Leach .Ceed Caoh sc .‘
Sesple  Cowp Bass  Solution FPorm Area fatio Voluse Tise Inteival A [ Ave- ave Nass  Eate Lescbed _ Leached | Kivasct
Y. v O (gm) (ppm) Mo (my} 6 (cm2) V (cod) W/E (emd () 1Gays)  (days) Img/3) (mg/E)  (mg/3) (=q) . wg/cei-é Y] Gus mgiseqo o
@ 72 240 SlAC 179 2438 366 123,70 102.03 0.38 500,08 ° b
240 _BELDME CREEZ ASH z-13
w73 T 180 10 167 12%5.11  104.97 0.84 500.08 3 L 0.045¢ 0.052 0.0) 2.098-04 0.0 0.0002 1,36
¢T8 DWOP SOLM 0.0586 : "
(s 2 1 o.0los 8.03148 €.02 1.2¢x-04 0.84 9.000) 3.338-
0.0321 -
1edive 2.2% .50 ebeight A 3 1 0.01¢0 0.01763 0.0 7.092-0% 0.03 0,800 1.708-13
0.018s
tadive 3.25 6.60 helght B 7 4 ¢.0002 0.0292 0.0) 4.692-04 0.07 0.8004 3.895-14
0.0282 .
14 7 0.010¢ ©.0)08% 0.01 3.05E-0¢ 0.07 0.0004 5.66£-15

4.0113
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- Report of
¢ FlyAsh Analysis |

C

Monier Resources, Inc'.

I 0

Consuiting Geotechnical. Materials and Environmentat Engineers
Geologists, Scientists ang Chemists

R <
Eonsiarts

P.0. Box 630287, San Antonio, TX 78269-0287
12821 W. Golden Lane, San Antonio, TX 78249

Attn:” Mr. Buddy Briscoe (512) 699-9090
Report No: SA0879-1004
Data: 3/9/87
Laboratory No: ‘.8'952?
Project: Bowen Plant No. 1 F1 y Ash Quality Assurance
4 r- '
Sample: th Quarte 1986
Chemicsl Analysis Resul . Physical Analysis - Results . .
Chemical An el b~ | Soe
Silicon-Dioxids (Si02). % - 48.5 Amount Retgined on 329 Sieve, % 15.0 134 max
: : : Pozzolanic Activity Index ~
Aluminum Oxide {AI203). % 26.2 oLan pkt m'" .
Iran Oxide (Fe203). % J.Q_,_g at 28 % of control - 88.3 |75 min.
| Sum of §i02, A1203. Fe203. % 85.5 170.0/50.0 min. with lima at 7 davs. psi 1100 ]800 min.
Caicium Oxide (Ca0), % 1.8 - Water Required, % of Control 93.4 | 105 max.
Magnesium Oxide (MgO)., % 0.9 5.0 max. Autoclave Soundness, % - 01 10.8 max.
Sodium Oxide (Na20), % 0.32 Specific Gravity 1 2.37 '
Potassium Oxide (K20), % 2 €9 Multiple Factor. % 255 max.
Sultur Trioxide (SO3), % 0.7 |5.0max, Orying Shrinkage, % , 0.03 max.
Moisture Content, % 0.1 {3.0max. Reactivity with Cemnent Alkalies _
Loss on Ignition. % 1.5 12.0/8.0 max. Reduction of expansion, % 75 min.
Available Alkalies (a3 Na20), % 1.50 max, Mortar expansion, % 0.020 max,
Avgiisble Sodium (as N:gg). % Fineness ) -
Avsilable Potassium (a3 K20), % Blaine sir permesbility, cm2/cm3
. Wagner turbidimetric, cm2/g

*ANSI/ASTM a1w
Copies To: Above (1)
dgr 3/9 :

RABA-KISTNER CONSULTANTS, INC.

o _ Al 72T |

Donald T. Fefzer -
San Antonio / €1 Paso / Austin
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. Re l’t Of ’ : S Consuiting Geolechnical. Marerrals and Enviconmentay g
pQ , Geologrsts. SClentists ang (':‘l?::.:::

- Fly Ash Analysis | | | | R <
Consultants. Inc.
. . 12021 W. Golden Lane. San Antonio, 8249
Attn: r. Buddy Briscoe | o _ (512) 699.9090
Report Na: SA0879-1004
Oate: 6/2/87

' Laboratory No: 8-9671

" ‘Bowen Plant No. 1 Fly Ash Quality Assurance

Project:
April, 1987 Monthly Composite
Sample: ‘
» Roswits [Gposs ) 1 — o
Chemical Analysle wuits  [Spec” [Physical Analysis B Mn Spec
Silicon Dioxide(SiOg), % 48.0 Amount Mlnoﬁonmsnﬁ.l% 13.1 {34 max
Aluminum Oxide (A1203), % 27.1 m-" i ActiviyIndex
' coment
fron Oxide (Fe203). % "10.4 at ze'm.. % of control 78 min.
. Sum 01§i02, Al203, F % | 85.5 |70.0800min.  with lime &t 7 days, ps 800 min.

Suifur Trioxide ‘soa!.ﬁ* 0.6 5.0 max. ‘ Water Required, % of Control 108 max.
Maistuce Content, % - 0.4 3.0max. | Avtoctave Expansion, % ‘ ' 0.9 max.
Loss on igaition, % 19 lizomomex | |Speciticravity 2.42

“ANSI/ASTM C818-80

-opies to: Above (1)
igr 6/2

Raba-Kistner Cansuitants, Inc.

oy_LDasl) £ Sensts

& QOonald T. Fetzer
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Consuiung Ceotecnm.at Materials anC E7v.fon=en 131 05 eers
o _ 5 Geologists, Scientists ang Cremists

'[Fly Ash Analysis _ | B ¢
&'sulmms Inc.

P.0. Box €90287. Sen Antonio, TX 78269-0207
Monier Resources. Inc. 12821 W. Golden Lane. San Anwg"oz., Tox 78249
{ 99-9090

| Attn: Mr. Buddy Briscoe

/_. | | Repart No: SA0879-1004
) - | Oute: 5/28/87
Laboratory No: . 8-9629
Project.—_Bowen Plant No. 1 Fly Ash Quality Assurance
‘ 1st Qu - s
. Quarter - 1987 Composite
Cranmicsidnalyos—— [hewtn T o] [P Thes i
SHitcon Dioxide (8102), % Amoint Retained on 325 Sieve, % 34 max.
, Mum‘mOxm % . 4 st .
. tronOxide(Fe203). % . at 28 days, % of control 96.0 {73 min.
|sumotsiopavosFezoy s | - {roomoommn | | winimest?dsyspe 940 _|e0 min
- | Sultur Yrionide (803). % . i |somax Water Required. % of Control 90.5 J108max.
Moisture Content, % somax. | |Autociave Expansion, % ] +01 losmax
 Loss on ignition, % 12.000.0 max. Specific Gravity

*ANSI/ASTM C818-80

Copies To: Above (1)
~dgr 5/28

RMKuwulmu inc.

Oonald T. Fetger
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- 'Re rt Of | Consulting Geotechnical. Matenals and Environmenty Engineers
Geologists. SCIentisis ang Chemisis

Fly Ash Analysis - | | ‘
| | ‘ R4

Raba-Kist
Consultams.'l'r‘fcr

P O. Box 690287. San Antonio, TX 78269-0287

Monier Resources, Inc. 12821 W. Golden Lane. San Antonio, TX 78249
o . : . N Lanea. .
Attn: Hr. Buddy Briscoe - _ - - (512) 699-9090
Report No: SA0879-1003
Oate: 6/2/87
Ve
. 8-9658

Laboratory No:

Project: —Marshall Plant Fly Ash Quality Assurance

April, 1987 Monthly Composite

Sample:

hemical. ' g Ana Resuits. :
c Ansiysis m Frc | rnmw fysie .
Silicon Dioxide (Si0p). % 46.4 | Amount Retained on 325 Steve, % | 15.2 |34 max.
Aluminum Oxide (Alzg;!. % — 'm'm m Wity nd:z ” g q

- cemen -~ =
iron Oxide(Fe203). % 8.9 | | ot 2adaye 5 of controt B389 min.
Sum of $i0z, Al203, Fe203. % 85.9 m.aso.om , with lime &t 7 days, psi 1050 | a0g min.
Suttur Trioxide (SO). % 0.6 |somanr Water Required. % of Control 95.6 1405 max.
Moisture Content, % 0.1 }1.0max. Autoclave Expansion, % +.02 0.8 max.
Loss on (gnition, % : 1.4 12.0/0.0 max. Specific Gravity 2.9
ol
'

*ANSI/ASTM C618-80

Copies To: Abave (1)
dgr 6/2

tj—/__“ Raba-Kistner Consultants, Inc.
" By. ad: At
Oonald T. fetzer




Monier Resources, Inc.

epo . .
C Fly Ash Analysis

DN

Consulting Geoxecnmcal Materials and Envirgnmental Engineers
Geologists, Scientists and Chemnsts

K1

Consultams Inc.
P.O. Box 690287, San Antonio, TX 78269-0287
12021 W. Golden Lane, San Antonio. TX 78249

Attn: Mr. Buddy Briscoe © (512) 699-9090
Report No: SA0880-1015
Date: 3/9/97
_ Laboratory No: =9531
Project: Belews Creek Plant Fly Ash Quality Assurance
4th Quarter - 1986
Sample: .
n ™Y . Results - 0
‘ Chemicel Anslyshs Results g: - Physical Anslysis ' {7 Spec
Silicon Dioxide (SiO2), % 50.5 Amount Resined on 325 Sieve, % | 21.8 max,
Aluminum Oxide (A1203), % 27.9 ‘ ’°¢l°‘wi° Activity Index , '
— th portiand cement
Iron Oxide (Fe203), % 6.2 at28 days, % of control _ 87.4 |75 min.
(. [Sumotsiop M1203 Feg03.% | 85.1 [70.0/500min| | with lime ot 7 dava. pai 1100 _ [890 min.
" | Calcium Oxide (CaQ), % _1.7 . ‘[Water Required. % of Control 95,1 ]105 max.

| Magnesium Oxide (MgO). % 0.9 |5.0max. Autoclave Soundness, % =.03 ]0.8mex.
Sodium Oxide (N820). % 0.37 Specific Gravity 2.31
Potassium Oxide {K20), % 1. Multiple Factor. % 255 max,
Sultur Trioxide (SO3), % - _0.6 |50 max. Orying Shrinkage. % ' 0.03 max. |
Moisture Content, % 0.2 |3.0max Reactivity with Cement Alkalies
Loss on (gnition, % 2.1 12.0/6.0 max. Reduction of expansion, % 75 min,
Available Alkalies (as N820). % 1.50 max. Mortar expansion, % ' 0.020 max,

Avgiladie Sodium {as Na20). % Fineness i i
Avaiisble Potassium (as K20), % Btaine air permeability, cm2/cm3
. ' Wagner turbidimetric, cma/g

*ANSI/ASTM C81840
Copies To: Above (1)
dgr 3/9 :

C:

RABA-KISTNER CONSULTANTS, INC.

By &Ma / Z—a.‘:
Donald T. Feffzer

San Antonio / €] Paso / Austin
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. Aeport of |
Fly Ash Analysis

Monier Resources, Inc.:

AN

RN

Consullmg Geotechnical. Materais and Envirgnmentyi Engineers
Geologists. Scientisis and Chemusts

- R¢

Raba-Kist
Gonwltants'l'r?cr

P O. Box 690287, San Antonio. TX 78269-0287
12821 W. Golden Lane. San Antomo, TX 78249

Attn: Mr. Buddy Briscoe " (512) 699.9090
Report No: SA0880-1015
P Oate: 6/2/87
h _ 8-9667
_ Laboratary No:
project: Belews Creek Plant Fly Ash Quality Assurance '
Sampte: —.APril, 1987 Monthly Composite
; aicel Ana ‘ :
Chemical Analysis Spes” o P‘M tysis esults
Silicon Oloxide (Si02). % 53.7 Amount Retained on 325 Sleve, % | 22.7 |34max
' 33.2
Atuminum Oxide {AI203). % 3 anic Activity index.
with portiand cement
Iron Oxide (FezOg). % 6.2 a1 28 days. % of control 75 min.
Sumof IO, Ai203. Fe203. % | 93-1  {70.0m0.0 min. with lime at 7 days, psl 800 min.
Sultur Trioxide (SO, % 0.5 |4 0max. Water Required, % of Cantrol 105 max.
Moisture Content, % - 0.3 3.0 max. Autociave Exoihom % 0.8 max.
Loss on lgnition, % 3.1 142 00.0 max. Specific Gravity 2.25
— 4
|

"ANSI/ASTM C81880

Copies To:
dgr 6/2

Above (1)

Rabs-Kistner Consuitants, Inc.

8y AWPM

A+ Donald T. Fetzer




" Report of

Fly Ash Analysis

L T P

Cunsuiting Ceoterr nicdr. Matenidis 300 Envirir=rgneg. =, v ey
: Geotogists. Screntists ana Crarqsts

R <
ggnw(wm Inc.

P.0O. Box 690207, San Antonio, TX 782690287
12821 W. Goldmum San Antonio, TX 78249

| Monier Resources, Inc.
Attn: Mr. Buddy Briscoe  (512) 699-9090
Report No: SA0880-1015 '
o Bate: 5/28/87
: o -  Laborenory No; 89635
| Project: Belews Creek Plant Fly Ash Quality Assurance
Semple: 1st Quarter - 1987 Composite
| Siticon Dtoxide (8102, % | Amount Retained on 325 Sleve. % | 34 max,
Aluminum Oxide (A1203), % _ . m mmm
lron Oxide (Fe203). % at 28 days, % of control 91.7 _I7semin.
Sum of 8102, Fi % 70.0/50.0 min. mlmuray;.pu 840 |00 min.
Sultur Teioxide (S03). % SOmax. Wmunoqumssofcomu 92.9 |05 max
Molsture Content, % 30max. Autoclave Expansion, % =01 |ogmax
Loss on ignition, % 12.008.0 max. fic Gravity B |

*ANSI/ASTM C81880
ies To; Above (1)
i ¥

.Raba- Kuw Comuhams lnc

Donald 7. Feta2ér
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TECHNICAL DIVISION : Keywords: Saltstone Pore Solution
SAVANNAH RIVER LABORATORY - Analyses
: Pennsylvania State
: : Univ. Saltstone
MEMORANDUM Progress Report

DPST~-87~530 &——

cc: E. S. Occhipinti, 704-S

' for : , H. D. Harmon, 773-A
UA'I,.P'.TOdViDIfOr Ret"e?febl.o | E. L. Wilhite, 773-43A
nlimited (Release to Public) E. G. Orebaugh, 773-43A
6/23/2005 P. F. McIntyre, 773-43A

J. P, Harley, 773-43A
SRL Records, (4), 773-A

July 7, 1987

TO: H. F. STURM, JR., 773-43A
FROM: C. A. LANGTON, 773-43A C,HL

ANALYSIS OF SALTSTONE PORE SOLUTIONS
PSU PROGRESS REPORT IV

SUMMARY

Pore solutions were extracted from the cement-Class C fly ash mix
(former reference mix) and three slag-~containing saltstones. The
purpose of this work was to: 1) quantify waste ion source terms
in the pore solution for modeling studies; 2) identify precipi-
tated phases incorporating waste ions; and 3) provide data for
interpreting cement, fly ash, and slag hydratlon rates and reac-
tion products.

The concentrations of the various ions in the waste solution
approximate the concentrations in the pore solutions, although the
pore solution analyses for NO3~, NO,7, Nat vary by about 40%
compared to the original waste analyses. This is attributed to
the opposing effects of removing water from solution by hydration
reactions versus removing salts from solution as precipitates.

‘Nitrate, nitrite, and sodium appear to be removed from solution to
some extent as the samples age. Nitrate and nitrite are probably
precipitated as soluble salts which can redissolve as the composi-~
tion of the pore solution changes. Sodium is probably 1ncorpor-
ated in the hydrated silicate phases




—> TABLE ¥V

RESULYS OF CHEMICAL ANALYSES OF PORE FLUIDS EXPRESSED FROM
MIX 8448 AT VARIOUS AGES (mg/L) '

74 284 __56d 90d
2103 17.1 6.3 26.9 1.33
ca*? 9.0 29 94.6 92.08
Fe*3e 1.6 3.5 1.74 2.21
k* | 6.000 7,000 7.400 6,500
ug*2e 0.1 1.2 1.8 1.96
Na* 77,000 85,000 91,000 60,000
S1032¢ 203.6 230.7 169.6 76.6
co;2 800 1,000 675 736.8
c1” 1170 1380 - 661 139
N0, 42,000 43,000 33,800 27.000
rog3 <150 150 <150 150 -
NO; 175,000 205,000 177,000 122,700
S0z2 26,000 25,000 25,500 24,000
op~® 14,2358 16,318 227 3,794
pH 13.8 13.98 12.13 13.3

a = Calculated values.

Error estimated to be +3% except where indicated (*) the error was estimated
to be +20%.

- 13 -



"——> TABLE IX
. ' SUMMARY GF COMPOUNDS IDENTIFIED BY XRD FORMED FROM IONIC SPECIES IN
‘ PORE FLUIDS OF THE REFERENCE MIX AND SLAG-CONTAINING MIXES

Reference Mix ' Slag-Containing Mixes

c-s-¢
N-C-S-He N-C-S-He*
Substituted C-S-He
Ca(NOg) 5 “2H,0 Ca(NDg)5 *2K,0
n(no:)z-s%o
| C4ASHy 5
C,ACH, ,* C,ACH, . *
4ACHy 4 4ACH, 4
- « C4ACq.25-0,5812°
C3A*Ca(NOy),°9H,0 MggAl, (COg,H04) (OH) g *4E,0
- C3hp aFo, gHg~C3FS3* - - C3ho 2Fo gHg C3FS3*
CyAHg® C4AHg®
CaCOy CaCO3
Na,CO3 *10K,0 Na,COy *10H,0

sComent chemistry notations were used in these
formulae; A = Al,0,, C=Ca0, T =CO,, F =Fe,04, H
= HZO. K= x2°. N= ,?820, S = 3102. and S = 803-

-17 -
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TECHNICAL DIVISION : Keywords: Saltstone EP and TCLP

SAVANNAH RIVER LABORATORY : Results.
. Saltstone Toxicity

Saltstone Nonhazardous
MEMORANDUM . : Waste Form

Saltstone Compositional
Range

DPST-87-869 (-——-

ARPF_!OVED for Release for cc: G. T. Wright, 773-A
Unlimited (Release to Public) ‘ E. S. Occhipinti, 704-S
4/14/2005 - R. L. Hooker, 704-S
G. W. Oakes, 704-S.
E. L. Wilhite, 773-43A
E. G. Orebaugh, 773-43A
P. F. McIntyre, 773-43A
SRL Records (4), 773-A
December 10, 1987
TO: H. F. STURM, JR., 773-43A

SRL
RECORD COPY

FROM: C. A. LANGTON, 773-43A (AL

EP_TEST RESULTS FOR SIAG SALTSTONE ]

SUMMARY

Twenty-one slag saltstone mixes covering a range of dry solids
and waste solution proportions passed the EP test for toxic met-
als leachability. Consequently, they qualify as nonhazardous
waste forms. (The highest Cr concentration in any extract was 0.6
mg/l compared to the guideline value of 5 mg/l.)

Based on test results, the range of acceptable mixes, i.e., those
mixes which qualify as nonhazardous based on EP criteria, is
shown below.

Slag 10 - 40 wt%

Fly ash _ 10-- 40 wt% {‘components =

Cement or 0 - 10 wt% 100%
C&(OH}Z A

Q,

Salt solution =~ =~ 40 - 55 wt%
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E I. bu PoNT DE NEMOURS & COMPANY

1NCORPORATYCO
SAVANNAH RIVER LABORATORY

AIKEN, SOUTH CAROLINA 29808-0001

(TWX B10-771-2670 TEL 803-725-6211. WAJ AUGUSTA GA | cc: R. Maher, 703-A
L. M. Papouchado, 703-A
D. L. McIntosh, 773-A
E. S. Occhipinti, 704-8S
‘He F. Sturm, Jr., 773-43A

December 18, 1987
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| RECORD COPY

J. T. GRANAGHAN, PLANT MANAGER
SAVANNAH RIVER PLANT ’

ATTENTION: D. C. NICHOLS, 704-S

SALTSTONE FORMULATION VARIABILITY LIMITATIONS

(Ref: -Letter D. C. Nichols to G. T. Wright, 10/21/87)

As requested in the reference letter, testing to identify the
acceptable variability in saltstone formulation ingredients has
been completed.

Any variation within the ranges listed in the attached document,
DPST-87-869, will produce a non-toxic saltstone meetlng all state
and local performance crlterla.

YT ek

Research Manager
Interim Waste Technology Division

GTW/HFS/tyb
Attachment
7293




H. F. STURM, JR. -2- DPST-87-869

Cr leaching results showed some sensitivity to cement content.
Consequently, the cement content for the target mix in the cement
- system has been reduced from 5 to 3 wt%. No sensitivity was
discernable based on Ca(OH), contents between 0 - 10 wt%. DWPF
saltstone target mix proportions are specified as follows

Grade 120 slag 25 wt%
Class F fly ash 25 wt%

Type II cement or 4&_______.
Ca(OH) 5 3 wt%

Salt solution \
(29 wt% salt) 47 wt%

(Addltional work is in progress to determine if further reduction
in cement content of the target mix is beneficial. However, data
is not yet available.)

SAMPLE PREPARATION
Salt Solution

Salt solution containing 29 wt% dissolved sodium salts was doped
with 100 ppm Ag, As, Ba, Cd, Hg, Pb, Se and 2000 ppm Cr. A com-
parison of the expected average salt solution? comp051t10n and
the doped solution used in these samples is shown in Table I.
Except for Cr and Ba, the metal concentrations in the doped solu~
tion were at least 1000x the expected values. .
The solution was also doped with the long-term average concentra-
tions of organics from the in-tank precipitation and acid hydro-
lysis processes.l These organics were added to evaluate their
effect on metals leaching.

The impact of the F and H Areas Effluent Treatment Facility waste
on salt solution composition was not taken into account. Tribu-

tyl phosphate will be added to salt solution as the result of the
ETF but this is not expected to affect leaching or settlng of the
saltstone.

Saltstone Samples

Twenty-one saltstone mixes were selected from a test matrix orig-
inally set up to establish operating limits for raw materials
proportioning. 1Ingredients for these mixes are listed in

Table 2. : : N
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Samples were prepared in a Waring blender and cast into polypro-
pylene bottles which were sealed during curing. After curing for
28 days at room temperature the samples were sent to Environmen-
tal and Chemical Sciences, Inc., New Ellenton, SC, and extracted
according to the EP procedure. Metals in the extracts were ana-
lyzed by ICP (EPA Method 200.7).

RESULTS AND DISCUSSION .
Analyses of the EP leachates are attached. EPA Guideline concen-
trations for these metals and the maximum concentrations observed
in these leachates are listed in Table 3. The maximum extract
concentration divided by the guideline concentration factor was
also calculated for each metal and is shown in Table ‘3. This
factor reflects the amount by which the extract concentration is
below the guideline value. This factor is very conservative
since the metals in the solution were doped at greater than 1000X
the expected values (except for Ba and Cr).

In order to identify the most limiting indicator of EP perfor-
mance, the highest extraction value divided by guideline value
factor was multiplied by the metal doping factor (doped divided
by expected concentration). Such a calculation indicates that
only Cr leachlng needs to be considered for any further discrimi-
nation of the mix design.

R. L. Postles was requested to derive discriminants for stricter
Cr leaching criteria and to derive imperical equations which
bound the entire experimental design point-set. A detailed
report is attached. Results are summarized for the two composi-
tional systems in Table IV.

The mix design was separated into two systems, one containing
cement, the ‘other Ca(OH),, both of which were added to the waste
form to provide a source of Ca ions to activate the slag hydra-
tion and enhance hydrate precipitation. Only one source of Ca
ions is needed in the mix design to accelerate final set and
based on EP results no lime source is needed to stabilize Cr.

Since all mixes containing 0 wt% cement or Ca(OH), and all mixes .
containing up to 10 wt% Ca(OH), had EP Cr level <0.05 mg/l, it
was impossible to derive further compositional discrimination in
these systems. These mixes are insensitive to proportioning of
ingredients over the range tested. However, the cement system
does show a variation between extracted Cr concentration and
cement content. The lowest Cr extraction values, i.e., Cr <
0.113 mg/l are characteristic of mixes containing <5 wt% cement.
(See attached R. L. Postles memo for additional discriminants.)
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Qualitative examination of the EP Cr data for the cement systen
suggests that Cr leaching is optimized (lowered) by using low
cement, high slag, and low solution loading in the mix design.
However, all mixes tested had Cr values much less than (<8.5x)
the guideline value. '

CONCLUSIONS

o All of the slag mixes tested passed the EP test which quali-
fies them as non-hazardous waste forms.

‘0 Based on reported test data, saltstone mixes containing salt
solution with metal concentrations equal or less than those
"used in «this study and with compositions bounded by the fol-
lowing constraints will pass the EP test crlterla and qualify
as nonhazardous waste forms:

Grade 120 slag . 25 (+15) wty L ——
Class F fly ash ' 25 (*+15) wt%
Type II portland cement or
Ca(OH) 5 3 (-3 + 7) wt%
Salt Solution 47 (-7 + 8) wt%

( components = 100 wt%)

o Since the actual salt solution will contain lower concentra-
tion of metals than the solution used in this study, slag
saltstones with compositions within the range tested will be”
nonhazardous.

o Organics added to the solution in the long-term average con-
centrations did not result in excessive metals leaching from
the samples. ‘

o Cr leaching was somewhat sensitive to cement content over the
range of proportions tested. Consequently, the cement content
in the target formulation was lowered from 5 to 3 wt%.
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TABLE 1

Comparison of the Expectedz‘Salt Solution Composition and
the Composition of the Solution Used in the EP Samples

Expected Long-Term Average ' Experimental
Salt Solution Salt Solution

H,0 71 wt$ 7 Wt
NaNO4 14.1 1

NaNO3 |

NaOH
N32C03
NaAl (OH) ,
N8.2504
NacCl
Na3PO4
N32C204

~NWwoho o,

.

.11 ‘

o oor-aur—'uu.py-a

O OO WK WW
W HH\INU]O)LHN

.28

Ag
As
Ba
cd
Cr
Hg
- Pb C
Se :

o
X X

10:2 ppm : 96 ppm
10 85
110
x 10~2 101
5 1790
10~ 94
108 102
10~1 103

| ol

o N
NNNRRFRUOH WD
. . *
N
xox X

Methanol - ** uty
Isopropanol -

NaBy 0.05
Phenol ‘ -
Phenylboric acid --
Benzene -
Biphenyl e 5k
Diphenyl amine : - * k%
Terphenyl ' : | - * %%

G0N W
XXX XXX
'_l
o
|
N

*Increased to 1400 ppm max
**Not listed K

*Not included because expected concentratlons are
less than 1074 wt%



TABLE 2

Ingredients in Slag Saltstone Samples Extracted by EP Test

Mix  Slag Class F Ca (OH) 2 Type II'  Solution

: No. Fly Ash Cenent (29% Salt)
1 26 wts 26 wt$ 3 wts 0 wtg 45 wtg
2 24 24 0 ' 5 47
3 10 27 10 0 - 53
4 10 27 o 10 53
5 27 10 10 o 53
6 10 ﬁ‘ 40 0 , 10 40

7 27 10 0 10 53
8 40 10 .0 ' 10 . 40
9 37 10 0 | 0 53

10 40 .10 0 o ‘ 53

11 21 24 0 10 : 42

12 24 24 10 o 42

13 25 | 25 o 10 40

14 18.5 18.5 .0 o -8 55

15 10 " 33.5 0 10 46.5

16 33.5 10 0 10 46.5

17 10 33.5 10 | 0 . 46.5

18 33.5 10 10 0 ' 16.5

19 18.5 - 18.5 8 . o 55

20 <10 18.5 0 0 41.5

21 38.5 10 ‘ 0 0 51.5




TABLE 3

Comparison of Guideline Values for EP Toxic Metals
and Extract to Guideline

Guideline3, Guideline

Maximum
Observed Value to
In EP for EP Extract Doping Conposite
Leachate Leachate Ratio Factor Factor
(mg/L) '
Arsenic <0.5 5.0 >10%* 1000X >104
Barium 0.137 100.0 >30 10X >7 x 103
cadmium <0.02 1.0 >50% 1000X >5 x 104
Chromium 0.588 5.0 8.5 1X 8.5
Lead <0.5 . 5.0 >10 1000X 104
Mercury 0.00929 0.2 21 1000X 3 x 104
Selenium <0.5 1.0 >2 1000X 2 x 103
Silver 5.0 >10* 1000X 104

<0.5

*EP leachate analysis reported as less than values. _
Consequently, guideline value divided by extraction value may be
larger than indicated.



TABLE 4. Sum.maryv of EP extract
results for the cement
system (above) and the

Ca(OH)z systems,

/

MIXNO, SLAG% ELYASH% GCEMENT% SALT% EPCroom

20 4 185 0 415 <0.05 -
21 385 10 ) 51.5 <0.05
9 37 10 0 53 <0.05
10 - 40 10 0 50 <0.05
2 24 24 5 47 0.113
8 40 10 10 - 0  0.180
4 10 27 10 53 0.223
1 24 24 10 - 42 0.238
© 16 335 10 10 48.5 0.286
15 10 335 10 485 0.288
13 25 25 10 40 0.307
7 27 10 10 53 0.353
14 18.5 18.5 ' 8 55 0.389
6 10 40 10 40 0.588
- Avg. 270 19.3 6.8 47.1
Std. Dev. 11.58 9.95 457 5.57

.- .- {Camant-cantaining): the boundary of the intersection of the asymmaetric
. ellipsoid given by: '

Nl

{ [(éLAG-zroya 1.581R » [(FLYAsms.aj/s.ésF *
| ((CEMENT-6.6)/4.5712 + [(SALT-47.1/5.57]2} <8.7

L 57 A0

MIXNO, SLAG% ELYASHY% CaOHn% SALT%  EP.Groom

1 26 26 3. 4
5 27 10 _ 10 53 :ggss
12 24 24 10 42 ' <0.05
17 10 335 10 46,5 . <0.05
18 335 10 10 46.5 <0.05
19 185 18.5 8 55 <0.05
20 40 - 18.5 0 415 <0.05
21 385 - 10 . ) 515 <0.05
9 37 10 0 53 = <005
10 40 10 0 50 <0.05
-3 10 27 10 53 0,067
Avg. 277 18.0 55 48.8
Std. Dev. 11.28 861 484 474

—LCalQH).-contzining): the containing ellipsoid is:
{ ((SLAG-27.0)/111.26}2 + [(FLYASH-18.0)/8.61) +
{(CAOH-5.5)/4.84]2 « [(SALT-48.8)4.742} <5.8
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‘EP RESULTS




ENVIRONMENTAL & CHEMICAL SCIENCES, INC.

P.O. Box 1393 ¢ Ajken. South Carolina 29802 e (803) 652-7450  (803) 652-2206

CLIENT: Savannan River Plant - £. Langton
DATE: October 16, 1987 :
J0B NO: 7292

SAMPLE TYOE. Saltstone
COLLECTED 8Y: - Client
DATE RECEIVED: 9/21/87

EP TOXICITY: ”
Ba Cd Cr Hg oh

As Se . &g
£CS [.0. SAMPLE [.0.  mg/L ng/L  mg/L mg/L  mg/t ng/L  mg/L  mg/t
0 12100 1812 0.5 <0.05  <0.02  <0.35 ©.00147 <0.5 <0.5 0.5
p 121 2812 9.5 «<0.05  <0.02 0.113 0.00127 <0.5 <0.5 0.5
D 12702 3812 0.5  <0.05 <0.02 9.067 9.00134 <0.5 0.5 <0.5
0 12703 ¢ 812 0.5  <0.05 <0.02 0.223 0.00536 <0.5 <0.5 <0.5
5 12708 S 812 0.5 0.077  <0.02  <0.05 0.00108 0.5 <0.5 <0.5
0 12105 § 812 <0.5  <0.05 <0.02  0.588 0.00280 0.5 <05 «<0.5
3 12106 1912 0.5  <0.05 <0.02 5,353 9.00602 0.5 0.5 <0.5
D 12707 8 812 €0.5  <0.05  <0.02  0.160 0.00139 <0.5 <0.5 <0.5
D 12708 9812 0.5  <0.05  «<0.02 «<0.05 0.00300 <0.5 0.5 .<0.5
D 12709 10 812 0.5  <0.05 <0.02  <C.95 0.00'68 <0.5 <0.5 0.5 .
0 1me 11812 <0.5  <0.05 <0.02 0.238 0.00167 0.5 <0.5 <0.5
D 12m 12 812 . ¢0.5  <0.05  <0.02  <0.95 0.60085 0.5 <5 <05
0 212 '3 212 0.5 ¢0.05  <0.02  9.307 0.00208 0.5 0.5  <0.%
0 12113 14 812 <0.5  <0.05  <0.02  0.389 0.36329 <0.3 0.5 0.5
3 114 15 812 0.5  <0.05  <0.02 9.288 0.00225 9.5 0.5 <3.5
D 12715 15 812 0.5 0.073  «<0.02  0.296 0.70544 0.5 S5 <5
) s 17 312 0.5  9.137  <0.02  <0.05 -0.00390 <.3 0.3 2.3
0 emt 18 812 <0.5  0.051  <0.02  <0.05 9.00122 0.3 <0.5 9.5
N 12118 19 812 6.5 <0.05 . «<0.02  «0.05 2.09:37 0.5 <0.5 0.5
0 12119 20 812 <0.5 <0.05 <0.02  «<0.05 0.00083 . «<0.5 <0.5 0.8
5 12720 21 812 0.5  <0.95  <0.02  «0.05 2.00548 9.8 0.3 0.3

Approveg dy: __ _‘{1_"/” et I é\, : K’-'—U\&-o-“ Laboratory Director
Uenry J; Kan#d, Ph.D.
~J

HJK/ke



ATTACHMENT II

Derivation of equations bounding the entire exper-
imental design point-set and derivataion of discri-
minants which impose stricter criteria on Cr leach-
ing. Memo from R. L. Postles to C. A. Langton,
November 25, 1987. ’ :




cc J.
T. Wright

R. Beckmeyer
F.

;R
G.
R.
H. F. Sturm

November 25, 1987

TO: CHRIS LANGTON '

FROM:  DICK POSTLE%)N Qr"yo

RE:

You all have meaéured the Cr content (by the EP method) of some formulations of
saltcrete chosen according to an experimental design. '

Your intent was to delineate a range of composition'for which Cr <5 ppm. However,
all 14 Cement-containing and all 11 Ca(OH),-containing compositions met this

criterion "easily” (maximum Cr ~0.6 ppm). Hence, the descriptive work reduced to:

i. Deriving the expression for a 3-dimensional solid which
bounds the entire experimental design point-set, and/or

ii. Deriving-discriminants which impose stricter criteria on Cr.

Eori (Cement-containing): the boundary of the intersection of the asymmetric

ellipsoid given by:
{ [(SLAG-27.0)/11.58]2 + [(FLYASH-19.3)/9.95]2 +
[(CEMENT-6.6)/4.57]2 + [(SALT-47.1)/5.57]2} <8.7

-and the region bounded by the basic constraints: 10 € SLAG < 40%
10 S FLYASH < 40%
0 s CEMENT< 10%
40s SALT <5 55%

and the region of processibility: (1.31°CEMENT + 0.26*SLAG) > 8%

is an approximatg bound to the experimental compositions. It is approximate, in that it
extends beyond the convex hull of the experimental design point set. So: although
we know that all the good formulations are contained within it, we do not know that ail
contained within it are good. [Only one of the experimental points (Mix No. 6: 10, 40.
10, 40) requires the upper bound to be as large as 8.7. The remaining 13 are
bounded by <~5.] .




Fari (Qa(Qtj)z;g_Qmaj_ﬂmm: the containing ellipsoid is:
{ [((SLAG-27.0)/11.26]? + [(FLYASH-1 8.0)/8.61)2 +
[(CAOH-5.5)/4.84)2 + [(SALT-48.8)/4.74]2 } <6.8

~ with the basic constraints as above except: 0 < Ca(OH), < 10%

and the corresponding processibility constraint:

(-0.3255°Ca(OH), + 0.7935"SALT) 2 30%.

‘The same type of approximation is involved as above.

The higher-order discriminants germane to lower levels of Cr are described in the
attachment. : :




{ G ities:
The data attachéd in Table 1 show that there is essentially no discrimination power in
the Ca(OH), data; all but one datum show EP Cr levels < 0.05 ppm. Hence, it

remains only to bound the entire composition point set for this case.

However, the Cement data show a reasonable variation of Cr with corﬁposition; and
so higher-order discriminants are derivable, in addition to the "global” bound.

Higher-Qrder Discriminants - Cemen
Cr<0.113 bpm: By inspection, CEMENT<5% is sufficient to discriminate.

Cr <0.160 ppm: CEMENT by itself is no longer sufficient; but 0.3*(SLAG) > CEMENT
does effect perfect separation. (See Table 3.)

- Cr<0.30 ppm: No linear discriminant exists which will effect perfect separation.

Note: The discriminant analysis above was effected by the same technique’ describéd
in: ' : , o

Memo, R. L. Postlesto C. A. Langton, "Experimental Design for Flyash/Slag
Mixtures - Revisited”, September 8, 1986

; ©lobal Discriminants:

Expressions of the form "X [(x-a,//b}2 = c2" generate an ellipsoid in the "centered"
variables "x.-a" with intercepts on the coordinate axes "+bj/c". Setting the "a" equal
to the observed component centroids and the * b" equaitothe observed standard
deviations gives the left-hand side of the expression:

{ [(SLAG-27.0)/11.58]2 + [(FLYASH-19.3)/9.95] +
[(CEMENT-6.6/4.57]2 + [(SALT-47.1)/5.57%} <8.7.

The right-hand "c2" was determined empirically such that every expenmental
formulation was contained therein. See Table 2.




MIX NO,

20
21
9
10
2
8
4
11
16
15
13
7
14
6

Avg.

Std. Dev.

MIXNO, -

1
5
12
17
18
19
20
21
9
10
3

Avg.

Std. Dev.

38.5
37
40
24

10
24
335
10

25

27
18.5

10

27.0

11.58

26
27
24

10
335
18.5

.38.5
37

10
27.7

11.26

S 10

185 0
10 0
- 10 0
10 0
24 5
10 .10
27 10
24 10
10 10
335 10
25 10
10 10
18.5 - 8
40 10
19.3 6.6
'9.95 . 4.57
THE CA(OH), DATA

SALT %

415
51.5

50
47

42
46.5
46.5

40

55

471

5.57

 EPCrppm

<0.05
<0.05
<0.05
<0.05
0.113
0.160
0.223
0.238
0.286
0.288
0.307
0.353
0.389
'0.588

ELYASH®% CalOHL.% SALT% EPCrpom

26
10
24
335
10
18.5
18.5
10

10
27

18.0

8.61

3
10
10
10

OCO0OQ9Pocom

55

4.84

45

42
46.5
46.5

55
415
51.5

53

50

33

48.8

4.74

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

- <0.05

<0.05
<0.05

- 0.067



SAS(R) LOG 0S SAS 5.16 MVS/XA JOB T6476SAQ STEP STEP PROC SAS

13:33 MONDAY,
10TE COPYRIGHT (C) 1984,1986 SAS INSTITUTE INC.

» CARY, N.C. 27511, U.S.A.
10TE: THE JOB T6476SAa HAS BEEN RUN UNDER RELEASE 5.16 OF SAS AT E. I. DU PONY DE NEMOURS & COMPANY (02398001).
NOTE: CPUID VERSION = FF SERIAL = 171474 MODEL = 3090 .
HOTE: SAS OPTIONS SPECIFIED ARE: '
NEWS SORT=7 LEAVEZ600K
. llllll“l“ll“l!l SAS NEWS !lullﬁ*!lll“‘lﬁ*“l

PROBLEMS ENCOUNTERED EXECUTING THIS VERSION (F

SAS SOFTMARE SHOULD BE DIRECTED TO PAIGE RABLN
(EXTENSION 51244).

1 DATA ; IHPUT SLAG FLYASH CEMENT SALT ;
2 CSQ = ((SLAG-27.0)711.58)%%2 + ((FLYASH-19.3)/9.95)%%2 ;
3 CSQ = CSQ + ((CEMENT-6.6)74.57)%%2 + ((SALT-47.1)/5.57)%x2 ;
4 CARDS . ’
HOTE: DATA SET WORK.DATAL HAS 14 OBSERVATIONS AND 5 VARIABLES. 433 0BS/TRK.
NOTE: THE DATA STATEMENT USED 0.04 SECONDS AND 332K.
19 H
20 PROC PRINT ;
NOTE: THE PROCEDURE PRINT USED 0.08 SECONDS AND 464K. AND PRINTED PAGE 1.
NOTE: SAS USED 464K MEMORY. :
NOTE: SAS INSTITUTE INC.
SAS CIRCLE
PO BOX 8000
CARY, N.C, 27511-8000

SAS
0BS  SLAG  FLYASH  CEMENT . SALT csQ

'TM‘*"__...Z 1 24.0 24.0 5 g;.g 22;3;;
2 10.0 27.0. 10 . 4.42355

3  40.0 10.0 10 40.0 .3
ast - Cow § 4 24.0 26.0 10 22.2 z.gggsa

e TR LI 10 . .

fEE"“" - M 2 %g'g igig 10 46.5  1.75380
7 40.0 18.5 0 41.5  4.36327
s 38.5 10.0 ¢ 51.5 4.26958
9 37.0 10.0 0 53.0 4.82707
10 40.0 10.0 0 50.0 4.49069
11 10.0 40.0 10 40.0 5.46157
' 12 27.0 10.0 10 53.0 2.56913
13 25.0 25.0 10 4000 2.53634
14 18.5 18.5 8. '55.0 2.65071

NOVEMBER 23; 198.

.




AQTE:
NOTE:

NOTE:

NOTE:

SUIN =

NOTE:
NOGTE:

]

i16

17
NOTE:
HOTE:

NOTE:

SAS(R) LOG 0S5 SAS 5.16 MVS/XA JOB T64765A2 STEP STEP
COPYRIGHY (&) 1984,1986 SAS INSTITUTE INC., CARY, N.C. 27511, U.S.A.
THE JOB T64765A2 HAS BEEN RUN UNDER RELEASE 5.16 OF SAS AT E. I. DU PONT
CPUID VERSION = FF SERIAL = 171474 MODEL = 3090 .

SAS OPTIONS SPECIFIED ARE: '
NEWS SORT=7’LEAVE=600K
D6 3% D JE 2 D6 D6 36 D ¢ X ¢ )¢ X X SAS NELIS 36 %3 X ¥ M 3 3 X 3 2t € X 3¢ 3¢ 2 %

PROBLEMS ENCOUNTERED EXECUTING THIS VERSION OF
SAS SOFTWARE SHOULD BE DIRECTED Y0 PAIGE RABON
(EXTENSION 51244).

INPUT SLAG FLYASH CAQOH SALT ;

€5Q = ((SLAG-27.7)/11.26)%%2 + ((I'LYASH-18.0)/8.61)%%2 ;

229 ; CSQ ¢+ ((CADH-5.5)76.84)%x2 -
RDS ;

DATA SET MORK.DATAL HAS 11 OBSERVATIONS AND 5 VARIABLES. 433 OBS/TRK.
THE DATA STATEMENT USED 0.04 SECONDS AND 332K.

DATA ;

PROC PRINT ; !
THE PROCEDURE PRINT USED 0.08 SECONDS AND 464K AHD PRINTED PAGE 1.
SAS USED 464K MEMORY.

SAS INSTITUTE INC.
SAS CIRCLE

PO BOX 8000

CARY, N.C. 27511-8000

Taere 2

Co. (W), - Coma wnink 083

=D~ DN -

i
[ ol ol

((SALT-48.8)764.74)%N2 ;

PROC S5AS 10:37 WEDNESDAY,

DE NEMOURS & COUMPANY (02398001).

o

NOVEMBER 25, 198

SAS
SLAG FLYASH  GAOH SALT csQ
.0 26.0 3 45.0 1.79562
%g.n 27.0 10 53.90 5.21320
27.0 10.0 10 53.0 2.51676
264.0 26.0 10 42.0 3.51611
10.0 33.5 10 46.5 6.81171
33.5 10.0 10 46.5 2.22854
18.5 18.5 8 55.0 2.64866
40.0 18.5 - 0 41.5 4.85981
38.5 10.90 0 51.5 3.39908.
37.0 10.0 0 53.0 3.62194
40.0 10.0 0 50.90 3.41199



{ SAS(R) LOG 0S SAS 5.16 ' MVS/XA JOB T64765Aa STEP STEP PROC SAS 8:55 HEDNESbAY. NOVEMBER 18; 198

A0TE: COPYRIGHY (C) 1984,1986 SAS INSTITUTE INC., CARY, N.C. 27511, U.S.
JOTE: THE JOB T6476SA3 HAS BEEN RUN UNDER RELEASE 5. 16‘0F SAS AT E.'I DU PONT DE NEMOURS & COMPANY (02398001).

" RQTE: CPUID VERSION = FF  SERIAL = 171474 MODEL = 3090 .

NOTE: SAS OPTIONS SPECIFIED ARE:
NHEWS SORT=7 LEAVE=600K

uuuunnuunnhnnux SAS NEWS 6536065 232 6 36 3 36 3¢ 3 X 3¢ o 24
PROBLEMS ENCOUNTERED EXECUTING THIS VERSION OF ' Tase 3

SAS SOFTWARE SHOULD BE DIRECTED YO PAIGE RA
C(EXTENSION 51244). BoM

.

PROC MATRIX ; O0.3¥SLAG > cemewl

¢ ggTE ENTER HAIRIX/XI OF GOOD POINTS (EP CR<=0.160) ;
40 10 /
40 0 /
38.5 0 /
37 0 7
40 - 0 H T X1 ;

NOTE ENTER MATRIX X2 OF BAD POINTS ;

A3 TN st bt s 0 s bt st et St B gy B ON U SN G D e
st

0. X2 = 10 10 /

1 ' 10 10 /

2 27 10 /

3 24 10 /

% 25 10 /

5 18.5 8 /

6 10 10 /

7 33.5 10 3 PRINT X2 ;

38 NOTE COMPUTE MEANS X_BAR, NORMALIZED CROSSPRODUCTS S_., COVlRIANCES S;

9 COL1l = HCOL(XL1) ; ROWl NROWC(X1) ; ROW2 = NRQU(X2) ;

0 X1BAR = J(ROW1l, cCOL1, 1) ;

DO L=1 TO ROW1 ; DO K=1 70O cOLl ;

22 : X1BAR(L,K) = SUM(X1(,K))S/ROW] ;
23 . END ; END ; PRINT X1BAR ;
24 X2BAR = J(ROWL2, coOLl, 1) ;

25 . PO L=1 TO ROW2 ; DO K=1 TO cOLl ;
26 X2BAR(L,K) = SUM(X2(,K))8/R0OW2 ;
27 END ; END ; PRINT X2BAR ; . . ~
28 Ss1 S (X1-X1BAR)"®(X1-X1BAR) ; PRINT S1 ; . :
29 82 S (X2-X2BAR)"%(X2-X2BAR) ; PRINT S2 ; ' .
30 S = (S1+52)8/(ROW1I+ROU2) 3 PRINT S . :

31 : SDET = DET(S) ; PRINY SDET H

32 B = INV(S) ‘ PRINT B ;

33 ) . CHECK= BxS-I(CcOLl) ; PRINT CHECK ;
39 NOTE GET COEFFICIENTS OF AXIS WHICH PROVIDES MAXIMAL SEPARATION ;

35 A = BX((X)IBAR(1,))*"~(X2BAR(1,)*)) ; PRINT A ;

36 NOTE COMPUTE VALUES FOR EACH POINT ALONG IHIS AXI1S ;

37 Dl = X1%A ; PRINT D1 ;

38 D2 = X2%A ; PRINT D2 ; .

NOTE: PROC IML WILL REPLACE PROC MATRIX AFTER VERSION 5.
HOTE: THE PROCEDURE MATRIX USED 0.19 SECONDS. AND 854K AND PRINTED PAGES 1 70 3.

NOTE: SAS USED 854K MEIORY.
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DIRECT GROUT STABILIZATION OF HIGH CESIUM SALT WASTE:
SALT WASTE ALTERNATIVE PHASE III FEASIBILITY STUDY (U)

Christine A. Langton,
Westinghouse Savannah River Company
Savannah River Technology Center,
Aiken, SC 29808

SUMMARY

The direct grout alternative is a vxable option for treatment/stabilization and disposal of
salt waste containing Cs-137 concentrations of 1-3 Ci/gal.

The composition of the direct grout salt solution is higher in sodium salts and contains up
to a few hundred ppm Cs-137 more than the current reference salt solution. However it is
still similar to the composition of the current reference salt solution. Consequently, the
processing, setting, and leaching properties (including TCLP for Cr and Hg) of the direct
grout and current saltstone waste forms are very similar. :

The significant difference between these waste solutions is that the high cesium salt
solution will contain between 1 and 3 Curies of Cs-137 per gallon compared to a
negligible amount in the current salt solution. This difference will require special
engineering and shielding for a direct grout processing facility and disposal units to

"achieve acceptable radiation exposure conditions. The Cs-137 concentration in the direct
grout salt solution will also affect the long-term curing temperature of the waste form
since 4.84 Watts of energy are generated per 1000 Ci of Cs-137. The temperature rise of
the direct grout during long-term curing has been calculated by A. Shaddy, SRTC. !

The effect of curing temperature on the strength, leaching and physical durability of the
direct grout saltstone is described in this report. ‘At the present time, long term curing at
90°C appears to be unacceptable because of cracking which will affect the structural
integrity as evaluated in the immersion test. (The experiments conducted in this
feasibility study do not address the effect of cracking on leaching of contaminants other
than Cr, Hg, and Cs.) No cracking of the direct grout or reference saltstone waste forms
was observed for samples cured at 70°C.

At the present time the implications of waste form cracking at elevated curing temperatures
has not been'ﬁllly addressed. The direct grout falls within the definition of NRC Class C
waste. NRC requires that Class C waste forms or their containers demonstrate structural
integrity to qualify for disposal. Direct grout cured at 90° C will not meet the i mtegnty
requirement. However, the disposal vault may meet this requirement.
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BACKGROUND

Direct dxsposal of the cesium in grout is one of the alternatives identified in WSRC-RP-
98-00166.% In this proposed process, Cs-137 is not separated from the salt waste or
concentrated supernate. It is instead sent to the new shielded Saltstone Facility. The
resulting waste form would be classified as Class C low-level waste if disposal was
regulated by the NRC. A new grout production facility is needed for this option. The
new facility requires remote maintenance capabllltxes and a shielded cell for the grout
production equipment. The test plan for this effort is presented elsewhere.?

Comparison of Reference Z-Area Salt Solution and High-Cesium salt Solution

The average composition of the direct grout salt solution is listed in Table 1 and
compared to the current reference salt solution composition. The average cesium
concentration in the direct grout waste stream is estimated to be 1.65E-4M (1.5 Cl/gal)
This waste and the resulting direct grout waste form which has about 40 % less curies per
volume (about 250 Ci/cubic meter of saltstone) due to dilution with the cementing
reagents fall within the NRC Class C waste category The Cs-137 concentration limit for
Class C waste is 4600 curies per cubic meter.’

Table 1. Compositions of the Reference Salt Solutlon and the Direct
Grout, High Cesium Salt Solution.**

‘ Reference Salt Direct Grout
Component Solution . High Cesium Salt Solution
(Molar) (Molar)
NOy 204 249
NOy 0.62 0.581
OH - 117 2.181
COs* 0.15 - 0.181
AlO™ 0.41 : . 10.355
SO 0.15 | 0.169
F 0.0015 0.0361
cr 0.023 0.0282 -
C0* 0.025 ' 0.0136
PO . 0.01 . 0.009
Na+ _ 4.94 6.44
K - 0.0168
Cs 20 n Clg 0.000165
Hg 0.012 mgiL 33 mgL
Cr : 161 mg/L 161 mgiL
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Class C Requlrements for Low-Level Waste Dlsposal7 :
In addition to the minimum requirements for Class A, B, and C wastes, NRC has
structural stability requirements for Class B and C waste.” Stability requires that the
waste form maintains its structural integrity under the expected disposal conditions.
Structural stability is necessary to inhibit a) slumping, collapse, or other structural failure
of the disposal unit if an engineered structure is not used and b) radionuclide release from
the waste form that might ensue due to increases in leaching that could be caused by
premature disintegration of the waste form. Stability is also considered in the intruder
pathways where it is assumed that wastes are recognizable after the active control period.
To the extent practical, Class B and C waste forms should maintain gross physical
properties and identity over a 300 year period. To ensure that Class B and C wastes
maintain stability the following conditions should be met:
o The waste should be a solid form or in a container or structure that provxdw stability
after disposal.
The waste should not contain free standmg and/or corrosive liquids.
The waste or container should be resistant to degradation caused by radiation effects.
The waste or container should be resistant to biodegradation.
The waste or container should remain stable under the compressive loads mherent in
the disposal environment.
e The waste or container should remain stable if exposed to moisture or water after

- disposal.
o The as-generated waste should be compatible with the solidification medlum or

container.

NRC identifies the followmg tests, which can be used to demonstrate waste form

stability:

Compressive strength; ASTM C-39 (60 psi minimum).

Resistance to thermal cycling degradation; ASTM B-553.

Radiation stability at 10E+8 Rads in gamma irradiator or eqmvalent

Resistance to biodegradation; ASTM G-21 and G-22.

Leach testing; ANS 16.1 (Cs leach index minimum of 6).

Immersion testing, i. e., compressive strength after 90 day immersion period should
“be 500 psi minimum and not less than 75 % of the pre-immersion compressive

strength.

o Free standing liquids (less than 0.5 volume per cent per Method described in

Appendix 2 of ANSI/ANS 55. 1)
o Full-scale testing.
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EXPERIMENTAL METHOD

Preparation of the Reference Salt Solution and Direct Grout, High Cesium Salt Solution®

Simulated salt solution was made according to the following recipes. Cesium, mercury
-and chromium were spiked in amounts greater than the concentrations listed in Table 1 in
order to determine differences between leaching performance in the various leaching
tests. This was necessary given the detection level for non radioactive cesium used in
these experiments.

Table 2, Ingredients in the Reference Salt Solution and the Direct
Grout, High Cesium Salt Solution.

Reference Salt Direct Grout
. Solution High Cesium Salt Solution
_Ingredient (glL) (o)
NaNOs. 173.4 211.6
NaNO, , 431 40.09
NaOH . 46.7 - 87.24
Na,CO3H,0 18.5 2244
NaAlO,H,0O 40.6 34.48
Na,SO4 20.9 : 24.00
NaF 0.62 1.52
NaCl - 1.35 1.65
Na,C,0, _ 3.44 ‘ 1.82
“NasPO4 29 -
Na,PO,12H,0 - 3.42
KNO, - 1.69
CsNO;, - 0.643*
HgCl, 0.338* 0.338*
Na,CrO4 0.623 *~* 0.623***
* Cs spiked at 0.0033 M Cs using CsNO,. This is 20 times more than the -

concentration projected for the direct grout case.

** Hg spiked at 250 ppm as HgCh in direct grout solution prepared for this feasibility
study.

**+ Cr spiked at 1830 mg/L as NaZCr04.

Preparation of Reference Saltstone and High Cesium, Direct Grbut
The ingredients and proportions in the reference saltstone are shown below:

Cement Type I/IT 4 wt% '
Fly ash Class F_ 25 wt% ' Q____’———
Slag Grade 120 25 wt%

Salt solution 46 wt%

(containing 71 wt % water)

The water to total cementitious solids of this mixture is 0.6048.
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The ingredients and proportions used inthe dlrect grout saltstone containing the }ugh
cesium loading are shown below. The water to the total cementitious solids ratio is
0.6092 and is similar to that of the reference saltstone.

‘Cement Type I 4 wt%
Fly ash Class F 24 wt%
Slag Grade 120 24 wt%
Salt solution 48 wt%
(containing 66 wt. % water)

The dry cementitious reagents were premixed to simulate the Z-Area process and then
added to the salt solution. Mixing was carried out in a Waring blender for one minute at
low speed. Samples were immediately cast into the appropriate containers for the various
tests. :

Testing
The approach was to compare the high-cesium, direct grout to reference saltstone with
respect to the followmg properties:

Set time

Bleed water

Processing (flowability of grout —subjectxve evaluation)

Compressive strength (28 days)

Leaching

- TCLP for Cr, Hg, Cs
Radiolytic gas generation
Durability Evaluation (hmlted testing modified ANS 16.1 soak test).

Curing ‘

The curing was conducted at ambient temperature, 45°, 70° and 90° C +/-5° C and 100 %
relative humidity. This curing range is representative of the range of initial and long-term
curing temperatures which could be encountered under actual field conditions.

Irradiation Experiments

Two samples of direct grout were cast in cylindrical containers approximately 1 x 4
inches in size. These containers were sealed during the 28-day cure period. One sample
-was cured a 24.5° C and the other at 90° C. The moisture contents of these samples were
measured to be 24 and 27 wt. %, respectively. The porosity of each sample was

- estimated to be 30 to 40 volume percent. These two samples were irradiated
simultaneously at a dose rate of 4.2 E+5 rad/hour for 185 hours in a Co-60 source. The
dose accumulated in the 185 hr irradiation experiment is equxvalent to an approximate 34
" year dose at a nominal Cs-137 curie loading of 250 Ci/m®. Given the nominal density of
the direct grout,.1617 kg/m’, this corresponds to 7.242 E-4 Watts/kg, or a dose rate of
261 rad/hr. Expenmental details pertalmng to the Co-60 irradiation, gas analysm, and
dose calculatlons are given elsewhere.”
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(grout plus moisture). Given a nominal moisture content of about 25 wt. %, aG(H,)
based on water alone was calculated to be in the range of 0.08 to 0.12. These G values
are significantly lower than the maximum value obtained from pure water, 0.45. Similar
results were obtained for dry CST powder irradiation experiments.®

Hydrogen concentrations in air of 4 % or more constitute a flammable mixture.

Assuming that the direct grout disposed of in the new saltstone vaults will not constitute a
. closed system (the grout and the concrete vault have open, interconnected porosity), the
radiolytic gas production is not expected to result in accumulation of hydrogen in the
pores of the saltstone or the air void spaces in the vault.

In addition, visual observation of the samples after irradiation to a 34 year dose indicated
no degradation or cracking. However, a difference in the gas pressure versus irradiation
time profiles was observed for the direct grout samples cured at 24° and 90° C. Direct
grout cured at 24°.C showed a linear increase in pressure as a function of irradiation time.
A G value for the total gas produced was similar to the G value for hydrogen (0.01 and
0.02, respectively). Direct grout cured at 90°C showed an initial depressurization

' followed bya lmear increase in pressure. This is similar to the profile observed with
CST irradiation.® Although the G(H,) was similar for the two samples, the sample cured
at 90° C resulted in more total gas generation. A G value for the total gas produced was
higher than the G value for hydrogen (0.07 and 0.03, respectively). This indicates that
there was radiolytic production of gas other than hydrogen in the direct grout sample
cured at 90°C.

Phase Determmatlon

X-ray diffraction analyses of specimens cured over the entire temperature range mdlcate
the presence of poorly crystalline hydrotalcite, a hydrated magnesium silicate phase
characteristic of hydrated slag systems. Gypsum, a hydrated calcium sulfate phase was
also detected in all of the samples. The current analysis did not indicate any phase
differences over the temperature range studied.

Immersion Test (Durability/Integrity Evaluation)

An immersion test to evaluate structural integrity is in progress. Samples cured at 24.5,
45, 70 and 90°C are currently immersed in deionized water. These samples will be
soaked for 90 days and then the compressive strength will be measured. To date, the only
type of data available are the result of visual observations. Cracking was observed in the
samples cured at 90°C at the time the samples were removed from the molds. Samples
cured at 70°C and lower did not show any signs of cradung See Figure 2. All of these
samples were cured in sealed containers and did not experience significant drying,
Consequently, the cracking observed in the direct grout and reference saltstone samples
cured at 90°C is probably caused by a mechanism other than external drying.
Crystallization of soluble or insoluble phases within the matricies of these samples is one
possible explanation. However, additional studies are requu'ed to understand the cause of
the cracking. :

11




Figure 2. Effect of Curing Temperature on the Reference Saltstone and Direct-Grout Samples Prepared for Immersion
Testing (All Samples Were Cured in Sealed Containers). Cracks Were Observed in the 90 C Samples at the
Time of De-Molding. No Cracks Were Observed in the Other Samples. ’
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{
RECOMMENDATIONS s R

Long-term curing experiments of reference saltstone and direct grout as a function of
curing temperature are recommended if direct disposal of grout is selected as the
preferred or backup technology to replace the current ITP process. This recommendation
is consistent with the direct grout feasibility evaluation and the SRTC technical program
evaluation conducted by BNFL. (See Attachment for the BNFL comments.) X
Leaching experiments on direct grout cured over the temperature range 24 to 90° C is
also recommended.

Additional irradiation and gas collection/analysis experiments should be conducted to
further investigate the affect of curing temperature on the direct grout performance.

Regulatory and p’erformahce (equirements for direct grout should be determined.

Production and pouring strategies should be developed to meet the regulatory and
performance requirements. ,

Tests'sh"ould be conducted to determine the effect of changes in the salt composition on
the properties of the direct grout in order to establish acceptable operating ranges. '

Based on the results of this feasibility study, the current saltstone formulation range is
adequate for the direct grout. However, if the short term curing temperature cannot be
managed by applying a multi-cell pour strategy, then substituting granulated slag for -
Grade 120 slag should be evaluated. The simplest way to control the long term curing
temperature is to adjust the curie content of the waste/waste form if long-term curing is
an issue.

_QUALITY ASSURANCE

Results are recorded in WSRC-NB-98-00204. Testing was conducted in accordance with
SRTC procedures.

14
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ATTACHMENT 1

BNFL Response to Questions and SRTC Program Review
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BNFL

Memorandum
To: .SRTC o | | Date: 228eptember 1998 .
From: . Graham Jonssou _ Your ref;
Ext +44 19467 72477  Oureet @M\qxis\ogs

Fax: +44 19467 72490

Sutject: Saltstone Immobilisation Programme

To all at SRTC

SALTSTONE mmoBmAnoN PROGRAMME

This note details comments made by BNFL regarding initial questions raised by SRTC. With
respect to the Saltstone immobilisation programme (Section 1) , and then in Section 2
arevicw of the proposed SRTC development programme is given.

SECTION 1

Q1:Does the Saltstone formulation require changing based on the inclumn of the Cs in.
order to meet 'I‘CLP reqmremcnts ? : ,

Al:The mclusxon of Cs i mto the wastefoxm on it's own should not affect the leachability of the
metals in the TCLP test. Given that the TCLP test- would be performed after 28 days , it is
very unlikely that the higher overall temperature of the Saltstone monolith will have any
cffect on metal solubilities. However the longer term effects of the elevated tempcratures on
mectal retention within the system should be part of the forward programme as it is outside of
the current scope of cxpmcnce

Although this is different to the TCLP test (i.e. a test that is undertaken after 28 days) it is
none the less important that the chemistry of the system is understood to predict longer term
behaviour. It is also important to realise that in the TCLP test , the sample is actually ground
and therefore monolithicity is not a factor. It is the actual eﬁ'ects of heat upon the overall
cement system that is the major point to establish.

\-

Q2:If the formulation does need changing to meet TCLP wonld this be adequate or
would an alternative additive be required ?

294 82L°ON ‘ PALLCZ.508TORE ¢ <NONT ADQONHDIZL SI{SHM 12:97 B86-68/22
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A2 : As stated in Answer 1 it is not certain how the microstructure will be affected by being
exposed to high temperatures (greater than 80°C Jover extended periods of time. Itisnot
considered that the ability to comply with the TCLP requirements will be affected. If overall
radiogenic heat is seen as problematic the simplest alternative may be to just limit the amount
of Cs present in the waste. Altematively different cement systems can be evaluated for
suitability.

'QS:What would the bulk temperature rise to based on the heat of hydration ,and would
the pouring volume need to be limited because of this ?

A3:Information provided by SRTC is now being used by modellers to predict the bulk
temperature rise. .

QA4:What cffect will the higher Cs loading have on the bulk temperaturw in the long
term ?

A4 :TheCs loading will govem the bulk temperature within the matrix , with overall

- tempertaure increasing as the Cs loading increases. Initial results from modelling experiments
at SRTC indicate that the bulk temperatures will be around 90°C . This can be substantiated
by addmonal modcllmg studies in the UK.

QS:If curing heat or radiolytic heat is a concern how would we address ?

AS:This can be done by limiting the amount of Cs within the product ,changing the cement
formulation or considering an alternative matrix.

Q6:Will gas generation be s concern and if so how will it be addressed ?

- A6: The porosity and permeability of the cement ﬁicrostrucnxre will be sufﬁcient. to deal
with gas generated from any associated reactions. However this will need to be checked
during the development programme to-establish the effects at the clevated temperatures.

Q7:What tests would be réqulred to demonstrate short and longer term gas generation
will not be 2 problem ? :

AT: The sample will need to be exposed to the expected radiation dose that it would need to
withstand in order to retain product integrity. Whereas in the U.K. wasteforms. are exposed to
the cumulative dose that they would experience during up to 100 years' storage and disposal,
the actual dose that the Saltstone wasteform will need to withstand wxll be specific to the
waste acceptance criteria (WAC) goveming dxsposaL

a4 824 0N : PALYSZ SR8 TRA6 « dNONT A90TION-D3L SILSHM. ©12:91 86/68/22
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Section 2 : Proposed SRTC development programtue

Set:

This is normally undertaken to establish throughput requirements for batch plants. As the
proposed process is continuous mixing followed by pumping and placement ,setting is only
important if severe retardation is observed , or if set is achieved too quickly. The latter point
may be particularly important if the mix were to be delayed on line to the disposal facility.
This could result in blocked pipework and the inherent problems of dealing with remediation
where the radiation levels will be significantly higher for manual intervention.

Time of set will also need to be established during the pouring stage to establish the effects of
pouring additional cemented products on material that may have only undcrgonc partial
setting. This can lead to cracking and loss of product mtcgmy

' Bleed water :

Again bleed water is normally associated with plant throughput requirements , although the
avoidance of the generation of secondary wastes is also of major importance. Ideally the
formulation should provide a bleed free product ; however at what timme bleed water must not
be present will be very specific to this particular project. :

Processing :

The proposal is to haQe a subjective test. Experience in the UK. indicates that this kind of
evaluation is not suitable ,and it is suggested that actual methods to evaluate grout
processability / fluidity are established.

Compressive strength :

While the test indicates that the test will be undertaken after 28 days, it is recommended that
a strength development profile is undertaken. This will allow a prediction to be made of any
potential interactions taking place within the matrix. It may also be beneficial to undertake
these measurements over longer periods so that the longer term strength development pxoﬁle
_can be monitored. .

There are also non-destructive tests that can be performed to monitor strength development as
opposed to compressive strength.

Leaching : _
The standard test is to undertake the TCLP test after 28 days. Itis recommended that

additional testing is undertaken to establish any likely affects of the higher heat loading on the
overall cement microstructure.

Radiolytic gas\geuerauon: B »
The wasteform needs to be exposed to the cumulative radiation dose that the wasteform will
experience during the evaluation period. This will not only establish the effects of radiation

on the wasteform stability , but can also be used to establish the effects (if any) of deahng
with any gas genaated upon the cement microstructure. :

vaa 824 "ON YOLVGZ.58aTa06 ¢ JN0MD AS0TIONHDTL S315un 12:91% - 86s6@/2C
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The curing temperatures will need to reflect the actual core temperatures which the matrix
will experience and therefore any tests will need to be sble to reflect thesc temperatures as
opposed to simply curing at the temperature under assessment.

General comments:

The overall programme is focussed mainly on passing the necessary WAC. Howcver as this-
wastestream composition is now fundamentally different to the original Saltstone, it is
‘considered that additional testing would be beneficial in understanding the ongoing
cement/waste interactions taking place.

The programme does not indicate any timescales for the test period.

The surrogate needs to be prepared in as near as possible the same way as the waste will be
produced during future operations.

The programme appears to be focussed upon dealing with a worst case scenario. It may be
beneficial to consider a range of formulations to understand any chan ges occumng as
formulations change.

In terms of the actual process, I have assumed that the relevant operating envelopes and
equipment deployed and established for the original plant will still be used in the new facility
and are therefore outside the scope of these comments

GH Jonsson
Resecarch and Technology
Seliafield

Seascale
Cumbria.

<o 824 0N - vALPC220e8TIP86 ¢ dNONI AS0IONDIL SBLSUN 12:91 86-60/22




WSRC-TR-98-00337
Revision: 0
September 30, 1998

RESULTS AND DISCUSSION -.

Processlblllty, Set Time and Bleed Water :
Processibility was evaluated by visual observation. The direct grout slurry was compared -
to the reference saltstone slurry. The direct grout slurry was easily mixed in the Waring
blender. The resulting slurry was fluid and was easily poured into the sample containers.
The direct grout gelled (thickened to the extent that it was no longer pourable) in 25 to 30 .
minutes. The reference saltstone slurry was also very fluid and pourable. However, it
gelled in 20 to 25 minutes. Bleed water was not observed on either shurry formulation.
Processing results are summarized in Table 3.

Table 3. Processing results for Reference Saltstone and Direct Grout.

Mix Design Qualitative Flow | Gel Time Bleed Water | Set Time
- | Properties (minutes) | (volume %) (hours)
Reference Very Fluid, 20-25 0 18-24
Saltstone Pourable
\Direct Grout Very Fluid, 25-30 0 18-24
' Pourable

Compressive Strength

Compressxve strength was determined for samples cured for 28 days at 24 5 45,70, and
90° C. The relative humidity of all of the samples except those cured at 90° C was
maintained at 100 %. The samples cured at 90° C were cured in the presence of excess
water/water vapor. However, cracks were observed on these samples when they were
removed from the curing chamber. See Figure 1. These samples also appeared dry on

. the outer surface. This was confirmed when the samples were examined after the
compressive strength tests. The outer centimeter of the samples was obvxously drxer than
~ the inner core. t

Consequently the 90° C samples experienced some drying. Drying shrinkage is grobably
not the only explanation for the observed cracks since other samples cured at 90" C
sealed containers showed no drying and were also found to be cracked after curing.

Even though the direct grout and reference saltstone 90° C samples were cracked prior to
the strength determinations the strengths were very high. Given the limited number of
samples tested, the strengths of the direct grout and reference saltstone are similar for
each curing temperature. Compressive strength results are summarized in Table 4.
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Figure 1. Photographs Illustrating the Crack Patterns Characteristic of Reference and
Direct-Grout Sample Cured at 90 °C (No cracking was observed for samples cured
Between Room Temp. and 70 °C). -

Table 4. Compressive Strength Results for Direct Grout and Reference Saltstone

Curing Compressive Average
Mix Design Temperature Strength Compressive
‘ C) (psi) Strength (psi)
2,050 :
24.5 2,375 - 2,212
‘ 4,000
Direct Grout 45 4,150 . 4,075
3,250
70 3,575 3,412
4,675
90 4,450 4,562
2,225
24.5 2,425 2,325
: - 3,575 _
Reference 45 3,475 3,525
Saltstone 3,875 ‘ v
70 3,475 3,675
4,250
920 3,600 3,925
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Leaching
TCLP
Samples were prepared for TCLP testing for Cr and Hg, which are the two potentially

hazardous constituents in both the high cesium (direct grout) and reference salt solutions.
All samples of reference saltstone and direct grout cured between 24 and 90° C passed
the TCLP for Cr and Hg. Consequently, these waste forms qualify to exit RCRA.

The TCLP extract was also analyzed for Cs to give a relative comparison of the Cs
leachability for the two formulations. The direct grout samples were spiked with about
20 times more cesium than is actually expected (1.5 Ci/gal Cs-137) to assure detection
above the reportable limit in the TCLP extracts since the objective was to evaluate the
effect of curing temperature on cesium leachability. Based on the total cesium
concentration in the direct grout samples (150 ug/g) between 11 and 16 % of the cesium
was leached during the 18 hour TCLP test on crushed samples. This is consistent with

- the limited retention of cesium in the reference saltstone as modeled in the Z-Area
performance assessment (Kgq= 2 for Cs)."

Table 5. TCLP Results for Direct Grout and Reference Saltstone Cured between 24

and 90°C.
Sample Sample ID - | Curing : TCLP Results
Description 'I;emperature Cr Hg Cs
¢o @gl) | (mglh) (ug/l)
980072A 24.5 . <60 <0.020 <40
98L45B 45 <60 <0.020 <40
Reference - | 980067A - 70 <60 <0.020 <40
Saltstone 980066A 90 <60 <0.020 <40
980071A 24.5 <60 <0.020 1150
98SLASA 45 <60 . <0.020 932
Direct Grout | 980068A 70 <60 <0.020 807
. 980069A K <60 <0.020 882
TCLP : : '
Regulatory 5000 02 NA
Limit* (5 mg/L)

* Limit for disposal of treated characteristic waste.

Radiolytic Gas Generation

Two samples (approximately 65g mch) of dlrect grout were irradiated in an air sealed
systems containing yproxxmately 55 cc of air. Details of the experimental configuration
are given elsewhere.” Preliminary analysis of the gas collected above the irradiated direct
grout samples indicates that hydrogen was produced with a G value of 0.02 to 0.03
molecules per 100 eV. These G values are based on the total mass of grout irradiated

i

10
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Figure 2. Effect of Curing Temperature on the Reference Saltstone and Direct-Grout Samples Prepared for Immersion
Testing (All Samples Were Cured in Sealed Containers). Cracks Were Observed in the 90 C Samples at the
Time of De—Moldmg No Cracks Were Observed in the Other Samples.
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CONCLUSIONS

Salt solution containing up to 6.4 M sodium salts and an average Cs-137 concentration of
1.5 Ci/gal can be stabilized in a saltstone waste form. Based on the results of this
feasibility study and the current understanding of the effect of curing temperatures on
long term propemes no formulation change is required. This statement assumes that
pouring strategies,’ raw materials temperatures and specnﬁcatxons and Cs-137 and other
radionuclide concentrations will be managed to maintain curing temperatures below
90°C. Based on the data available to date, the temperature threshold for cracking is
between 70 and 90° C. ‘ '

Direct grout made from 6.4 M sodium salt solution containing 1830 and 250 mg/L of Cr
and Hg, respectively, were determined to be non hazardous based on the TCLP test. The
direct grout saltstone has processing properties similar to those of the current saltstone
waste form (except for the additional shielding and remote handling required for the
higher activity in the high cesium waste). :

Based on results obtained in this feasibility study, hydrogen gas generation due to
radiolysis of the free water in the saltstone will not result in the accumulation of
hydrogen above the explosive limit since the waste form is monolithic and there is no
void space inside the closed vaults. In addition, migration of hydrogen gas through the
waste form pore spaces is not expected to damage the microstructure of the saltstone
since the pore space is mterconnected

Most of the crackmg observed in samples cured at 90°C is attributed to drying shrmkage
due to water evaporation. However, at least one other mechanism may be present since
samples cured in sealed containers also cracked (too a lesser degree). The compressive
strengths of the direct grout and reference saltstone cured at 90°C were high in spite of
the cracking observed in the samples. This indicates that although the cracks were

~ formed, they did not open. However, the cracks in the 90°C samples are opening in the
immersion test, which requires a 90-day soak in deionized water. Depending on the
results of this test, the direct grout and reference saltstone cured at 90°C for long term (28
days) may not pass the immersion test which is intended to indicate structural _
integrity/durability. In the present analysis, there are two options for addressing the
results of the immersion test, 1) cure direct grout and saltstone below 90°C (samples
cured at 70°C showed no cracking) or 2) take credit for the structural integrity of the
vault (waste form container).

A
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Chris,

Based upon a review of the old Operatmg logs and Engineering calc sheets, the following facts can be
discerned:

1. The proportions of the cement, slag, and fly ash (premix) have been essent1ally constant during
the previous operation of the Saltstone Facility. The standard premix composition used in the facility
is 10/45/45 cement /slag/fly ash by weight. :

2. The variations of this premix composition that were used in actual processing involved reducing or
increasing the cement content in the premix by 1 or 2 wt% and making a corresponding adjustment in
the Class F fly ash or slag content of the premix in an attempt to optimize the processing properties
of the mix.

3. The premix to water ratio was maintained between 0.60 and 0.66, regardless of the salt content of
the waste solution. .

4. The compressive strength of all grout samples tested at the Saltstone Facility was greater than the
minimum requirement of 200 psi. ” .

5. For the table, use the following:
Type Il cement = 3 wt% (-1 wt%,+ 2 wt%)
Slag = 25 wt% (+ 1 wt%)

Class F Fly ash = 25 wt% (+ 1 wt%)
Salt solution = 47 wt% (+ 2 wt¥%)

1-1 . _ ‘ . 07/12/2005 04:06:20 PM
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A.2.2 Time of Compliance and Simulation Time Intervals

The DOE time of compliance is 1,000 years (Wilhite 2003). However, the total time used for
groundwater modeling is extended to 10,000 years to assess the impact of a longer period of
compliance. The eight time intervals (Phifer 2004) used for groundwater modeling are shown in
Table A-3. .

Table A-3. Simulation Time Intervals

INTERVAL TIME (YEARS)
TIO1 .0 to 100
TI02 100 to <300
TIO3 300 to 550
TIO04 550 to 1,000
TIO5 1,000 to 1,800

‘TI06 1,800 to 3,400
TIO07 , 3,400 to 5,600
TIOB 5,600 to 10,000

A.2.3 Flow Modeling _ _
A.2.3.1 Flow Properties : |

The fundamental concept of the SDF (wasteform and facility features) is controlled contaminant
release. Due to the low hydraulic conductivity and low molecular diffusion in cementitious
materials, contaminant leaching from the SDF is very slow. This makes transformation into
Saltstone an effective method for liquid waste disposal. Among all the factors affecting the SDF
performance, the most important factor is hydraulic conductivity. The saturated hydraulic
conductivities of the engineered porous media (Saltstone, concrete and gravel drain layers) were
measured by Core Lab as described in 1993 (Yu 1993). These intact values are used for the first
100 years of simulation under the column heading TI01. in Table A-4.

’ __9 Table A-4. Saturated Hydraulic Conductivities (cm/sec)

7101 TIO02 TIO03 TiO‘ TI0S TIO06 TI107 TI08

C Horizontal conductivity:
.00E-04

_ Nati/Back 1 1.008-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04
Dzain Bot 1.00E-01 9.99E-02 9.978-02 9.90E-02 9.7iE-02 9.30E-02 8.63E-02 7.46E-02
Drain Ver 1.00E-01 1.00E-01 1.00%-01 1.00E-01 1.00E-01 1.00P-01 1.00E-01 1.00E-01
Drain Top 1.002-01 9.99K-02 9.93E-02 9.75B-02 9.28-02 8.25E-02 6.58E-02 3.66E-02
Concrete 1.00E-12 5.208-12 1.298-11 3.16E-11 7.64-11 1.98-10 4.19E-10 1.00E-09
Saltstone 1.00B-11 3.00E-11 5.50E-11 1.00E-10 1.80K-10 3.40K-10 5.60R-10 1.00E-09

A Vertical conductivity:
Drain Bot 9.52E-02 6.458-02 2.70E-02 8.94E-03 3.34E-03 1.41E-03 7.25E-04 3.932-04

Dzain Top 8.89E-02 4.21E-02 1.298-02 3.78E-03 1.36K-03° 5.69%-04 2.91Kk-04 1.57x-04

In this SA, it is assumed the hydraulic conductivities of Saltstone and concrete will increase as
time proceeds. As a result, water percolation will gradually increase through the vault. It is also
assumed that the conductivities of the top and bottom drains will decrease with time due to
plugging in the lower part of these drains resulting in the engineered drains becoming less
effective in shedding perched water above the concrete roof. It is assumed that the effective

- Rev.0
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1. EXECUTIVE SUMMARY'

This Special Analysis updates the inadvertent intruder analysis conducted in 1992 in support
of the SDF RPA, extends the groundwater analysis to consider additional radionuclides, and
provides an assessment of the air and radon emanation pathways. The results of the RPA
were originally published in the WSRC report (WSRC-RP-92-1360) entitled Radiological
Performance Assessment for the Z-Area Saltstone Disposal Facility (MMES et al., 1992).
The present reevaluation considers new requirements and guidance of the USDOE Order
435.1 (USDOE, 1999), expands the list of radionuclides considered, incorporates an increase
in design thickness of the roof on a disposal vault, and produces results in terms of interim
limits on radionuclide-specific concentration and inventory rather than dose resulting from a

‘projected inventory. The limits derived herein will be updated when the Saltstone PA is

revised (currently planned for fiscal years 2003/2004).

The SDF is located within a 650,000 m? area of SRS designated as Z Area. The SDF together
with the SPF are part of an integrated waste treatment and disposal system at the SRS.
Saltstone is a solid waste form that is the product of chemical reactions between a salt
solution and a blend of cementitious materials (slag, flyash, and cement). Based on the
present projected site layout of the SDF, up to 730-million L (192 million gal) of wastewater
can be treated for subsequent disposal as saltstone. The SPF and SDF are regulated by the
State of South Carolma, USDOE Orders, and other Federal regulations that are applicable to
disposal of solid waste. : _

As part of the RPA process, USDOE Order 435.1 requires an assessment of the dose to a
potential member of the general public to limit doses from all pathways to no more than 25
mremmayearand, from the air pathway alone, to no more than 10 mrem in a year. The
Order also requires an assessment of radon release to ensure that the radon flux does not
exceed 20 pCi/m?/s. Additionally, for purposes of establishing limits on concentrations of
radionuclides for disposal, the Order requires that an assessment be made of impacts to
hypothetical persons assumed to inadvertently intrude into the low-level waste disposal
facility and an assessment of the impacts to water resources. For the intruder analysis, the
pertinent performance measure specifies that dose to such hypothetical individuals may not
exceed 100 mrem EDE per year for chronic exposure, and may not exceed. 500 (EDE) mrem
from a smgle event. To meet the assessment requirement addressing impact on water
resources in the Order, SRS uses the Safe Drinking Water Act Maxnmum Contamnnant

- Levels (USEPA, 2000) as the pertinent performance measure.

To limit the number of radionuclides for which analyses are needed, the half-lives of
radionuclides and physical processes by which low-level waste destined for the SDF is .
generated were considered. Such considerations led to selection of 75 radionuclides for
analysis. Potentially significant contnbutxons by radioactive decay products of these 75
radionuclides were also assessed.

Two time frames for the analyses are considered in this Special Analysis. The USDOE
Order 435.1 specifies a time frame of 1,000 years after facility closure for establishing limits
on allowable disposals. Here, both the 1,000-y _time frame and a longer time frame of 10,000

Rev. 0
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years after facility closure are also considered, to be consistent with both the USDOE Order
and the Disposal Authorization Statement (DAS) for SRS (Fiori and Frei, 1999).

In the intruder analysis, the only credible scenario within 10,000 years is the resident
scenario, based on the current design of the SDF. The 0.4 m of grout directly above the
saltstone, 0.1-m ‘concrete roof over the vaults, and 1 m of grout on top of the roof combine to
provide at least 0.5-m of shielding up to 10,000 years, assuring that excavation into the waste
during this time period is not a credible occurrence (Fig. 1-1). The resident scenario is
evaluated at 100, 1,000, and 10,000 years after disposal. In the resident scenario, the intruder
is assumed to excavate no more than 3 meters in building a home. Evaluation of the scenario
at 100 years, when the engineered barriers (i.e., the grout above the saltstone, the vault roof,
. and the grout above the roof) are assumed to be intact, resulting in the intruder’s home being
constructed on top of the uppermost layer of grout, is used to determine limits on allowable
disposals of shorter-lived photon-emitting radionuclides in the waste. Evaluation of the
resident scenario at 1,000 and 10,000 years, when the engineered barriers are assumed to
have failed (i.e., have lost their physical integrity) and are no longer a deterrent to intrusion,
resulting in a lesser thickness of shielding above the waste, is used to determine limits on -
allowable disposals of longer-lived photon-emitting radionuclides. The thickness of
uncontaminated material above the waste is the same at these two later times because the

upper 0.9 m of the closure has eroded (Fig. 1-1) and the depth of the intruder’s excavation is
limited to 3 m. The resident scenario at 1,000 years may be lmportant for radionuclides

having longer-lived photon-emitting decay products. The resident scenario at 10,000 years is

important only when a longer-llved radionuclide has long-lived photon-emitting decay

products whose activities increase with time beyond 1,000 years. .

For the groundwater, air, and radon emanation pathways, results from the previous SDF PA
and applicable portions of the E-Area LLWF PA were used to derive limits on allowable
disposals based on analyses for time frames of 1 ,000 years and 10,000 years after faclhty
closure. For the groundwater pathway, it was necessary to extend the previous analysis in
the SDF PA to radionuclides not previously considered, using the PATHRAE code.

The results of this Special Analysis indicate that, for the 10,000-year time frame, 41
radionuclides, of the 75 selected, require limits on disposal. Of the 41 radionuclides for
which disposal limits were derived, 34 are limited by the intruder analysis, four by the
groundwater pathway analysis, two by the air pathway analysis, and one by the radon
emanation analysis. The radionuclide disposal limits were compared with the currently
estimated radionuclide concentrations in low curie salt. The greatwt fraction of a limit is
0.038 for '*Sn and the total sum-of-fractions of all the limits is 0.084. This provides
assurance that low curie salt can be disposed in the saltstone disposal facility without
exceeding any of the USDOE perfonnance objectives.

For the l,OOO-year time frame, 37 of the 75 radionuclides would require disposal limits. Of
these, 35 would be limited by the intruder analysis, none by the groundwater analysis, two by
the air pathway analysns, and none by the radon emanation analysis. The greatest fraction of
a limit would remain 0.038 for '2Sn and the total sum-of-fractions would decrease to 0.048.

The 10,000-year time frame limits should be used to develop WAC for the SDF.

' Rev. 0
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, penetrate excavate cwavate
rout
201 cm Lower dosure 8 300 em 300 cm
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shielding
Grout above vault S cm S0cm
100 cm
: roof ' shielding' v shielding
¥ 10cm Vaulk roof
. Qcm Clean Grout
Saltstone

At 100 years after closure, there has been no erosion and the grout and vault roof have not
deteriorated so that they effectively prevent excavation. Therefore, the intruder constructs
his residence atop the grout above the vault roof, resulting in a total of 150 cm of shielding

between the residence and the saltstone. ‘

‘At 1,000 years after closure, erosion has removed the upper 91 cm of the closure.

However, the gravel, which is the uppermost portion of the lower closure, prevents further
erosion. The grout and vault roof have deteriorated to soil equlvalent material so that they

- no longer can prevent excavation. Since the intruder’s excavation is limited to 300 cm,

the residence is constructed on top of the vault roof, resulting in a total of 50 cm of
shielding between the residence and the saltstone. :

At 10,000 years after closure, erosion has not penetrated further than at l 000years(|e,
91 cm), because of the gravel layer. Since the intruder’s excavation is limited to 300 cm,

the residence is constructed on top of the vault roof, resultmg in a total of 50 cm of
shielding between the residence and the saltstone.

Fig. 1-1. Resident Scenario Conceptual Model

' Rev.0
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DIFFUSION COEFFICIENTS

Effective diffusion coefficients for Cst were measured for the
current reference formulation and 6 other mixes containing DWPF salt
solution. Cs* was selected as a tracer ion because its mobility

through hydrated cement paste is similar to Na*, NO3~, and NO;~.
The experimental configuration consisted of a Cst sink separated
from a Cst source by a thin, 4mm, membrane or wafer of cured
saltstone. B

t

The current reference formulation had the lowest diffusion
coefficient of about 2 x 10~9 cm/sec. A modified reference mix
containing zeolite and a formulation containing slag cement had the
next lowest values about 3 x 10-8 and 4.5 x 10-8 /sec.

The other mixes had coefficients between 1 and 4 x 10~7 cm/sec.
A report summarizing these experiments is attached.

Recipes for the formulations tested are shown in Table I.

Comparison of Cs* diffusion data with permeability, porosity,
and median pore radii data indicates that samples with low effective
diffusion coefficients have low permeabilities and porosities. They
‘also have the smallest median pore radius. Data are summarized in
Table II. Formulations are qualitatively ranked in terms of
diffusion coefficients in Table III.




_
COMPOSITIONS OF MIXTURES EVALUATED FOR DURABILITY

TABLE I

Fly Ash

: Ceament ' Slag Extender. Solution
Lonestar | Santee | Giant | Blended | Class C| Class F - ESP | Newcem | Attapulgite | Chabazite | 32 wt &
H-10* | IT-06 | I-12 2-58 B75 B74 | B73| B63 C86 cs4 E3d .
Mix 1 B83
84-40 62.5 37.5
Refer- ’
ence '
184-41] 12.0 38.0 :
- (B74) 50.0
84-42 | 12.0 38.0 50.0
84-43 15.0 45.0
(B83) 40.0
84-44 15.0 - 45.0 40.0
(B83)
84-45 7.5 45.0 7.5 40.0
(B83)
84-46 | 12.0 26.0 2.0 60.0
84-47 58.0 2.0 40.0

*Each starting material was assigned a log number. Fach mix was also asmgned
a log number.

Propartions are reported in wts.




——> TABIE II

CESIUM DIFFUSION CORFFICTENTS FOR Cst IONS THROUGH
SALTSTONE WASTE FORMS

PSU Dgpp HyO Permeability  Porosity Median
Mix - cst Kg,0 - - » Pore Radius -
# W/Ckotal* (cm?/sec) (Darcy)** (% (nm)
84-40  0.41 2.1 x 1079 <108 40.0 10.8
84-41 2.9 1L1x1077  1.72 x 1073 64.6 125
84-43 1.8 1.5 x 1077 2.52 x 10-3 50.1 26
84-44 1.8 4.1 x 10-7 5.89 x 10-4 47.7 18
84-45 1.8 5.3 x 1078 <1078 42.5 16
84-46 1.1 3.9 x 10~7 2.21 x 10°5 54.9 200
0.48 4.0 x 10-8 1.78 x 1077 10.5% %%

84-47

40.6

*Crotal = total canentltl.ws solids; portland cement + granulated blast
furnace slag + Class C (high calcium) fly ash.

**] darcy = 10~3 an/sec

***58 day data are reported for 84-47.

samples.

28 day data is reported for the other




~———) TABLE III

SALTSTONE TEST MIXES RANKED IN TERMS OF DIFFUSION
COEFFICIENTS FOR Cs*t

: INGREDIENTS - QUALITATIVE
MIX NUMBER (Solids) , RANKING
40 Reference Mix ‘ - very good

Class H cement
Class C fly ash

45 | Type I cement ' good
: Newcem (slag)
Class F fly ash

47 ' Ref Mix | good
v -2 Wt % zeolite
(chabazite)
44 Type I1 cement o average

Class F fly ash

43 . Type I cement ' | average
' ' Class F fly ash :

41 Class H cement ' average
Class F fly ash ‘ :

46 , ~Class H cement bad
: Class C fly ash
2% clay (attapulgite)

42 Class H cement , very bad
- - ESP ash (no samples)
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SALTSTONE PERMEABILITY (HYDRAULIC CONDUCTIVITY)

SUMMARY

Saturated and unsaturated hydraulic conductivities were
measured for the reference saltstone sample cured for about
'six months. Steady state saturated hydraulic conductivity
was 3.3 x 1078 cm/sec; the partially saturated hydraulic
conductivity was 1.1 x 1-"8 cm/sec.” These values are higher
than those previously reported. However, steady state was
probably not achieved in previous unsaturated samples.

EXPERIMENTAL PROCEDURE

Saltstone samples containing 42.5 wt% salt solution and 57.5
wt% blended cement were cut into four inch diameter right
cylinders and sealed in permeability cells. This material
was cured about six months before testing. A constant head
method was used in which 4.5 to 20 psi hydraulic pressure was
applied. The saturated sample was prepared by pulling a 7
psi vacuum and replacing air with water prior to the
permeability measurements.

RESULTS
Results are. tabulated in Table 1. Flow was monitored as a

function of time since initial values, especially for the
unsaturated case do not represent steady state flow through the
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saltstone. The unsaturated sample had a hydrualic conductivity
of about 1.1 x 10~8 cm/sec after one week of flow. The
unsaturated sample had a permeability of about 3.3 x 1078 cm/sec
one week after flow was established through the specimen.

COMPARISON WITH PREVIOUS DATA

Values. reported here are about two orders of magnitude lower
than those for typical concrete measured at the same laboratory.
However, theg are higher than values previously reported for
saltstone.l . Western Company of N. America reported a
permeability of <1011 cm/sec for saltstone containing 37.5
rather than 42.5 wt% solution. Also the samples were '
hydrostatically loaded with 1000 psi during the test. This may’
have co%lapsed the flne surface structure and resulted in low
values.

Law Engineering also measured permeability on two specimens
containing 40 wt% salt solution. Values ranged from an average
of 2.9 x 10“9»cm/sec at 20 psi head pressure to 2.55 x 10~
cm/sec at 100 psi head pressure. Again these specimens
contained less solution and therefore less water than the
current reference mix.; ‘

Personnel at the Materials Research Laboratory, Penn State
University, have also measured permeability as a function of
curing time.  After six months curing a specimen containing 37.5
wt% salt solution had a water permeability of 1 x 10 9-cm/sec.
200 psi hydrostatic pressure was applied during thlS
measurement.

DISCUSSION

Sample size may affect measured permeability. Small samples
subjected to high head pressures tend to yield permeabilitiess
lower than measured on larger specimens with the same
composition. High hydrostatic pressure may collapse some of the
gel structure and further reduce the measured permeability.

Small samples have in general smaller imperfections than do
larger samples since the small samples can be more carefully
screened. This also results in lower measured permeabilities
since flow will occur through the largest interconnected pores
and through cracks. Very little flow will occur through the
bulk matrix if a sample contains zones of higher porosity.
(Fine cracks due to surface drying were observed on the
specimens tested at the Portland Cement Association.)
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CONCLUSIONS

o

. 2 L

Hydraullc conduct1v1ty of the current reference saltstone
(42.5 wt% salt solution; 57.5 wt$% blended cement) is about
2 x 10~ cm/sec.

Hydraulic conductivities of cement-based waste forms is in

o
part a function of the water to cement ratio. Increased
water results in increased porosity and permeability.
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Table VIII. Summary of X-Ray Phase Identification - 84-45.

Age (Days)

Phase - I A 28 56 90 180

unreacted cement: * : decrease with time >

unreﬁcted fly ash .. . ’ . - .
(quartz + mullite) '

yoreacted slag . e . .

lime e s s PP *»

bonding ' substituted . . . .
compound c-s-8 |

AL(NO;3),9H,0 large quantity ** N e se s

Ca(NOg), "2H,0 - i . increase >

Qthers:

C3AHg, C4FHg b . . . .v .

Na, C0O4°108,0 s . . . .

CaCOy hehe B d increase >

*Ildentified. *sUnidentified.

-

appreciabla reaction of the fly ash‘spheres and buildup of CSH structure.
Some reticular network C—-S—H is still apparent at this ag'e; .Figure 7 is a
micrograph of 84—40 cured for 180 days. Agaiti the overall integrity of the
structure is evident. A plerosphere (spheréa within fly ash spheres) appears
very well reacted externally and bound into the surrounding matrix.

84-41. Figure 8 illustrates the morphology of 84—41 at 7 days.
Micrograph 8(a) 1s a secondary electron image whereas 8(b) is a back-scattered
image, wnich gives better contrast., These images show an area where an
agglomerate has occurred (on the right hand side of the micrograph). Figure
8(c,d) are eu.ei:ent:al maps for Ca and Si, respectively. It is evident from
this series of micrographs that the agglomerated parts are cement -(high Ca,
low 38i). Figures 8(e,f) are successively higher magnifications to the cement
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side (right side) of micrographs (a,b). It shows precipitated crystals
embedded in the hydrated matrix EDXA of selected parts of that micrograph
are shown. Curve a is for some area outside the crystalline part. It shows
the C-S-H structure besides the precipitation of some other salts including Al
and Na. Curve b is for a crystalline part. It shows the lime including C-S-H
- and sulphur—containing compounds. Such agglomerations can lead to a very low
early strength (since early strength should be totally dependent on the cement
portion) and a very slow strength development.' Figure 9 is a series of
micrographs at variable magdifieations to 84—41 at 90 days. The poor
integrity and high porosity of the structure is evident from micrographs
9(a,b). Micrograph 9(c) shows some characteristic features of the dissolution
of low-calcium fly ash. Figdre 9(¢) shows a dissolved glassy surface with
residual Fe oxide (magnetite or hematite) (low solubility) remaining attached
to the surface of the ash sphere. Figure 10 is a series of micrographs at
successively increasing magnifications of 84—41 cured for 180 days. Poor
integrity and high porosity despite more gel formation are the common
features.

84-45. Figure 11 shows low and high magnificatious (backscatter images)
of 84—435 cured for 7 days. Integrity and low porosity are apparent with some
cenosphere peaks attached to the matrix. Figure 12 gives micrographs of a 28- (
day-old sample. Features similar to those in Fig. 11 (7 days) are evident. A
glassy irregular slag fragmentation seen (left center, b). Figure 13
represents a 56-day-old sample; showing a dense structure. Some of the same
common features as in Figs. 11 and 12 are evident, together with the inside of
a (hemi-) aphere'which remained attached to the matrix after sawing the
sample. This zqgicatea'a goo& boud strength between fly ashes and matrix.
Analysis of this hemisphere is shown in the EDxA result represented in Fig.
14. Figures 15 and 16 represent'backscattered electron images for the mix
84—45 atf9m and 180 days, respectively. The same features of that mix at
previous ages are evident; namely, integrity and low porosity. The latter
indicates the very high degree of integrity obtained with this composition at
180 days. ' |

4) Contaminant Release Rates

A modified Paige leach test (2) was used in evaluating formulations
84—40, 84—41, and 84—45. The leachant used was a natural spring water

20
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Table 2.3-1. Weight percent of saltstone componcats (Heckrotte 1968)

Saltstone  Nominal Bleod  Range
Componcnt . (W1%) : (Wt%)
Lime Source* - 3 , 0t 10
Fly Ash 25 1010 40
Slag 25 R 10t0 40 -
Salt Solution o 47 | 4010 55

* Eitber Portland Class II cement or Ca(OH),

Rev. 0
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Tuble 313-1 Summary of hydraulic propertics assumed in the near-field model

Effective Residual
porusity, moisture

Material (cm s) e, content, 8, (cm Ty n’
Backfill 1.0 x 10° 0.44 na® na? na®
Clay 76x10* | - 039 0.115 82x10* | 133
Gravel 0s 038 0.010 82x10% | 3720
Concrete | 1.0 x 10 0.08 0.064 75x107 | 1.57
Saltstone | 1.0 x ur" 0.46 0368 74x10° | 441

® Fitting psramcter for van Genuchten and Mualem cxpressxom for moisture
characteristic curves.

* A Stone's correlation curve was used to describe the moisture characteristic curve for
the backfill. :

¢ Saltstone, concrete, gravel. and backfill propcma not required for fractured saltstone

case.

Rev. 0
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PHYSICAL PROPERTIES MEASUREMENT PROGRAM (U)

SUMMARY

* This report summarizes the work performed by Core Laboratories (Carroliton, Texas)
~under subcontract No. AA46362N for the measurement of hydraulic and mechanical

propertics of the materials used for Environmental Restoration and Waste Management
facilitics at the Savannah River Site (SRS). The scope of the work includes the

" measurement of porosity, permeability to water (saturated hydraulic conductivity),

capillary pressure, relative permeability, and mechanical properties of ten field samples..

The samples are top soil, gravel, Dixi¢ clay, Grace clay, sand, Burma Road backfil, =

Turner Road backfill, concrete for E-Area vault, concrete for Saltstone vault, and -
Saltstone. Tthmhbﬁnalnportdemhngsamplepmpannon.Mpmced\m
results, and QA is attached. .

Ananalymofthele.abreslﬂtswasmadebyWSRCpmomel.Thewater-mtwo—
phase flow properties (capillary pressure and relative permeability) are curve-fitted to
analytical expressions. The calculated versus experimental characteristic curves and the
parameters used for the curve fitting and are also included. Theanalyucalexpmsslons

are used for groundwater modelmg.




File: DRES-92119
SUMARY OF PERMEABILITY TO LIQUID TEST BESULIS

MWestinghouse Savannah River Company

Cumulative : \ Delta  Incremental Permeability Hydraulic

Sample Test Time, Length, Arez, Viscosity, Pressure, Flow Rate, to Liquid,  Conductivity, Porosity,
L0, days = _cm _en  _pst —  _scc/sec  millidarcies sm/sec (Q/A) percent
Turner Road '
Backfill - 1 36.8 7.59 11.76 0.988 50.0 1.6e-03 3.1e-01 3.0e-07 45.5
Turner Road , .
Backfill - 2* 5.8 7.59 11.76 0.988 - 50.0 2.6e-03 - 4.8¢-01 4.7e-07 | 42.7
Concrete from , ‘ , ' , .
Saltstone Vault-1B 24.0 6.24 11,08 2.39 50.0 5.3e-07 - - 2.le-04 1.le-10 17.4
Concrete from : . ,
Concrete from - o : ‘
Saltst. Vault-78* 38.0 5.08 11.10  0.988 50.0 9.9e-06 1.3e-03 1.3e-09 _15.8
Concrete from , . . .
E-Area Vault-2t 36.9 5.46 10.76 0.988 50.0 '5.0e-09 7.4e-07 7.2e-13 18.1
Concrete from ' : - e
E-Area Vault-4E 37.5 - 5.35 10.68 0.988 50.0 8.3e-09 1.2¢-06 1.2¢-12 19.3
Concrete from ’ ‘ . . _
E-Area Vault-7E* 37.5 4.44 10.72 0.988 '§0.0 1.0e-08 1.3e-06 1.2¢-12 : 18.6
Saltstone - 1 16.0 4.29 11.07 2.39 - §0.0 2.4e-08 ~ 6.6e-06 3.4e-12 4.6
Saltstone - 3A 16.0 4.35 11.26  2.39 50.0 2.0e-08 5.4e-06 2.8e-12 41.6
Saltstone - 4* 12.0 '

4.74 11.30 2.39 50.0 1.3e-08 3.7e-06 1.9e-12 40.6

*Sample selected for Gas-Water Relative Permeability Tests

- 2-2



RESPONSE TO RAI COMMENT 39

ROADMAP TO REFERENCES

REFERENCED DOCUMENT

*EXCERPT LOCATION

REMARK

American Concrete Institute (ACI) 2000

_Excerpt enclosed following response.

Section 2.1 and 2.2.

Clifton and Knab 1989

Excerpt enciosed following response.

-{ Section 4.

Dixon 2005 Excerpt included in response Table 39-1 of response
Langmuir 1997 Excerpt enclosed following response. Pages 28-32.
Ramachandran 2001 Excerpt enclosed following response. Sections 2.1 and 8.0.

MMES 1992 (Saltstone PA 1992)

Excerpt enclosed following response.

Sections 3.1.3.5,3.3.1.2and A-13
enclosed (Page 3-60 is excluded since it is
a table referenced in section 3.3.1.1 and is
not related to section 3.3.1.2.)

Walton et al. 1990

Abstract of book included for reference.

*Excerpt Locations:

Excerpt enclosed following response.

1. Excerpt included in response: The excerpt is included within the text of the response or is appended to the response.

2. Excerpt enclosed following response: The excerpt is enclosed on a separate sheet or sheets following the response.

3. Representative excerpt(s) enclosed following response: Representative excerpts from a document that is wholly or largely
applicable are enclosed followmg the response.

4. Other
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First Printing, October 2001

Guide to Durable Concrete

Most ACI Standards and committee reports
are gathered together in the annually revised
ACI Manual of Concrete Practice. The several
volumes are arranged to group related material
together and may be purchased individually or
in sets.The ACI Manual of Concrete Practice is
also available on CD-ROM.

ACI Committees prepare standards and

reports in the general areas of materials and
properties of concrete, construction practices
and inspection, pavements and slabs, struc-
tural design and analysis, structural specifica-
tions, and special products and processes.

A complete catalog of all ACI publlcatlons
is available without charge.

American Concrete Institute
~ P.O.Box 9094
Farmington Hills, Ml 48333-9094

ACI Certification Programs

The final quality of a concrete structure depends on
qualified people to construct it. ACI certification pro-
grams identify craftsmen, technicians, and inspectors
who have demonstrated their qualifications, The foliow-
ing programs are administered by ACI to fulfill the grow-
ing demand in the industry for certified warkers:

Concrete Fiatwork Finisher
Concrete Flatwork Techniclan
Concrete Field Testing Technician—Grade |
Concrete Strength Testing Techniclan
Concrete Laboratory Testing Technlcian—Grade |

Concrete Laboratory Testing Technician—Grade Il

Concrete Construction Inspector-in-Training
Concrete Construction Inspector
Concrete Transportation Construction

_ Inspector-in-Training
Concrete Transportation Construction Inspector
This document may already contain reference 1o these
ACl certification programs, which can be incorporated
into project specifications or quality control procedures.

I not, suggested guide specifications are available on
request from the ACI Certification Department.

" Enhancement of ACI Documents

The technical committees responsible for ACI committee
reports and standards strive to avoid ambiguities, omis-
sions, and errors in these documents. In spite of these
efforts, the users of AC! documents occasionally find .
information or requirements that may be subject to more
than ona interpretation ar may be incomplete ar incorrect.

To assist in the effort for accuracy and clarity, the
Technical Activities Committee solicits the help of indi- -
viduals using ACI reports and standards in identifying
and eliminating problems that may be associated with
their use.

Users ‘who have suggestions for the improvement of
ACI documents are requested to contact the ACI Engi-

_ neering Department in writing, with the following infor-

mation:

1. Title and number ot the document containing the
probiem and specific section in the document;

2. Concise description of the problem;

3. If possible, suggested revisions for mltlgatlng the
problem

The Institute’s Englneering Staff wiII review and take
appropriate action on all comments and suggestions
received. Members as well as nonmembers of the Insti-
tute are encouraged to assist in enhancing the accuracy
and usefulness of AC! documents.

ISBN 0-87031-053-4

Conorete instige

Copyright Americen
Prowidad by IHS under foanes with AC1
No

9 ied without loense om HB
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*Deceasnd.

This guide describes speclfic iypes of concrete deterioration. Each chapter
consains a discussion of the mechanisms involved and the recommended
requirements for individual conponents of , quality considerations
Jor concrete mixtures, construction procedures, and influences of the expo-
sure environment, all important considerations so ensure concrete durabil-
lty. Some guidance as to repair techniques is also provided.

This document contains substantial revisions to Section 2.2 (chemical
sulfate atsack) and also includes a new section on physical salt arack (Sec-
tbnﬂlmmnindzroﬂhhdacumukmmulymmmthpm
vious “Guide to Durable Concrete.” However, all remaining sections of
MWanlnﬂnmuo{hﬁmmﬁduﬂMnﬂ.dM

. nvbmﬂllumwnuuwﬁempmwwrﬂmdwn&

ACI Comnunee Reports, Guides, Standard Pmcuccs.
and Commentaries are intended for guidance in planning, .
designing, executing, and inspecting construction. This |
document is intended for the use of individuals who are |
competent to evaluate the significance and limitations of
its content and recommendations and who will accept re-
sponsibility for the application of the material it contains. 1
The American Concrete Institute disclaims any and all re- |
sponsibility for the stated principles. The Institute shall |
not be liable for any loss or damage arising therefrom. '

Reference to this document shall not be made in con-
tract documents. If items found in this document are de-
sired by the Architect/Engineer to be a part of the contract
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Both sterms water-cemens ratic and water-cementitions materials ratio
are used in this documens. Water-cemens ratio is used (rather than the
newer term, water-cementitious materials ratio) when the recommenda-
tions are based om data referring to water-cement rasio. If cementitions
materials other than pordand cement have been incinded in the concrete,
Judgment regarding required water-cement ratios have been based on the
use of that ratio. This does not imply that new data demonstrating concrete
performance developed using portland cement and other cementitious
materials should not be referred to in terms of water-cementitious materi-
als. Such information, if available, will be inctuded in future revisions.

Keywords: abrasion resistance; edhesives; admixwre; aggregate; air
WMWWWM.M calcium
chloride; cement pasic; coating; corrosion; curiag; deicer; deterioration;
durability; epoxy mms. ﬂy uh. mixture proportion; petrography; plastic;
polymer; p ; repalr; resin; silica fume; skid
resistance; lp-mn; strength; sulfate auxk water-ccment ratio; water-
cementitious materials ratio.

CONTENTS
introduction, p. 201.2R-2

Chapter 1—Freezing and thawing, p. 201.2R-3
1.1—General

1.2—Mechanisms of frost action
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1.3—Ice-removal agents
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2.2—Chemical sulfate attack by sulfate from sources
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2.4—Seawater exposure
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Appendix A —Method for preparing extract for
analysis of water-soluble sulfate in soll, p. 201.2R-41

INTRODUCTION _
Durability of hydraulic-cement concrete is defined as its
ability to resist weathering action, chemical attack, abrasion,
or any other process of deterioration. Durable concrete will
retain its original form, quality, and serviceability when ex-
posed to its environment. Some excellent general references

on the subject are available (Klieger 1982; Woods 1968).
This guide discusses the more important causes of con-
crete deterioration and gives recommendations on how to
prevent such damage. Chapters on freezing and thawing, ag-

. gressive chemical exposure, abrasion, corrosion of metals,

chemical reactions of aggregates, repair of concrete, and the

. use of protective-barrier systems to enhance concrete dura-

bility are included. Fire resistance of concrete and cracking
are not covered, because they are covered in ACI 216, ACI
224R, and ACI 224.1R, respectively. '

- Freezing and thawing in the temperate regions of the
world can cause severe deterioration of concrete. Increased
use of concrete in countries with hot climates has drawn at-
tention to the fact that deleterious chemical processes, such
as corrosion and alkali-aggregate reactions, are aggravated
by high temperatures. Also, the combined effects of cold
winter and hot summer exposures should receive attention in
proportioning and making of durable concrete.

Water is required for the chemical and most physical pro-
cesses to take place in concrete, both the desirable ones and
the deleterious. Heat provides the activation energy that
makes the processes proceed. The integrated effects of water
and heat, and other environmental elements are important
and should be considered and monitored. Selecting appropri-
ate materials of suitable composition and processing them
correctly under existing environmental conditions is essen-
tial to achieve concrete that is resistant to deleterious effects

‘of water, aggressive solutions, and extreme temperatures.

Freezing-and-thawing damage is fairly well understood.
The damage is accelerated, particularly in pavements by the
use of deicing salts, often resulting in severe scaling at the
surface. Fortunately, concrete made with quality aggregates,
low water-cement ratio (w/c), proper air-void system, and
allowed to mature before being exposed to severe freezing

‘and thawing is highly resistant to such damage.

Sulfates in soil, groundwater, or seawater are resisted by
using suitable cementitious materials and a properly propor-
tioned concrete mixture subjected to proper quality control.
Because the topic of delayed ettringite formation (DEF) re-
mains a controversial issue and is the subject of various on-
going research projects, no definitive guidance on DEF is
provided in this document. It is expected that future versions
of this document will address DEF in significant detail.
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_Itis generally conceded that while these various tests may
classify aggregates from excellent to poor in approximately
the correct order, they are unable to predict whether a mar-
ginal aggregate will give satisfactory performance when
used in concrete at a particular moisture content and subjected
to cyclic freezing exposure. The ability to make such a determi-
nation is of great economic importance in many areas where
high-grade aggregates are in short supply, and local marginal
aggregates can be permitted. Despite the shortcomings of

ASTM C 666, many agencies believe that this is the most-

reliable indicator of the relative durability of an aggregate
(Sturrup et al. 1987).

Because of these objections to ASTM C 666, a dilation test
was conceived by Powers (1954) and further developed by
others. (Harman et al. 1970; Tremper and Spellman 1961).
ASTM C 671 requires that air-entrained concrete specimens
be initially brought to the moisture condition expected for
the concrete at the start of the winter season, with the mois-
ture content preferably having been determined by field
tests. The specimens are then immersed in water and period-
ically frozen at the rate to be expected ih the field. The in-
- crease in length (dilation) of the specimen during the
freezing portion of the cycle is measured. ASTM C 682
assists in interpreting the results.

Excessive length change in this test is an indication that
the aggregate has become critically saturated and vulnerable
to damage. If the time to reach critical saturation is less than
the duration of the freezing season at the job site, the aggre-
gate is judged unsuitable for use in that exposure. If it is
more, it is judged that the concrete will not be vulnemble to
cyclic freezing.

- . The time required for conducting a dilation test may be

greater than that required to perform a test by ASTM C 666.
Also, the test results are very sensitive to the moisture con-
tent of the aggregate and concrete. Despite these shortcom-
ings, most reported test results are fairly promising.
Although most agencies are continuing to use ASTM C 666,
results from ASTM C 671 may turn out to be more useful
(Philleo 1986). _

"When a natural aggregate is found to be unacceptable by
service records, tests, or both, it may be improved by removal
of lightweight, soft, or otherwise inferior particles.

1.4.43 Admixtures — Air-entraining admixtures should
conform to ASTM C 260. Chemical admixtures should con-
form to ASTM C 494, Admixtures for flowing concrete
should conform to ASTM C 1017.

Some vmmetal admixtures, including pozzolans, and ag-

gregates containing large amounts of fines may require a-

larger amount of air-entraining admixture to develop the re-
. quired amount of entrained air. Detailed guidance on the use
- of admixtures is provided by ACI 212.3R.

1.4.5 Maturity—Air-entrained concrete should withstand
the effects of freezing as soon as it attains a compressive
strength of about 500 psi (3.45 MPa), provided that there is

1o external source of moisture. At a temperature of 50 F (10 C),
most well-proportioned concrete will reach this stnength some

, time during the second day.
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Before being exposed to extended freezing while critically
saturated (ASTM C 666), the concrete should attain a com-
pressive strength of about 4000 psi (27.6 MPa). A period of
drying following curing is advisable. For moderate exposure
conditions, a strength of 3000 psi (20 7 MPa) should be at-
tained (Kleiger 1956).

1.4.6 Construction practices—Good construction practices
are essential when durable concrete is required. Particular
attention should be given to the construction of pavement
slabs that will be exposed to deicing chemicals because of
the problems inherent in obtaining durable slab finishes and
the severity of the exposure. The concrete in such slabs
should be adequately consolidated; however, overworking
the surface, overfinishing, and the addition of water to aid in
finishing must be avoided. These activities bring excessive
mortar or water to the surface, and the resulting laitance is
particularly vulnerable to the action of deicing chemicals.
These practices can also remove entrained- air from the sur-
face region. This is of little consequence if only the larger air

" bubbles are expelled, but durability can be seriously affected

if the small bubbles are removed. Tnmmg of finishing is
critical (ACI 302.1R). .

Before the application of any deicer, pavement concrete
should have received some drying, and the strength level
specified for the opening of traffic should be considered in

“the scheduling of late fall paving. In some cases, it may be
possible to use methods other than ice-removal agents, such
as abrasives, for control of shppcnness when the concrete is
not sufficiently mature.

For lightweight concrete, do not wet the ag'gregate exces-
sively before mixing. Saturation by vacuum or thermal
means (for example, where necessary for pumping) can
bring lightweight aggregates to a moisture level at which the
absorbed water will cause concrete failure when it is cycli-
cally frozen, unless the concrete has the opportunity to dry -

" before freezing. Additional details and recommendations are

given in a publication of the California Depanment of Trans-
portation (1978).

CHAPTER 2—AGGRESSIVE CHEMICAL
EXPOSURE
2.1—General

Concrete will perform satisfactorily when exposed to var-
ious atmospheric conditions, to most waters and soils con-
taining aggressive chemicals, and to many other kinds of
chemical exposure. There are, however, some chemical en-

_ vironments under which the useful life of even the best con-

crete will be short, unless specific measures are taken. An
understanding of these conditions permits measures to be
taken to prevent deterioration or reduce the rate at which it
takes place.

Concrete is rarely, if ever, attacked by solid, dry chemicals.
To produce a significant attack on concrete, aggressive chemi-
cals should be in solution and above some minimum concen-
tration. Concrete that is subjected to aggressive solutions
under pressure on one side is more vulnerable than otherwise,
because the pressures tend to force the aggressive solution into
the concrete.
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Table 2.1—-Eﬂect of commonly used chemicals on concrete

Rate of attack
at ambient Inorganic Organic :
femperature acids acids Alkaline solutions Sait solutions Miscellanecus
- | Hydrochloric | Acetic . )
Rapid _ Nitric Formic — Aluminum chloride -
Sulfuric Lactic
Ammonium nitrate
Ammonium sulfate . .
Moderate | Phosphoric | Tannic | Sodium hydroxide® > 20% |  Sodium sulfate ';L 73:27&?3
- Magnesium sulfate
Calcium sulfate
' ) e Ammonium chloride | Chlorine (gas)
Stow Carbonic — Sodium hydroxide Magnesium chloride | Seawater
. 1010 20% Sodium cyanide Soft water
o | {cium chlorid
- Oxalic | Sodium hydr oxide” < 10% (S:zcl)dcllurrv‘\‘ chl:r?d: Ammonia
Negligible - Tartaric | Sodium hypochlorite Zine nitrate (liquid)
. Ammonium hydroxide Sodium chromate

“The effect of potassium hydroxide is simiiar to that of sodium hydroxide.

Table 2.2—Factors influencing chemical attack
on concrete E

) Fwtom ﬂm ooeelenle or awavalo .
_attack Factors that mitigate or delay attack

l Hlﬁ.sh porosity m 1. Dense concrete achieved by:
water tion i. £ mixture proportioning
ii. Permeability ii. Reduced unit water content 8
iii. Voids iii. Increased cementitious material
content
‘ iv. Air entrainment
v. Adequate consolidation
e vi. Effective curing!
2. Cracks and separations due to: . {2. Reduced tensile stress in concrete
1. Stress concentrations ) -3
ii. Thermal shock i. Using tensile reinforcement of
adequate size, comrectly
ii. Inclusion of pozzolan (to
reduce temperature rise)
iii. Provision of adequate
contraction joints
content
3. Structural design:
i. To minimize areas of contact
and turbulence
ii. Provision of membranes and
protective-barrier system(s)" to
. reduce penetration
t;’he mutuu pmponlom nd lhe umul mixing and pmceulng of fresh concrete
determine its homogeneity and density.
*Poor curing procedures resalt in flaws and cracks.
‘Ru!tmmaﬂiqdquﬂw:ﬁmyﬁﬂnﬂnm
fMovement of water-camying deleterious sub tions that depend
on both the quantity and velocity of flow.
thae will be Mumﬁwwtnvwnmmﬂm
tion should be protected with a chemécally resistant protective-basrier sysiem.

3. dlﬁ:ching and liquid penetration

i. Flowing llquid'
ii. Ponding -
ii. Hydrauhc pressure

Comprehensive tables have been prepared by ACI Commit-
tee 515 (515.1R) and the Portland Cement Association (1968)
giving the effect of many chemicals on concrete. Biczok
(1972) gives a detailed discussion of the deteriorating effect of
chemicals on concrete, including data both from Europe and
the U.S.

The effects of some common chemicals on the deteriora-
tion of concrete are summarized in Table 2.1, Provided that
due care has been taken in selection of the concrete materials

Major areas of concern are exposure to sulfates, seawater,

( salt from seawater, acids, and carbonation. These areas of

concern are discussed in Sections 2.2 through 2.6.

2.2—Chemical sulfate attack by sulfate from
sources external to the. concrete

2.2.1 Occurrence — Naturally occurring sulfates of sodium,
potassium, calcium, or rnagxmium,l that can attack hardened
concrete, are sometimes found in soil or dissolved in ground- .
water adjacent to concrete structures.

Sulfate salts in solution enter the concrete and attack the
cementing materials. If evaporation takes place from a sur-
face exposed to air, the sulfate ions can concentrate near that
surface and increase the potential for causing deterioration.
Sulfate attack has occurred at various locations throughout
the world and is a particular problem in arid areas, such as
the northern Great Plains and parts of the westemn United
States (Bellport 1968; Harboe 1982; Reading 1975; Reading
1982; USBR 1975; Verbeck 1968); the prairie provinces of
Canada (Hamilton and Handegord 1968; Hurst 1968; Price
and Peterson 1968); London, England (Bessey and Lea
1953); Oslo, Norway (Bastiansen et al. 1957); and the Middle
East (French and Poole 1976).

The water used in concrete cooling towers can also be a
potential source of sulfate attack because of the gradual
build-up of sulfates due to evaporation, particularly where
such systems use relatively small amounts of make-up water.
Sulfate ions can also be present in fill containing industrial
waste products, such as slags from iron processing, cinders,
and groundwater leaching these materials.

"Many of these substances occur as minerals, and the mineral names are oftea used
hmwmmmmmwbﬁuhllmdnnﬁmmd‘mw

and proportioning of the concrete mixture, the most important Sahydrte gﬁ: 1m0 ensrdie m: 1,0
factors that influence the ability of concrete to resist deterio- -gYpaum CaS04- 2,0 arcanite T KeSOy
ration are shown in Table 2.2. Therefore, Table 2.1 shouldbe Ui MeS0u- 10 glabere - RerCal30:h
considered as only a preliminary guide. thawmasite c.,si(oo,xso.xmn. 12H,0 _ .
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Seawater and coastal soil soaked with seawater constitute
a special type of exposure. Recommendations for concrete
exposed to seawater are in Section 2.3.

222 Mechanisms—The two best recognized chemical
~ consequences of sulfate attack on concrete components are
the formation of ettringitz (calcium aluminate trisulfate
: 32-hydrate, Ca0O'Al,0,-3CaS0,4-32H,0) and gypsum (cal-
cium sulfate dihydrate, CaSQ,-2H,0). The formation of
ettringite can result in an increase in solid volume, leading to
expansion and cracking. The formation of gypsum can lead
to softening and loss of concrete strength. The presence of
ettringite or gypsum in concrete, however, is not in itself an
adequate indication of sulfate attack; evidence of sulfate
attack should be verified by petrographic and chemical
analyses. When the attacking sulfate solution contains

magnesium sulfate, brucite (Mg(OH),, magnesium hydroxide). -

is produced in addition to ettringite and gypsum. Some of

the sulfate-related processes can damage concrete without

expansion. For example, concrete subjected to soluble sul-
fates can suffet softening of the paste matrix or an increase in
the overall porosity, either of which diminish durability.

.. Publications discussing these mechanisms in detail include
Lea (1971), Hewlett (1998), Mehta (1976, 1992), DePuy
(1994), Taylor (1997), and Skalny et al. (1998). Publications
with particular emphasis on permeability and the ability of
concrete to resist ingress and movement of water include
Reinhardt (1997), Hearn et al. (1994), Hearn and Young
(1999), Diamond (1998), and Diamond and Lee (1999).

223 Recommendations--Protection against sulfate attack
is obtained by using concrete that retards the ingress and

- movement of water and concrete-making ingredients appro-
priate for producing concret: having the needed sulfate resis-
tance. The ingress and movement of water are reduced by
lowering the water to cementitious-materials ratio (w/cm).
Care should be taken to ensure that the concrete is designed and
constructed to minimize shrinkage cracking. Air entrainment is
beneficial if it is accompanied by a reduction in the w/cm

(Verbeck 1968). Proper placement, compaction, finishing,

and curing of concrete are essential to minimize the ingress
and movement of water that is the carrier of the aggressive
* salts. Recommended procedures for these are found in ACI
304R, ACI 302.1R, ACI 308.1, AC1 305R, and ACI 306R.

The sulfate resistance of portland cement generally de-
creases with an increase in its calculated tricalcium-alumi-
nate (C3A) content (Mather 1968). Accordingly, ASTM C 150
includes Type V sulfate-resisting cement for which a maximum
of 5% calculated C,A is permitted and Type I moderately
sulfate-resisting cement for which the calculated C3A is
limited to 8%. There is also some evidence that the alumina in
the aluminoferrite phase of portland cement can participate
in suifate attack. Therefore, ASTM C 150 provides that in
Type V cement the C4,AF + 2C;A should not exceed 25%,
unless the alternate requirement based on the use of the
performance test (ASTM C 452) is invoked. In the case of
Type V cement, the sulfate-expansion test (ASTM C 452) can
be used in lieu of the chemical requirements (Mather 1978b).
‘The use of ASTM C 1012 is discussed by Patzias (1991).
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Recommendations for the maximum w/cm and the type of
cementitious material for concrete that will be exposed to
sulfates in soil or groundwater are given in Table 2.3. Both
of these recommendations are important. Limiting only the

‘type of cementitious material is not adequate for satisfactory

resistance to sulfate attack (Kalousek et al. 1976).

Table 2.3 provides reccommendations for various degrees of
potential exposure. These recommendations- are designed to
protect against concrete distress from sulfate from sources ex-
ternal to the concrete, such as adjacent soil and groundwater.

The field conditions of concrete exposed to sulfate are nu-
merous and variable. The aggressiveness of the conditions
depends, among others, on soil saturation, water movement,

* ambient temperature and humidity, concentration of sulfate,

and type of sulfate or combination of sulfates involved. De-
pending on the above variables, solutions containing calcium
sulfate are generally less aggressive than solutions of sodium

- sulfate, which is generally less aggressive than magnesium

sulfate. Table 2.3 provides criteria that should maximize the
service life of concrete subjected to the more aggresswe
exposure conditions.

Portland-cement concrete can be also be attacked by acidic
solutions, such as sulfuric acid. Information on acid attack is
provided in Section 2.5.

2.2.4 Sampling and testing to determme potential sulfate
exposure—To assess the severity of the potential exposure of
concrete to dctrimental amounts of sulfate, representative
samples should be taken of water that might reach the con-
crete or of soil that might be leached by water moving to the
concrete. A procedure for making a water extract of soil sam-
ples for sulfate analysis is given in Appendix A. The extract
should be analyzed for sulfate by a method smtable to the
concentration of sulfate in the extract solution.?

2.2.5 Material qualification of pozzolans and slag for
sulfate-resistance enhancement—Tests of one year’s duration
are necessary to establish the ability of pozzolans and slag to
enhance sulfate resistance. Once this material property has
been established for specific materials, proposed mixtures
using them can be evaluated for Class I and Class 2 exposures
using the 6-month criteria in Sections 2.2.6 and 2.2.7.

Fly ashes, natural pozzolans, silica fumes, and slags may be
qualified for sulifate resistance by demonstrating an expansion
£ 0.10% in one year when tested individually with portland
cement by ASTM C 1012 in tbe following mixtures:

For fly ash or natural pozzolan, the portland-cement
. portion of the test mixture should consist of a cement
with Bogue calcutated C;A3 of not less than 7%. The fly
ash or natural pozzolan propottion should be between 25 and

’lmemmolmlfmmmlnmﬁmwmumofmm
Mnmfu&mmmmemmbom
cither be concentrated or diluted to bring the sulfate content within the range
mbl:a:mmlyﬁa method, muminmuuwmmm,z
extract ion.

e C should be calculated for the sum of the portland plus calci
sulfate in the cement. additions, if in sufficient

Some processing
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Tabln 2.3—Requirements to protect against damage to concrete by sulfate
attack from external sources of sulfate
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Severity of potential | Water-solublesolu- | guitare (§0,)%in |  wiem by mass, Cementitious .
cxposure bla sulfate (SO,) water, ppm . max. material requirements
' ' No special ] No special require-
Clas1 0 exposure 0.00t0 0.10 010 150 ments for sulfate ments for sulfate
. resistance ‘resistance
: o A : C 150 Type M or
Class lexposure | >0.10and <020 | > 150and < 1500 _oso! equivaleat?
. . " . S C 150 Type Vor
Clasi 2 exposure _ 0.20tp<2.0 | 15000 < 10,000 1 w‘ equivalent?
' ) — WS T C 150 Type V plus
Class 3 exposure 2.0 or grester ‘IOMotm 040% pozzolan or slag?
Seawater exposure .- ' See Section 24 See Section 2.4

" "Sulfate expressed a3 SO, is related to sulfate expressed as SOy, 23 given in reports of chemical analysis of portland cements as

follows: SO3% x 1.2 = SO,%.

TAC1 318, Chapter 4, includ for special
mcmondu.l’ofemmlilwlymhe bjected to these

P

|

318, Chapter 4, if it is lower than that sisted in Table 2.3,

conditions such as stoel-reinforced concrete that may be exposed
conditions, the maximom w/e should be that specified in ACt

values are spplicable to normalweight concrete. Thoy are also applicable to structural lightweight concrete except that the
maximem wicm ratios 0.50, 0.45, and 0.40 should be replaced by specified 28 day compressive streagths of 26, 29, and 33 MPs

3750, 4250, and 4750 pei) respectively.

Cliss | exposure, equivalents are described in Sections 2.2.9, 2.2.6. and 2.2.9. For Class 2 eaposure, equivalents are de-
scribed in Sections 2.2.5, 2.2.7, and 2.2.9. For Class 3 exposure, pozzotan and slag recommendations are described ia Sections

2.2.5,228,and 229.

35% by mass, calculated as percentage by mass of the
total cementitious material.

For silica fume, the portland-cement portion of the test
mnxture should consist of a cement with Bogue calculated
C3A3 of not less than 7%. The silica fume proportion
should be between 7 and 15% by mass, calculated as per-
centage by mass of the total cementitious material.

For slag, the portland-cement portion of the test mixture
should consist of a cement with Bogue calculated C;A 3 of
not less than 7%. The slag proportion should be between
40 and 70% by mass, calculated as percentage by mass of
the total cementitious material.

Material qualification tests should be based on passing re-
sults from two samples taken at times a few weeks apart. The
qualifying test data should be no older than one year from the
date of test completion.

The reported calcium-oxide content? of the fly ash used in -

the project should be no more than 2.0 percentage points
greater than that of the fly ash used in qualifying test mix-
tures. The reported alwnunum-oxldc content of the slag
- used in the project should be no more than 2.0 percentage
points higher than that of the slag used i in qualifying test mix-
tures.
- 226Typell Equ:vah'nl for Class 1 Exposure
* A.ASTM C 150 Type Il cement with the optional limit
‘of 8% max. C3A; C 595M Type IS(MS), Type IP(MS),
Type [S-A(MS). Type IP-A(MS); C 1157 Type MS; or

ﬂ&»mummmmam sand com plog calcium su)-
cement. Some processi: lddiﬂun,lfp:m sufficient proportions,
distort the calculated values, R m,Bo;w 3 -:;
be found in ASTMC v -

“Anslyzed in sccordance with ASTM C 114,
Concrete irathte

s & Bamn B WA

B. Any blend of portland cement of any type meeting
- ASTM C 150 or C 1157 with fly ash or natural poz-
zolan meeting ASTM C 618, silica fume meeting"
ASTM C 1240, or slag  meeting ASTM C 989, that
meets the following requirement when tested in accor-
dance with ASTM C 1012. Any fly ash, natural poz-
zolan, silica fume, or slag used should have been
previously qualified in accordance with Section 2.2.5.
Expansion S 0.10% at 6 months.
2.2.7 Type V Equivalent for Class 2 Exposure
- A. ASTM C 150 Type III cement with the optional
limit of 5% max. C3A; ASTM C 150 cement of any
type having expansion at 14 days no greater than
0.040% when tested by ASTM C 452; ASTM C 1157
Type HS; or
B. Any blend of portland cement of any type meeting
ASTM C 150 or C 1157 with fly ash or natural poz-
zolan meeting ASTM C 618, silica fume meeting
ASTM C 1240, or slag meeting ASTM C 989 that
meets the following requirement when tested in accor-
dance with ASTM C 1012:
Expansion < 0.05% at 6 months. Any fly ash, natural
. pozzolan, silica fume, or slag used should have been
previously qualified in accordance with Section 2.2.5
in order for a test of only 6 months to be acceptable.

If one or more of the fly ash, natural pozzolan, silica
fume, or slag has not been qualified in accordance
with Section 2.2.5, then 1-year tests should be per-
‘formed on the proposed combination and the ex-
pansion should comply with the following limit:
Expansion <0.10% at 1 year.
2.2.8 Class 3 Exposure—any blend of portland cement
meeting ASTM C 150 Type V or C 1157 Type HS with fly
ash or natural pozzolan meeting ASTM C 618, silica fume

meeting ASTM C 1240, or slag meeting ASTM C 989, that

1008100
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meets the following reqmrement when tested in accordance
with ASTM C 1012:

Expansion <0.10% at 18 months

2.2.9 Proportions and uniformity of pozzolans and slag —
The proportion of fly ash, natural pozzolan, silica fume, or
slag used in the project mixture (in relation to the amount of
portland cement) should be the same as that used in the test

mixture prepared to meet the recommendations of Section’
2.2.6,2.2.7, 0r 2.2.8. In blends with portland cement contain-

ing only one blending material, such as fly ash, natural poz-
zolan, silica fume, or slag, the proportion of fly ash or natural
pozzolan can generally be expected to be in the range of 20
to 50% by mass of the total cementitious material. Similarly,
the proportion of silica fume can be expected to be in the
" range of 7 to 15% by mass of the total cementitious material,
and the proportion of slag can be expected to be in the range
of 40 to 70% by mass of the total cementitious material.
When more than one blending material, such as fly ash, nat-
ural pozzolan, silica fume, or slag, or combinations of these,
is used in a blend, the individual proportions of the pozzolan,
silica fume, or slag, or combinations of these may be less
than these values. |
The uniformity of the fly ash or slag used in the project
should be within the following of that used in the mixtures
tested to meet the recommendations of Section 2.2.6, 2.2.7,
or2.2.8:
s Fly ash—reported ¢ alcmm oxide contcnt’ no more

than 2.0 percentage points higher than that of the fly

ash used in the test mixture;
s Slag—reported aluminum-oxide content® no more than

2.0 percentage points higher than that of the slag used |

in the test mixture,

The portland cement used in the project should have a

Bogue C3A value no higher than that used in the mixtures

tested to meet the recommendations of Section 2.2.6, 2.2.7,

or 2.2.8.

Studies have shown that some pozzolans and ground-
granulated-iron blast-furnace slags, used either in blended
cement or added separately to the concrete in the mixer, con-
siderably increase the life expectancy of concrete in sulfate
exposure. Many slags and pozzolans significantly reduce the
permeability of concrete (Bakker 1980; Mehta 1981). They
also combine with the alkalies and calcium hydroxide re-
leased during the hydration of the cement (Vanden Bosch
1980; Roy and Idorn 1982; Idom and Roy 1986), reducing
the potential for gypsum formation (Biczok 1972; Lea 1971;

. Mehta 1976; Kalousek et al. 1972).

Table 2.3 requires a suitable pozzolan or slag along with
Type V cement in Class 3 exposures. Research indicates that
some pozzolans and slags are effective in improving the sul-
fate resistance of concrete made with Type I and Type II ce-
ment (ACI 232.2R; ACI 233R; ACI 234R). Some pozzolans,
especially some Class C fly ashes, decrease the sulfate resis-
tance of mortars in which they are used (Mather 1981b,
1982). Good results were obtained when the pozzolan was a

¢
’

SAsalyred in accordance with ASTM C 114.
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fly ash meeting the requirements of ASTM C 618 Class F
(Dikeou 1975; Dunstan 1976). Slag should meet ASTM C 989.
In concrete made with nonsulfate-resisting cements, calcium

" chloride reduces resistance to attack by sulfate (USBR 1975),

and its use should be prohibited in concrete exposed to
sulfate (Class I or greater exposure). If Type V cement is
used, however, it is not harmful to use calcium chloride in
normally acceptable amounts as an accelerating admixture to
mitigate the effects of cold weather (Mather 1992). If corrosion
is a concem, calcium chloride should not be added, because it
can induce and accelerate corrosion of embedded metal,
such as reinforcing steel and aluminum conduit.

- 2.3—Physical salt attack ‘
Field examples have been cited (Reading 1975; Tuthill
- 1978; Haynes and O’Neill 1994; Haynes et al. 1996) where
deterioration has occurred by physical action of salts from
groundwater containing sodium sulfate, sodium carbonate,
and sodium chloride. The mechanism of the attack is not fully
understood, but discussions of possible mechanisms were
presented in Hansen (1963), Folliard and Sandberg (1994),

~ and Haynes and O’Neill (1994), Haynes et al. (1996), and

Marchand and Skalny (1999). The mechanism for sodium or
magnesium sulfate physical attack may be similar to that used
in the Brard test (Schaffer 1932), which is the basis of the
ASTM C 88. The damage typically occurs at exposed surfaces
of moist concrete that is in contact with soils containing the
above salts. Once dissolved, the ions may transport through
the concrete, and subsequently concentrate and precipitate at
the exposed surface. The distress is surface scaling similar in
appearance to freezing-and-thawing damage. Loss of ex-
posed concrete is progressive, and continued exposure,
caused by repeated humidity or temperature cycling, can lead
to total disintegration of poor-quality concrete. Numerous
cycles of dehydration and rehydration of the salts caused
by temperature cycling accelerate this deterioration.

The problem can be mitigated with measures that minimize
the movement of water in the concrete. While air-entrainment
can also be helpful, it is not a substitute for an adequately low
w/cm concrete for reducing the rate of moisture movement in
concrete. Haynes et al. (1996) recommend a maximum w/cm
of 0.45, along with a pozzolan for improved durability. Ad-
equate curing of the concrete is also an important preventive
measure. Vapor barriers and adequate drainage of water
away from the concrete are. also. recommended to reduce
moisture ingress into the concrete. This group of measures is
considered more effective .in protecting concrete from this
distress than the use of any specific type of cemeat or admix-

2.4—Seawater exposure

2A.1 Seawater in various locations thmughout the world
has a range of concentration of total salts, it is less dilute i m
some areas than in others. The proportions of the coastitus
ents of seawater salts, however, are essentially constant.

The concentration is lower in the colder and temperate
regions than in the warm seas and is especially high in
shallow coastal areas with excessive daily evaporation rates.
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in the laboratory on uncracked specimens. Alexander (10) showed
that for viscous flow in stone fissures of width b with average
spacing of s, the equivalent permeability (k) is given by:

k, = b’/12s. . 3

Presuming that this equation is valid for concrete, then cracks
with widths of 1 mm, spaced 1 m apart, would give an equivalent
permeability of 8 x 10 !' m’ compared to an intact permeability of
around 10" m’. The major types of cracks in concrete can be
divided into those occurring before hardening and those occurring
after hardening (Fig. 5). Those occurring before hardening can
be caused by construction movement, plastic shrinkage or drying
shrinkage, and early frost damage. The cracks occurring after
concrete has hardened involve physical, chemical, thermal and
structural processes. Cracks occurring before hardening and
most, if not all, of those occurring after hardening (especially
those caused by design loads, drying shrinkage, crazing, and
early thermal contraction) could be prevented by a proper QA/QC
program. ‘ . '

4. SULFATE ATTACK

Probably the most widespread and common attack of concrete in
contact with soil involves sulfates. Sulfate attack of concrete
can be very deleterious resulting in cracking of concrete and in_
severe cases its disintegration. Naturally-occurring sulfates of
‘'sodium, potassium, calcium, and magnesium are sometimes found in
groundwaters and soils, especially when high amounts of clay are
present. If the sulfates are in groundwater and concrete is
subjected to wetting and drying cycles by the groundwater, then
upon evaporation of the groundwater from concrete surfaces the
deposited sulfates may accumulate in the concrete at a

. concentration higher than that in the groundwater. Such
processes can significantly accelerate sulfate attack, or also
the attack by other aggressive salts such as chlorides. -Sulfate
attack has occurred in several regions of the United States, and
is a particular problem in arid regions, such as the Northern
Plains area and in the southwestern states (23). Localized
sources of sulfates in groundwater include mine tailings, fills
of blast-furnace slag, and deposits of chemical wastes. o

The water used in irrigation can be a potehtial source of sulfate

attack because of the gradual accumulation of sulfates as the
water evaporates.

4.1 Mechanisms

Sulfate attack of concrete is a complex process and at least

three major deleterious reactions can take place depending on the
environment (24,25). '
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The first process considered involves the reaction of sulfate
ions with calcium aluminate hydrate to form the calcium
» sulfoaluminate product, ettringite (3Ca0'Al,0,"3CasSO, 31H;0):

2 (3Ca0'A1,0,"12H,0) + 3(Na,SO, 10H,0) --> 3Ca0'Al,0, 3CaSo,’ 31H,0 + -
2A1 (OH), + 6NaOH + 17nzo (4

Ettringite has a considerably larger volume than the reactants.
At low concentrations of sulfate ions, ettringite decomposes to a
low sulfate form 3Ca0'Al,0,CaSO,'12H,0. The amount of ettringite
accumulated and the stress induced, therefore, depends on the
availability of sulfate ions. The formation of ettringite
appears to be the cause of most of the expansion and
deterioration of concrete caused by sulfate solutions (23) '

Another process involves the replacement of calcium hydroxide
(Ca(OH),) in concrete by gypsum (CaSO, 2H,0):
Ca(OH), + Nazso. 1on,o --> CaSO0,"2H,0 + 2NaOH + suzo _ (5)

Formation of gypsum can lead to the deterioration of concrete by
two processes (25). In one process, because gypsum occupies more
volume than calcium hydroxide, expansive stresses are produced.
In another, gypsunm is gradually leached, leaving a porous
‘concrete with a higher permeability. 1In flowing water and given
sufficient time, calcium hydroxide may be essentially complefely
converted to gypsum; while, in quasi-stagnant water, equilibrium

- will be attained and only a portion of the calcium hydroxide will
be converted.

Similar reactions can occur 1nvolving magnesium sulfate. In
addition, magnesium sulfate can attack the calcium silicate
hydrate (3Ca0'2Si0, nH,0) formed by the hydration of portland
cement. The reaction is of the pattern (25):

3Ca0°25i0, 3H,0 + 3MgSO, + 6H,0 --> 3(CaSO, 2H,0) + :;Mg(on)z
+ 2sio0, (6)

This reaction has particularly severe effects. Because of the
_very low solubility of magnesium hydroxide, the equilibrium is
almost completely to the right. The reaction, however, is slow
and is of greatest concern when concrete is exposed to sea water.

4.2 Resistance of Concrete to Sulfate Attack

Extensive research has been carried out on the resistance of
concretes to sulfate attack. For example, Miller and Manson (26)
carried out a 25-year investigation of the sulfate resistance of
concrete using more than 75,000 specimens made from 122
commercial cements. Also, the Portland Cement Association (27)
has been carrying out a comprehensive study of the resistance of
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concretes to sulfate-containing soils. The results of these and
‘numerous other studies have clearly indicated that the tricalcium
aluminate content of portland cement greatly affected its sulfate
resistance (9, 23, 28). Accordingly, ASTM C 150 includes a Type .
V (sulfate resistant) cement which sets a maximum of 5%, by mass,
‘on C,A and a Type II (moderately sulfate-resisting) for which the
C,A is limited to 8%. There is also evidence that the
aluminoferrite (C,AF) phase of portland cement may participate in
delayed sulfate attack and, thus, limits have been placed on its
contents. The traditional practice of relying on such cements
for acceptable sulfate resistance is being replaced with the
recent practice of using low-permeability, low Ca(OH), containing
concrete (28). The sulfate resistance of concrete can be
increased either by adding pozzolans or granulated blast-furnace
slag to the concrete, or by using blended cements containing a
pozzalan or a granulated blast furnace slag. These mineral
- admixtures react with the Ca(OH), produced by the cement
hydration to produce additional calcium silicate hydrate which
reduces the capillary porosity and thus permeability. Also,
decreasing the Ca(OH), contents will reduce the amount of
concrete expansion caused by the formation of gypsum (equation

- 5). The US Bureau of Reclamation (29) carried out a 12 year
study on the effect of the composition of fly ash on the sulfate
Aurability of concrete. It was found that the effectiveness of a
-ly ash on improving the sulfate resistance of concrete could be
predicted based on its Ca0O and Fe,0, contents. Based-ofi the ASTM
Cl1012 test method, silica fume has been observed to improved the
sulfate resistance of mortar bars (Hooten). Long-term durability
tests on the sulfate resistance of concrete containing silica
fume, however, have not been reported. The effectiveness of
mineral admixtures in preventing sulfate attack depends on their
. composition and physical properties, and, therefore, they should
conform to the appropriate ASTM standards before being used.

Recommendations for selecting cements and mineral admixtures for
concretes exposed to sulfates have been given in the ACI Guide
for Durable Concrete (23). The recommendations are presented in
table 2. Also, they are presented in an expert system form in
Durcon (30). Although ASTM Type V portland cement is recommended
in the table for severe and very severe exposures, little Type V
cement is available in the United States (31). In the case of a
severe environment, a Type II portland cement with blast furnace
slag or a pozzolan should be an adequate substitute for Type V.

A site with a very severe environment is, undoubtedly, unfit for
storing LLW in concrete vaults. Following these recommendations
should result in a concrete with acceptable durability for many
years, possibly for the 60 to 100 year design life of typical
concrete structure. However, they do not provide a basgsis for
redicting the service life of a concrete exposed to a sulfate

snvironment, especially in the case of concrete with a design
life of hundreds of years.
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Table 2.

Recommenations for Sulfate Resistance (23)

Exposure | water Soluble | Cement | Water-
o | soluble . - - (80,) in | | cement
| sulfate. : water, ppm | -] ratio, _
| soil, percent : | ! maximum(b)
Mila 0.00-0.10 0-150 |
, , ‘ : I
Moderate 0.10-0.20 150-1500 Type II o 0.50
(Includes - : IP (MS) |
Seawater). IS (MS) A
(c) |
Severe - 0.20-2.00 '1500-10,000 Type V | 0.45
: ‘ (d) |
Very . Over 2.00 Over 10,000 Type V | 0.45
Severe 1 : : . + Pozzolan
or Slag (e)

<

(a)' Sulfate expressed as SO, is related to sulfate expressed as SO,
as in reports of chemical analysis of cement as SO; X 1.2 = SO,.

(b) A lower water-cement ratio may be necessary to prevent corroslon
of embedded steel.

(c) Or a blend of Type I cement and a ground granulated blast-furnac

sulfate resistance.

slag or pozzolan that has heen determined by tests to give equivalent

(d) Or a blend of Type II cement and a ground granulated blast-
furnace slag or a pozzolan that has been determined by tests to give

equlvalent sulfate resistance.

(e) Use a pozzolan or slag that has been determined by tests to
improve sulfate resistance when used in concrete containing Type V cement.

16



4.3 Models and Service Life Predictions

Two major studies have been reported (32, 33) on approaches for
estimating the service_life of concrete exposed to sulfates. 1In
the first, the US Bureau of Reclamation {32), continously
immersed concrete specimens in a 2.1% Na,SO, (sodium sulfate)
solution until failure (expansion of 0.5%) or until the
investigation was completed. The age of specimens at the
completion of the continuous-immersion study was between 18 to 24
years. Companion specimens were subjected to an accelerated test
in which they were immersed for 16 hours in a 2.1% Na,SO,
solution and then forced air dried at 54°C (130'F) for 8 hours.
From a comparison of the times for specimens to reach an A
expansion of 0.5% in both the accelerated test and the continuous
immersion test, it was estimated that 1 year of accelerated
testing equalled 8 years of continuous immersion. This was:
considered to be a conservative ratio as a 1:10 ratio was
thought to be more realistic. In many cases, the time for the
concretes in the continuous immersion test to expand by 0.5% was.
estimated by straight-line extrapolation. They concluded that
most of the concretel” with Types II and V pc{tland cements showed
a life expectancy of less than 50 years when exposed to a 2.1%
Na,SO, solution. Some concretes containing certain fly ash and
ground blast-furnace slag mineral admixtures had estimated

ervice lives of 150 years or more. ,1% solution of Na,so, is
a very. severe environment (table 2) and £ concrete was exposed
to a lower level of sulfates the life eypectancy would be
rexpected to increase. In addition to providing an approach for
service life estimates, the accelerated test results clearly
.demonstrate the aggressive effect of wetting and drying cycles
with sulfate solutions on the durability of concrete.

The above method could be used for predicting the service lives
of in-service concretes, in continuous contact with groundwater,
if the ratio of 1:8 for the time to attain a equivalent expansion
in the accelerated and continuous immersion tests using the 2.1%
sulfate solution holds for other sulfate concentrations. Based
on the ratio of 1:8, however, to predict if a concrete would have -
a life expectancy of 500 years may necessitate an unacceptably
extended extrapolation of the accelerated test results as
follows. Assuming that a concrete with a life of 500 years was
actually being tested, then to predict that the concrete would
have a life expectancy of 500 years by testing until the 0.5%
expansion criterion was reached in the accelerated test would
require a testing period of at least 500/8 years, i.e., 63 years.
Unfortunately, few durability tests are carried out for 63 years
~and a 5 to 10 year test is often considered long-termed. If the
accelerated test was terminated in 5 years, the expansion for the
500-year-life concrete would be no more than 0.04% and little

~onfidence could be given to predictions based on extrapolatiné
he expansion data to 0.5%.
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Another approach to predicting the service life of concrete
exposed to groundwater containing sulfate salts was developed by
the Building Research Establishment in England (33). In the .
laboratory, concrete specimens were immersed in a O. 19M sulfate
solution (a mixture of alkali and magnesium sulfates) for up to 5
years. The accelerated laboratory tests resulted in a visible

deterioration zone, X,, and the following empirical equation was
developed:

X,(cm) = o. 55c1\(%) (Mg) + (80,3 Ty 7)

where CA% is the percentage by weight of tricalcium aluminate
(3Ca0°'Al,0;) in the cement, [Mg] and [SO,] are the molar
concentrations of magnesium and sulfates, respectively, in the
test solution, and t(y) is the test time in years. The

variability in the depths of attack were around 30% of the
average. . .

Equation no. 7 was found to give satisfactory correlations with
the results of field tests (3), in which the depth of
penetrations were in the range of 0.8 to 2 cm after 5 years. The
equation was used to calculate a range of lifetimes of concrete
exposed to groundwater of a known concentration of sulfate salts.
Concretes made with ordinary portland cements containing between
5 and 12% C,A, gave estimated lifetimes of between 180 to 800
years, with a probable lifetime of 400 years. -When a sulfate
resisting portland cement with 1.2% C,A was used, the minimum and
probable lifetimes were estimated to be 700 years and 2500 years,
respectively. These times were estimated based on the loss of
one-half of the load-bearing capacity of a 1 m thick concrete
section, i.e., X, of 50 cm. The estimates involve an
extrapolation based only on an empirical equation that has been
shown to be reasonably predictive only during short-term testing.
Atkinson, et al., (3) attempted to verify the equation by
determining the extent of deterioration of concretes buried and
exposed ‘to the groundwater of a clay for 43 years. An alteration
zone of about 1 cm was observed in the concretes which could be
caused by several processes. Based on the tricalcium aluminate
contents of the cements, equation no. 7 predicts that the
. thickness of the deteriorated region should be between 1 and 9
cm. Therefore, Atkinson, et al., (3) concluded that the

equation either gives a correct estimate or an overestimate of
the rate of sulfate attack.

5. ‘CORROSION OF STEEL REINFORCEMENT IN CONCRETE

Portland cement concrete normally provides an internal
environment which protects reinforcing steel from corrosion. The
high alkaline environment (pH > 12.5) in concrete results in the
formation of a tightly adhering film (gamma iron (III) oxide)
which passivates the steel and thereby protects it from

18
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Thermochemical Principles - Chap. 1

Example 1.2

from which we find

The second dissociation step for carbonic acid corresponds to the reaction HCO; = H* + COY-, .
for which K, = 107193 at 25°C. Using thermodynamic data tables we compute AH, =
3550 cal/mol, and from Shock and Helgeson (1988) we find ACp? = —61.0 cal/mol K. Given

‘this information, we ask the question, how does the value of K; at $0°C (323.15 K). predicted

from the integrated van’t Hoff equation, compare to the empirical value at 50°C? The van't
Hoff equation is

3sso [ 1 .
~log K2 = 1033+ 556 (;23.15 298.15) 93)

~log K,- 10.33-020=10.13

This is in fair agreement with —log K; = 10.18 at 50°C computed from the empmcal temper-
ature function in Table A1.1. The disagreement reflects the fact that the heat capacity of the re-
action is not zero, as assumed in the calculation. If we refine our estimate by including the heat
capacity correction term of the expanded mtegra(ed van't Hoff equauon, the predtcted value
for K, at 50°C is )

~log K;=1033 - 0N+004= 10.17

in excellent agreement with the empirical value

Example 1.3

Consider the reaction - , .
AgCl(c)=Ag* +CI" (l 94)

for which K= 1077 and AH? = 15,650 cal/mol at 25°C. Silver chlonde is also known as the
mineral cemgynte This reaction takes place in the internal electrolyte of glass pH electrodes.
The insolubility of cerargyrite also limits maximum concentrations of silver in many natural
waters. We will ask the question, what is K, at 0°C? The van't Hoff equation leads to

o 1560 1 1 ) :
~log Kyy =975 - 776 273,15 ~ 298,15 (1.9%)
and . ~log K, =9.75 + 1.05 = 10.80

This is in exact agreement with the empirical value, indicating that the assumptions inherent
in the van't Hoff equation are valid (AH? is constant and ACp; = 0).

1.6.3 Effect of Pressure

Substituting the quantity (- RT In K,,) for AG? in the expression
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Effect of Changes in T and P on the Equilibrium Constant ‘ 29

Sec. 1.6

derived previously, we obtain

(() In Kq) _ AV? | 97
apr T‘. RT : (49N

where AV? is the molar volume change of the reaction with all reactants and products in their stan-
dard states (cf. Millero 1982). Note the similarity of this expression to the van’t Hoff equation. Equa-
tion (1.97) shows that the cffect of a.change in pressure on K, is proportional to the magnitude of
the molar volume change for the reaction. Consistent with Le Chatelier’s principle, an increase in

1

yressure favors reaction products when AV is negative and reactants when AV is positive. When a .
! [ p g ¢

gas is among the reactants or products, the effect of pressure is accounted for by writing the activity
of the gus as its partial pressure. For reactions without gases, the effect of pressure can usually be ig-
nored at depths less than 300 m (1000 11). In following discussion, we will consider the pressure ef-

* fect on reactions in more detail. lmportant environmental applications are to reactions in the deep

ocean (average deep-ocean pressure is 200 bars (Stumm and Morgan 1981) and to geologic disposal
of industrial wastes by deep-well injection. Deep-well injection is typically into saline groundwaters
in sedimentary formations at temperatures of 20 to 150°C, with pressures from 50 to 300 bars (En-
vironmental Protection Agency 1990a, 1990b). We will limit discussion in this section to the effect
of pressure on reactions, which is usually lcss important than the coincident temperature cffcct as
discussed previously. .

If the motar volume of a reaction is independent of pressure (does not change with pressure in

the P range of interest), Eq. (1.97) may be integrated to yield

LK, aviP =) - :
e 20N T
" o _ | (1.98)

where K, and K, are the equilibrium constant at P and at the reference pressure, which is usually
| bar.

If instead AV? is a function of pressure, we ma) define the standard partial molar compress-
ibility which for single species i equals

= _ |8V 4 .
K= OP (1.99)

For a reaction we have '

AT - (BAV )
’ ar

(1.100)
Integration of Eq. (1.97) now leads to
K AV P = 1) AKI(P - 1), '
n-£€= ——L Ly 7
fn K, RT IRT (1.101)

in which AK? is independent of pressure. At elevated pressures (> 100 bars) this simplifies to

‘

ke _avir ok ﬁ‘( v éxﬂ;P) 102
kTR ok T TR\ T (1.102)

In these expressions AVSis in cm¥/mol. R = 83.15 cm’® bar/mol K, and AK? is in cm?/bar mol.




Thermochemical Principles  Chap. 1

Molar volumes of minerals are proportional to the size of molar formulas and may be com-
puted by dividing a mineral’s gram formula weight (g/mol) by its density (g/cm?). Values for min-
erals are tabulated by Naumov et al. (1974), Robie et al. (1978), and Helgeson et al. (1978). and may
also be found in any edition of the Handbook of Chemistry and Physics (CRC Press).

Naumov ctal. (1974), Helgeson et al. (1981), Millero (1982). and Tanger and Helgeson (1988)
report molar volume data for aqueous species at 25°C. The last two references also give V° data for

aqueous species from 0°C up 1o 50°C and 350°C, respectively. Molar compressibilitics of mincrals

are available in Birch (1966), Mathieson and Conway (1974). and Millero (1982). Millero (1982)
also hists values of AV2and A—Aj‘; for aqueous specics from 0 to 50°C. Molar volumes and compress-
ibilities vary as a function of temperature and fonic strength (Millero 1982). Such effects may be im-
portant for aqueous species and especially for gases.

The molar volume of ions is based on the convention that the molar volume of H' ion cquala
zero at all temperatures. This assumption leads to molar volumes of ~0.4 cm¥/mol for Li* and
36 cin¥/mol for I-, for example. Molar volumes of ions increase with increasing temperature. AV is
" megative for most ionization and dissolution reactions so that pressure generally increases the
progress of 1onization reactions and the solubility of minerals. »

Molar compressibilities for minerals range from 0 to =4 x 10~ ¢cm*/bar inol and can be as-
sumed equal to zero up to about | kb pressure. Values for ions K° are’ generally in the range ~5 to
-10 % 107 cm?/bar mol. AK® for completely ionic reactions is small, but for dissotving minerals it
may be large.

In a column of freshwater the pressure increases above atmospheric pressure by about 1 bar

for every 33.5 ft of depth, or by 30 bars for 1000 ft (305 m) of depth. Pressure grgdiems are higher
in salinc than in fresh groundwaters. Pressures measured in groundwater at depth generally range
between hydrostatic pressure (that of a column of water) and lithostatic pressure (that of the rock
alone). Measured hydrostatic pressure gradients in sediments range from 1 bar/15 ft (roughly equal

to the lithostatic pressure gradient) o | bar/70 fu of depth. In sediments of the Palo Duro basin of -

north Texas for example, the pressure gradient is | bar/42 to 58 ft 1o a depth of 5500 fi, where hydro-
static pressure is 130 bars and the temperature 38°C (LLangmuir and Melchior 1985).

The effect of pressure on reactions involving only solid phases can be assumed to be negligi-
ble. For example. consider the reaction '

Alzoj -+ S|02 = AlelO\ ' (IH)B)
{corundum) . (quartz} (sillimanite)

Ve (cm*mol) 2557 22.69 49.92

The molar volumes lead o (JAG/3P), = AVS = 1.66 em¥/mol, from which we conclude that an in-
crease in pressure slightly favors corundum rmd quartz over sillimanite. Given the conversion factor
1 cm? bar = 0. 02390 cal, we obtain

(3AGY3P)y = 1.66 cm¥/mol x 0.02390 cal/em? bar
=0.0397 cal/mmol bar

Thus, an increase in P of 100 bars increases AG, by only ~4 cal/mol. This is a negligible cifect.

When a gas'is among the reactants, changes in pressure are generally important. For example;
given the reaction at 25°C, :

CaCOy(calcite) = CaO(lime) + CO(g) (1.104)
V° (em¥mol) 36.934 16764 24,460 '

we find
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Sec. 1.6 Effect of Changes in T and P on the Equilibrium Constant

TABLE 1.2 Effects of pressure and ionic strength on equilibrium
constants for some reactions as a function of the inolar volumes of
the reactions

AV? KJK, m 25°C
Reaction - (em¥/mol) and 1000 bars
N H,O(ly=H"'+OH~ -22.2 2.36
CH;;COOI = H* + CH,CO0~ i1.2 1.4
(K, acctic acid) )
H,CO; =H" + HCO; -272 32
(K, carbonic acid)
HCOj3 = H' + CO3~ . -25.2 2.7
(K, carbonic acid) )
-CaSO; (anhydrite) = Ca?" + SO}~ ~489 5.8

Source: Based in part on Stumm and Morgan (1981).

we find AV} = 24,440 cm¥/mol, or 584 cal/mol bar. The (+) sign and large magnitude of AV, show
that increusing pressure strongly favors calcite formation relative to lime and COy(g).

The effect of a pressure increase to 1000 bars on some dissociation reactions is shown in
Table 1.2. Increased pressure favors dissociation in every case. The effect is proportional to the size
of —~AV?. The solubility of calcite increases with increasing pn.ssurc as indicated by Table . 3 The
effect is reduced at the ionic strength of seawater.

Pressure generally increases the solubility of minerals. An accurate evaluation of the pressurc
effect on solubility may require that we consider both molar volumes and compressibilies of reac-
tants and products. In the following problem we compare the solubility of celestite (SrSO,) in a sur-
face water at 1 bar pressure and 25°C to-its solubility in groundwater at 6000 ft depth at a tempera-
ture of 75°C and pressure of 180 bars. The reaction of intercst is SrSOy(celestite) = Sr* 4 S0%. To
solve the problem we need molar volumes and compressibilities for celestite and the ions. We adapt
V® (celestite) = 46.25 cm¥mol from Robic et al. (1978). A nearly identical molar volume of
46.27.cm¥/mol derives from the molecular weight (183.678 g/mol) divided by the density of celes-
tite (3.97 g cin®; Palache et al. 1951). Ve(celestite) can be assumed 1o be independent of pressure and
temperature. Molar volumes for the ions at 75°C are obtained from Tanger and Helgeson (1988). The
compressibility of celestite is read from a plot given by Millero (1982). K*® values for the ions are
less readity available. We will use those given by Millero (1982) for 50°C. The comparatively small
compressibility of the mineral (about 1% as large as values for the ions) suggests that its value is rel-
atively unimportant in the calculation. The compressibility correction to the solubitity will turn owt

TABLE 1.3 Effects of increases in pressure and ionic
strength at 25°C on the solubility product of calcite {(CaCO,) - \
at Pversus at 1 bar pressure, expressed as K,/K,

P (bar) Pure water 0.725 M NaCl (seawater) /

| i |
7500 3.2 2.8
1000 8.1 - 6.7

Note: AV®=-58.3 cm¥mol for the reaction CaCO, =
Source: Based in part on Stumm and Morgan (1981).

Ca*r + COt~ at 25°C.
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to be small, thus our usc of 50°C K values for St?* and SOF is a good approximation. Chosen V°
and K° values are given below.

St80,(celestitey = S+ S0 - (1.10%)
Ve (cm¥mol) 4625 ~18.27 +14.09 ‘
Ko (emYmol bar)  —0.08x 10 ~8.35% 107 ~6.87 x 107

The Ve and K® data lead to AV? = ~50.43 cmY/mol, and AE'; =-1.514 % 10~ Lm‘/mol bar.
Subsliluiinv into Eq. (1.101) or (1.102). we can determine the effect of pressurc on celestite solu-
bility. The result is log (K,/K ) = 0.1364 - 0.0037 = 0.133, where the first term in the difference re-
tlects the contribution ofAV° and the second the small, opposite effect of AKS. AL I bar pressure and
25°C, K y(celestite) = 2.32 ¥ 10-7. For 75°C, K (celestite) = 7.45 x 1077, computed from the tem-
perature function given by Langmuir and Melchior (1985). Overall results are summarized here.

Overall percent increase

TCC) P (bar) K(celestite) - above | bar and 25°C.
25 1 2.32x 107 . 0
75 I ' 7.45x 107 21 %
15 180 (AV?) 1.02 x 10°¢ 340%
75 180 (AV? and AK") 1.01 x 10¢ - 335%

As shown, the increase in temperature from 25 to 75°C has more of an cffect on solubility (+221%)
than does the increase in pressure from | to 180 bars, which separately increases solubility by 36%.
As evident from this cxample, and in general, the effect of a temperature increase on solubility

greatly exceeds that of the concomitant pressure increase. The example also shows that the pressurc

correction due to AKS is minor and usually of an opposite sign to that due to AV,
Aggarwal et al. (1990) have proposed a simpler model given by )

I Kp Tl L av; i Pu.oxe. 1)
kel T TRTKL T\ (1.106)
1 1,0/ ”n.0

to estimate the cffecx of a change in P and T on the equlhbnum constant. Their equation requires
only AV? for the reaction, the compressibility (K5 ho) and density (py,,) of water for reference con-
ditions (usually at 1 bar pressure and 25°C), and water density at I* and T {py op 1)) - Reactions arc
written in isocoulombic form so that reaction heat capacity and the term (AV"/R'I'—A".;’(_‘O) are both con-

stant, independent of temperature. The necessary properties of watet have been published by Haar .

ct al. (1984). The reader is referred 1o Aggarwal et al. (1990) for details of this approach.

STUDY QUESTIONS

1. Know the following definitions and how they relate to each other:
- () open and closed systems as they relate to mobile and less mobile substances
(b) phases, components, master species, and the phase rule
. {c) homogeneous, heterogeneous and irreversible, congruent and incongruent reactions
(d) Gibbs free energy, chemical potential, enthalpy. and entropy, as they relate to components, substances,
reactions, and systems
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Concrete Science

Vangi S. Ra_machandr»a»n

INTRODUCTION

Concrete, made from cement, aggregates, chemical admixtures,
mineral admixtures, and water, comprises in quantity the largest of all
man-made materials. The active constituent of concrete is cement paste
‘and the performance of concrete is largely determined by the cement
paste. Admixtures in concrete confer some beneficial effects such as
acceleration, retardation, air entrainment, water reduction, plasticity, etc.,
and they are related to the cement-admixture interaction. Mineral admix-
tures such as blast furnace slag, fly ash, silica fume, and others, also
improve the quality of concrete.

The performance of concrete depends on the quality of the mgredn-
ents, their proportions, placement, and exposure conditions. For example,
the quality of the raw materials used for the manufacture of clinker, the
calcining conditions, the fineness and particle size of the cement, the
relative proportions of the phases, and the amount of the mixing water,
influence the physicochemical behavior of the hardened cement paste. In
the fabrication of concrete, amount and the type of cement, fine and coarse
aggregate, water, temperature of mixing, admixture, and the environment
to which it is exposed will determine its physical, chemical, and durability
behavior. Various analytical techniques are applied to study the effect of
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these parameters and for quality control purposes. The development of

standards and specifications are, in many instances, directly the result of

the work involving the use of analytical techniques. Discussion of the methods
employed in standard specnﬁcatlons is beyond the scope of this chapter.

In this chapter, basic aspects of the physical, chemical, durability,

and mechanical characteristics of cement paste and concrete are presented

| because of their relevance to the application of various analytical tech—
" niques discussed in other chapters. ‘

2.0 FORMATION OF PORTLAND CEMENT

" According to ASTM C-150, portland cement is a hydraulic cement
produced by pulverizing clinker consisting essentially of hydraulic cal-
cium silicates, usually containing one or more types of calcium sulfate, as
an interground addition. :

‘ The raw materials for the manufacture of portland cement contain,
in suitable proportions, silica, aluminum oxide, calcium oxide, and ferric
oxide. The source of lime is provided by calcareous ingredients such as
limestone or chalk and the source of silica and aluminum oxide are shales,
clays or slates. The iron bearing materials are iron and pyrites. Ferric
oxide not only serves as a flux, but also forms compounds with lime and
alumina. The raw materials also contain small amounts of other com-
pounds such as magnesia, alkalis, phosphates, fluorine compounds, zinc
oxide, and sulfides. The cement clinker is produced by feeding the crushed,
ground, and screened raw mix into a rotary kiln and heating to a tempera-
ture of about 1300-1450°C. Approximately 1100-1400 kcal/g of energy
is consumed in the formation of clinker. The sequence of reactions is as
follows: At a temperature of about 100°C (drying zone) free water is
expelled. In the preheating zone (750°C) firmly bound water from the clay
is lost. In the calcining zone (750-1000°C) calcium carbonate is dissoci-
ated. In the burning zone (1000-1450°C) partial fusion of the mix occurs,
with the formation of C,S, C,S and clinker. In the cooling zone (1450-
1300°C) crystallization of melt occurs with the formation of calcium
aluminate and calcium aluminoferrite. After firing the raw materials for
the required period, the resultant clinker is cooled and ground with about
4-5% gypsum to a specified degree of fineness. Grinding aids, gcnerally
polar compounds, are added to facxhtate grmdmg
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2.1 Composition of Portland Cement

The major phases of portland cement are tricalcium silicate
(3Ca0e8i0,), dicalcium silicate (2Ca0+Si0,), tricalcium aluminate
(3Ca0+Al,0,), and a ferrite phase of average composition
4Ca0+A1,0,°Fe,0,. In a commercial clinker they do not exist in a pure
form. The 3Ca0+Si0, phase is a solid solution containing Mg and Al and
is called alite. In the clinker, it consists of monoclinic or trigonal forms
whereas synthesized 3Ca0eSi0, is triclinic. The 2Ca0+SiO, phase occurs
in the B form, termed belite, and contains, in addition to Al and Mg, some
K,0. Four forms, o, a’, f and v, of C,S are known although in clinker
only the f form with a monoclinic unit cell exists. The ferrite phase,
designated C,AF, is a solid solution of variable composition from C,F to
CsA,F. Potential components of this compound are C,F, C,AF,, C,AF,
and C4A,F. In some clinkers small amounts of calcium alummatc of
formula NCgA4 may also form.

ASTM C-150 describes five major types of portland cement. They
are: Normal Type I—when special properties specified for any other type
are not required; Type Il—moderate sulfate resistant or moderate heat of
. hydration; Type III—high early strength; Type IV—low heat; and Type
V—sulfate resisting. The general composition, fineness, and compressive
strength characteristics of these cements are shown in Table 1.(1]

" Portland cement may be blended with other ingredients to form
blended hydraulic cements. ASTM C-595 covers five kinds of blended
hydraulic cements. The portland blast furnace slag cement consists of an
intimately ground mixture of portland cement clinker and granulated blast
furnace slag or an intimate and uniform blend of portland cement and fine
granulated blast furnace slag in which the slag constituent is within
specified limits. The portland-pozzolan cement consists of an intimate and
uniform blend of portland cement or portland blast furnace slag cemeént
- and fine pozzolan. The slag cement consists mostly of granulated blast
furnace slag and hydrated lime. The others are pozzolan-modified port-

land cement (pozzolan < 15%) and slag-modified portland cement (slag <
25%). '
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Table 1. Compound Composition, Fineness and Compressive Strength.'
Characteristics of Some Commercial U.S. Cements

ASTM ASTM Composition Fineness  Compressive Strength

Type Designation ' cnl/g % of Type I Cement*
C3S S CA CAF I day 2 days 28 days
General purpose 50 24 1t 8 1800 100 100 100
Moderate sulfate 42 33 5 13 1800 75 85 90
resistant-moderate . - '
heat of hydration

Il Highearlystrength 60 13 9 8 2600 190 120 110
IV Low heat 26 SO S 12 190 S5 55 5
\% Sulfate resisting 40 40 4 9 1900 65, 75 85

~ *All cements attain almost the same strength at 90 days.

3.0 INDIVIDUAL CEMENT COMPOUNDS

3.1. Tricalcium Silicate_

. Hydration. A knowledge of the hydration behavior of individual
cement compounds and their mixtures forms a basis for interpreting the
complex reactions that occur when portland cement is hydrated under
various conditions. ' '

Tricalcium silicate and dicalcium silicate together make up 75-80%
of portland cement (Table 1). In the presence of a limited amount of water,
~ the reaction of C3S with water is represented as follows:

3Ca0+Si0, + xH,0 — yCa0+Si0,*(x+y-3)H,0 + (3-y)Ca(OH),
or typically ‘
~ 2[3Ca0+Si0,] + TH,0 — 3Ca0+2Si0,*4H,0 + 3Ca(OH),

The above chemical equation is somewhat approximate because it is .
not easy to estimate the composition of C-S-H (the C/S and S/H ratio) and
there are also problems associated with the determination of Ca(OH),. In
a fully hydrated cement or C,S paste, about 60-70% of the solid comprises
C-S-H. The C-S-H phase is poorly crystallized containing particles of
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~ and the testing method. This law is valid provided the concrete is fully
compacted. This is the reason why, below a certain minimum, further
reduction in the w/c ratio does not result in the expected strength gain. At
such low w/c ratios, concrete is not workable enough to allow full compac-
tion. Air entrainment reduces. concrete strength and this effect should be
considered while applying the law.l77)
- The strength of concrete depends on the strength of the paste coarse
~aggregate, and the paste-aggregate interface. This interface is the weakest
region of concrete and is where the failure occurs before its occurrence on
the aggregate or the paste. The weakness of this interface is due to weak
bonding and the development of cracks which may develop due to bleed-
ing and segregation and volume changes of the cement paste during
setting and hydration. The transition zone extends about 50 um from the
surface of the aggregate. The transition zone has a higher porosity and
permeability. This space is occupied by oriented, well developed crystals
of calcium hydroxide and, in some cases, C-S-H and ettringite. The
transition zonal effects are particularly significant with pastes or concrete
made at w/c ratios greater than 0.4. The presence of silica fume, however,
may modify or even eliminate the transition zone. This is generally
attributed to the changes in the viscosity or cohesiveness imparted by
silica fume to concrete. The altered transition zone, improved matrix-
aggregate bond, and optimal particle packing in the presence of silica
' fume, result in enhanced strength.

‘8.0 DURABILITY OF CONCRETE

One of the most important requirements of concrete is that it should
be durable under certain conditions of exposure. Deterioration can occur
in various forms, such as alkali-aggregate expansion reaction, freeze-thaw

- expansion, salt scaling by deicing salts, shrinkage and enhanced attack on
the reinforcement of steel due to carbonation, sulfate attack on exposure to
ground waters containing sulfate ions, sea water attack, and corrosion
caused by salts. Addition of admixtures may control these deleterious
effects. Air entrainment results. in increased pfotection'against freeze-
thaw action, corrosion inhibiting admixtures increase the resistance to
corrosion, inclusion of silica fume in concrete decreases the permeability
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and consequently the rate of ingress of salts, and the addition of slags in
~ concrete increases the resistance to sulfate attack.

8.1 Alkali-Aggregate Expansion

Although all aggregates can be considered reactive, only those that
actually cause damage to concrete are cause for concern. Experience has
shown that the presence of excessive amount of alkalis enhances the attack
on concrete by an expansion reaction. Use of marginal quality aggregate

and the production of high strength concrete may also produce this effect.
' ‘The alkali-aggregate reaction in concrete may manifest itself as map -
cracking on the exposed surface, although other reactions may also pro-
duce such failures. The alkali-aggregate reaction known as alkali-silica
type may promote exudation of a water gel which dries to a white deposit.
These effects may appear after only a few months or even years. "

~ Three types of alkali-aggregate reactions are mentioned in the
" literature, viz., alkali-silica reaction,!78)-(80] alkali-carbonate reaction, and
alkali-silicate reaction. The alkali-silicate reaction has not received gen-
‘eral recognition as a separate entity. Alkali-silica reactions are caused by
the presence of opal, vitreous volcanic rocks, and those containing more
than 909% silica. The alkali-carbonate reaction is different from the alkali-
silica reaction in forming different products.I811-83]1 Expansive dolo-
mite contains more calcium carbonate than the ideal 50% (mole) propor-
tion and frequently also contains illite and chlorite clay minerals. The
alkali-silicate reaction was proposed by Gillott.184) The rocks that pro-
duced this reaction were graywackes, argillites, and phyllltes containing
vermiculites.
| The preventive methods to counteract alkall-aggregatc expansion
~ include replacement of cement with pozzolans or blast-furnace slag and
addition of some chemicals, such as lithium compounds.[851-(89]

In Fig. 11, the effect of LiOH on the expansion in mortar containing
opal, is shown. Mix five, containing opal and high alkali cement, shows
the maximum amount of expansion. Mixes one, two, three, and four do not
have opal. Mixes six and seven are similar except that mix six has 0.5%
LiOH and mix seven 1% LiOH.
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Figure 11. Expansion of mortar cbntaining LiOH.

Frost Action

This is defined as the freezing and thawing of the moisture in
materials and the resultant effects on these materials. Essentially three
kinds of defects are recognized, viz., spalling, scaling, and cracking. -
Scaling occurs to a depth of an inch from the surface resulting in local
peeling or flaking. Spalling occurs as a definite depression caused by the
separation of surface concrete, while cracking occurs as D- or map-
cracking and is sometimes related to the aggregate performance. Good
resistance to frost expansion can be obtained by proper design and choice
of materials and thus durability to frost action is only partly a material
- behavior. In addition to w/c ratio, quality of aggregate, and proper air -
entrainment, the frost resistance depends on the exposure conditions. Dry
concrete will withstand freezing-thawing whereas highly saturated con-

crete may be severely damaged by a few cycles of freezing and thawing.
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~ According to many workers, frost damage is not necessarily con-
nected with the expansion of water during freezing although it can contrib-
ute to damage. Although many organic compounds, such as benzene and
chloroform, contract during freezing, they can cause damage during the
freezing transition. When a water-saturated porous material freezes, mac-
roscopic ice crystals form in the coarser pores and water which is unfrozen
in the finer pores and migrates to the coarser pores or the surfaces.!%) The
large ice crystals can feed on the small ice crystals, even when the larger
ones are under constraint.
Length Changes During Freezmg of Hydrated Portland Cement.
The pore structure of hardened cément paste determines freezing of water
contained in the pores. The pore structure depends largely on the initial w/
c ratio and the degree of hydration. In general, the pore structure is
composed of pores having diameters ranging from 1,000 to 5 nm for non-
matured pastes and 100 to 5 nm for mature pastes. The higher the w/c
ratio, the greater will be the volume fraction of larger pores. When these
pores are saturated with water, a large amount of water will be able to
freeze during cooling. A saturated concrete prepared at a higher w/c ratio
and with a lower degree of hydration contains a greater amount of water.
Fully saturated samples on cooling at 0.33°C/min show dilations
during freezing and residual expansion on thawing. These values are
increased .in samples made at higher w/c ratios. Thicker samples also
exhibit larger expansions. Cooling rates also influence length change
values. It has been found that during the slow cooling 30-40% of the
evaporable water is lost from the samples. It is apparent that the large
dilation is not only due to water freezing in larger pores, but also to water
migrating from smaller pores, freezing in lumted spaces, and generating
stresses. When the rate of cooling is slow, there is enough time for water to
~ vacate the small pores of the sample, causing contraction due to drying-
shrinkage. Powers and Helmuth!®!l added an air-entraining admixture to
the paste, producing various amounts of air bubbles of uniform size. With
a knowledge of the total volume and average size of the bubbles, the
average distance between them (air-void spacing) was calculated. Length
change measurements on cooling (0.25°C/min) relatively thick specimens
of different air-void spacings, but having similar porosity, are shown in
Fig. 12. Shrinkage occurred in specimens with bubble spacings of 0.30
mm or Jower. These specimens were saturated (except for the entrained
space) and, therefore, the existence of closely-spaced air bubbles provided

sites for water to migrate and for ice crystals to grow without the imposi-
tion of stress :
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Figure 12. Length changes due to freezing of cement pastes of different air contents. (L
is the spacing factor.) o ‘

De-Icing Salts—Deterioration of plain concrete due to deicing
agents may generally be termed salt scaling; it is similar in appearance to
frost action, but more severe. Any theory on salt scaling should account
for this increased damage. |

Length change measurements on freezing and thawing specimens
saturated with different concentrations of brine solutions have been con-
ducted by Litvan.[92 Typical results are shown in Fig. 13. The curves are
qualitatively similar to those samples containing NaCl, but the magnitude
of length changes is different. Maximum dilation effects are observed in -

~solutions containing 5-9% NaCl. The explanation is that the vapor
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pressure of the saline solution is decreased (with respect to water) and the
- tendency for the water to migrate from the smaller pores will be lower for
the saline solution in comparison with that for pure water. The relative -
humidity created when bulk ice, Py, formed in larger pores will be
Pocgsy/Psoi» Which will be larger than Fyp /Py, at any temperature.
Consequently, on freezing, greater dilation will occur in the salt-contain-
ing specimen than in the salt-free specimen. At high salt concentrations

other phenomena, such as a change in the range of freezing temperatures
~ or the effect of high viscosity of the saline solution on the mechanical
properties of the body, havé to be considered.

In concrete, the pores of the aggregate may be such that the pore
water may readily freeze. Larger pores, equivalent to air-entrained bubbles
(diameter > 10 nm) may not exist in the aggregates. Thus, the tendency to
expand due to freezing of water will either be taken up by elastic expan-
sion of the aggregate or by water flowing out from the aggregate under
pressure. For saturated aggregates, there may be a critical size below
which no frost action occurs because, during freezing, water will flow out
of the specimen.[93)

Tests for Frost Resistance. The most widely used test for assessing
the resistance of concrete to freezing and thawing is the ASTM:test on
“Resistance of Concrete to Rapid Freezing and Thawing” (ASTM C 666).
In procedure A, both freezing and thawing occur with the specimens
surrounded by water and, in procedure B, the specimens are frozen in air
and thawed in water. Procedure A is somewhat more reproducible than
Procedure B. :

Control of Frost Resistance. The general approach to preventing
frost attack in concrete is to use an air-entraining agent. Tiny bubbles of air
are entrapped in concrete due to the foaming action developed by the
admixture during mixing. Many factors, such as the variability in the
materials, impurities, mixing and placing methods, make it difficult to

‘adjust the required amount of air containing the right bubble spacing and
size. Trial mixes are often carried out for this purpose. ,

These problems could largely be avoided if the preformed bubble
reservoirs could be added in the form of particles. Two inventions have
used this principle; the plastic microspheres(%4 and porous particles,95]
which have required air are added to concrete. It has been shown that
addition of particles which correspond to less than 2% equivalent air is
similar to conventional air-entrained concrete containing 5% air. Control

of the right size and spacing of air pockets in these particles can add to the
effectiveness to frost action.



Concrete Science 49

83 Se:;l Water Attack

Construction activity has been extending into the oceans and coastal

areas because of the increasing number of oil and seabed mining opera-

“tions. A large portion of these installations will be made from portland

‘cement concrete and great demands will be made on it for increased safcty
and long term durability.

The deterioration of concrete due to sea water attack is the result of
several simultaneous reactions; however, sea water is less severe on
concrete than can be predicted from the possible reactions associated with
the salts contained in it. Sea water contains 3.5% salts by weight. They
include NaCl, MgCl,, MgSO,, CaSO,, and possibly KHCO,.

The deterioration of concrete depends on the exposure conditions.
Concrete not immersed, but exposed to marine atmosphere will be sub-

- jected to corrosion of reinforcement and frost action. Concrete in the tidal
zone, however, will be exposed to the additional problems of chgmical
decomposition of hydrated products, mechanical erosion, and wetting and
drying. Parts of the structure permanently immersed are less vulnerable to
frost action and corrosion of the reinforcing steel.

- The aggressive components of sea water are C02, MgCl,, and
MgSO,. Carbon dioxide reacts with Ca(OH),, finally producing calcium
bicarbonate that leads to the removal of Ca(OH),. Carbon dioxide may
also react with calcium aluminate monosulfate and break down the main
strength-giving C-S-H component to form aragonite and silica. Even
though MgCl, and sulfate are present only in small amounts they can
cause deleterious reactions. These compounds react with Ca(OH), to form

- soluble CaCl, or gypsum. Sodium chloride in sea water has a strong

influence on the solubility of several compounds. Leaching of them makes
the concrete weak. Magnesium sulfate may also react with calcium
monosulfate aluminate in the presence of Ca(OH), to form ettringite; this
reaction is slowed down in the presence of NaCl(%! and may not occur if
Ca(OH), is converted by CO, to carbonate.

Calcium chloroaluminate seldom forms in sea water because, in the
presence of sulfate, ettringite is the preferred phase. Ettringite formation
- affects the durability of concrete in seawater in the presence of cements
containing C,A > 3%.197] Tricalcium aluminate, in combination with high
C;S content, shows an even lower resistance to seawater than C;A alone
(Fig. 14). This is probably also due to the large amount of Ca(OH),
liberated by the hydration of C,S. This explains why the addition of blast
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furnace slag or fly ash to cement improves the performance in sea water.
This is due to the reaction of Ca(OH), with the reactive SiO, and Al,0O,
from the fly ash and the low level of Ca(OH), that is gcnerally present in
good blast furnace slags after the hydration reaction. :
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Figure 14. Linear expansion of mortar samples stored in sea water.

8.4 Corrosion of Reinforcement

Corrosion of steel in concrete is probably the most serious durability
problem of reinforced concrete in modern times and, therefore, a clear’
understanding of the phenomenon is of crucial importance. The -
phenomenon itself is an electrochemical reaction. In its simplest form,
corrosion may be described as current flow from anodic to cathodic sites

in the presence of oxygen and water. This is represented by the following
equations: -

Y
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ATANODE  Fe — Fe?*+ 2¢
ATCA' ODE %0, + H,0 + 2¢-— 2(OHy

These reactions would result in the formation of oxide at cathodic
sites. The high alkalinity of cement paste, however, provides protection
for the steel reinforcement. Although it is understandable that the likeli-
hood of corrosion depends on the pH of the solution and the electrical
redox potential of the metal, initial observations of diagrams, known as
Pourbaix plots (showing equilibrium regions where the metal is in a state
of immunity or passivity, or where corrosion will occur) for carbon steel
or iron show that the redox potential for the hydrogen electrode lies above -
the region of immunity for iron in both acid and alkaline solutions,
suggesting that iron will dissolve with evolution of hydrogen in solutions
of all pH values. However, in the pH interval 9.5 to 12.5, a layer of ferrous
oxide or hydroxide forms on the metal surface thus conferring immunity
from corrosion in these solutions in this range. Some authors!®®! refer to
this layer, or film, as y-Fe,0,. This protective film is believed to form
quite rapidly during the early stages of cement hydration and may grow to
a thickness of the order of 103 to 10! um. Only indirect evidence of an
oxide film exists and is mainly based on anodic polarization measure-
ments. Much is not known about the conditions of formation, or chemical
or mineralogical composition of these passivating layers and it is feasible
that the film may consist of several phases.*)

Chloride depassivation of steel is perhaps better understood than the
passivation process and there are several mechanisms proposed.[10011101)
One of the mechanisms involves the formation of a complex ion between
" chloride ion and the ferrous ion in the passive film. It is possible that low Cl
ion concentrations enhance Fe solubility(!192leven at pHs as high as 12-13
as a result of a chloride complex containing both Fe2+ and Fe3+. Migration
of this complex destabilizes the passive layer and by this mechanism
chloride can rejuvenate the corrosion process. Chloride ions are also
responsible for other deleterious effects. They contribute, together with
CO, ingress, to the depression of the pH of the pore fluid and increase the
electrical conductance of the concrete, allowing the corrosion current to
increase.

Currently, a limit of 0.2 percent of chloride ion concentration by
welght of cement in the concrete is proposed; however, there is no
theoretical basis to this value, and it appears possible that this amount of
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hydroxy]_'ion in the cement paste modifies this value. Thus, some re-
searchers have placed a limit on the ratio of chloride to hydroxyl ion(!0211103]
such that corrosion will occur if the ratio of Cl- to OH- is as follows:

e
OH~

> 0.6

!
/

Consequently the chloride ion threshold must also depend upon the alkalis
in the cement. The effect of alkalis in aggregates and the removal of

' chloride ions by aluminate phases further complicate this picture, and it
has been pointed out!!®! that the fixation of chloride by the latter should
not be considered permanent as the chloroaluminate may be unstable in
the presence of sulfate or carbon dioxide.

Although the corrosion of the reinforcing steel in concrete is detri-
‘mental for the simple fact that the'composite will lose strength, the main’
cause for concern is that this phenomen‘/on causes cracking of the sur-
rounding concrete. Estimates are that as little as 0.1 mil of rust thickness

can cause cracking.

Early detection of the corrosion can allow remedial action to be
made successfully. One of the more widely used tests is the measurement
-of the half-cell potential of the reinforcing steel embedded in the concrete
(ASTM C876). It is usually understood that corrosion is taking place when
half-cell potential values are more negative than -0.35 volts. However,
frequently this rule does not strictly apply and it is recommended that
corrosion rate values be obtained in questionable areas by measuring
polarization resistance.

Generally, it is felt that the rate of corrosion of steel is primarily
controlled by the diffusion of oxygen through the concrete cover, followed
by the cathodic reaction involving reduction of oxygen.[!%] However,
there are situations where chloride contents are high and corrosion rates
are much higher than would be expected from possible diffusion rates of
oxygen. It has been postulated!!®! that in these cases there are strong
localized reductions in pH in crevices where iron is converted to Fe(OH),
through the prior conversion to chlonde These reactlons involve hydro-
gen evolution. :

Several methods of corrosion preventlon have been tried over the
years. These include protective coatings, placement of impermeable con-
crete overlays, cathodic protection, or the use of corrosion resistant steels
and galvanized or epoxy coated bars. Recent work has shown!!%] that
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galvanized steel may be of benefit if used in low chloride bearing concrete
(0.3 percent by weight of cement). Epoxy-coated bars have performed
well where the concrete contained up to 1.2% chloride, but a breakdown of
the coating was detected at a chloride level of 4.8%, indicating finite
tolerance limit for chloride. The best durabxhty was exhnb:ted by thc
stainless clad reinforcing bars.

8.5 Carbonation of Concrete

The corrosion of depassivated steel in reinforced concrete has fo-
cused attention to the reactions of acidic gases such as carbon dioxide with . .
hydrated cement and concrete. As a result of the reaction of carbon

-dioxide, the alkahmty of concrete can be progressxvely reduced, resultmg
in a pH value below 10.

The process of carbonation of concrete may be considered to take
place in stages. Initially, CO, diffusion into the pores takes place, fol-
lowed by dissolution in the pore solution. Reaction with the very soluble
alkali metal hydroxide probably takes place first, reducing the pH and
allowing more Ca(OH), into the solution. The reaction of Ca(OH), with
CO, takes place by first forming Ca(HCOs), and finally, CaCO,. The
product precipitates on the walls and in crevices of the pores. This
reduction in pH also leads to the eventual breakdown of the other hydra-
tion products, such as the aluminates, CSH gel, and sulfo-aluminates.

The relative humidity at which the pore solution is in equilibrium

- will greatly affect the rate of carbonation. The relative humidity controls
the shape and area of the menisci at the air-water interfaces of the pores; at
relative humidities greater than 80 percent, the area of the menisci contact-
ing the air becomes quite small, resulting in a low rate of absorption of
CO,. At relative humidities below 40 percent, no menisci exist and the
pore water is predominantly adsorbed water and does not effectively
dissolve the CO,. Consequently, carbonation occurs at a maximum rate
between 50 and 70 percent relative humidity. In addition to atmospheric
conditions, carbonation rate is also influenced by the permeability of the
concrete and the cement content of the concrete. Cement content of
approximately 15% produces a concrete relatlvcly resistant to carbonation.

An increase over this level produces marginal increases, while below this,
results in a precipitous drop in resistance. Generally, it is found that good
compaction and curing cause larger improvements in concrete permeabil-
ity and resistance to carbonation than minor alterations in mix design.
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Several workers!1061-1091 haye concluded that carbonation depth is
proportional to the square root of time. The proportionality constant is a -
coefficient related to the permeability of the concrete. Factors such as
cement content in concrete, CO, concentration in the atmosphere, and the
relative humidity, in addition to normal factors such as concrete density,
affect the value of this coefficient. If the depth of carbonation is measured
in mm and the time in years, the average coefficient for precast, pre-
stressed quality concrete is < 1; for high strength concrete used in bridges,
an average value of 1 is found, while normal in situ reinforced concrete an
average value of 4-5 has been recorded. If the value of 1 is used and
reinforced concrete is designed with a cover of 25 mm, predicted time for
the carbonated layer to reach the steel would be 625 years. Some doubt
may exist with regard to this prediction since some authors!19] have stated -
that the actual relationship between depth of carbonation and time may be
between linear and square root of the time, making the above prediction
optimistic. In addition, higher levels of carbonation can lead to densifica-
tion and blocking of pores, which is beneficial, but carbonation can also
lead to carbonation shrinkage and cracking, especially when carbonation
occurs at relative humidities between 50 and 75%. _ .

It has been clearly shownl!97] that concretes with higher levels of fly
ash (=50%) have increased carbonation, especially when poorly cured.
However, the carbonation of concretes containing lower levels of fly ash
(15-30%) is generally similar to, or slightly higher than, that of the control
concretes. This increased carbonation observed for the 50% fly ash con-

crete cannot be explained by increased permeability since it has been
~ shownl107] that the permeabilities of these concretes are lower than those
of the control. However, the lower permeabilities of these blended cement
concretes is due to a discontinuous pore structure. Carbonation and shrink-
age cracking may lead to an opening up of the structure, yielding continu-
ous pores and an increase in permeability. '

8.6 Declayed/Secondary Ettringite Formation

The potential for concrete deterioration as a consequence of the
delayed ettringite formation in the precast industry has recently been '
recognized. One of the important factors required for this type of reaction
is high temperature curing of concrete such as that occurring in the
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precast industry.l!19 The delayed formation of ettringite is attributed to

~ the transformation of monosulfo aluminate to ettringite when steam cur-
ing is followed by normal curing at later ages. In recent work it was
indicated that sulfate may be bound by the C-S-H gel that is released at

later ages.{!1!} Increased temperature is expected to accelerate the absorp-
‘tion of sulfate by the silicate hydrate. It has also been confirmed that the
ettringite crystals are usually present in cracks, voids, and transition zone
at the aggregate-binder interface, causing: expansion‘ and cracking. It has
also been observed that ASTM Type IIl cement is more vulnérable to
deterioration due to the delayed ettrmgnte formation than Type I or Type V
cement. Thermal drying after high temperature curing intensifies the
deterioration. In the secondary ettringite formation, calcium sulfate formed
from the decomposition of AFt or AFm phase as a consequence of severe
drying, dissolves upon rewettmg and migrates into cracks to react with the
local Al-bearing materials to cause expansion.[112] '
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A sct of parametric simulations were performed to assess the effective permeability
as a function of crack width and fraction for the degraded vault and saltstone
(Sect. 42.1.2). mcrack&actionnlhctmalpomonofthcva\mandxalumoewhth
consists of open crack space. At a constant crack fraction there can be many closely-
spaced small cracks or fewer widely-spaced large cracks. Maximum flow rates occur at
intermediate crack sizes. Note that if the cracks become filled with porous matcrial.thc :
pcrmcabdntywmbcmmhlowcnhanopcncmcb.

3.1.3.5 Suramary of Degradation Scenarios

The discussions above address mechanisms of dcgradauon that may alter the
integrity of the cover system, and the permeability of the saltstone monoliths and vaults,
but the timing and extent of degradation are not readily predictable due to enormous
uncertainties in conditions over thousands of years. In this RPA, cracking of the vaults -
was chosen to represent the increased permeability of the waste and vaults. Cracking is
.a complex function of all the processcs described abave and requires detailed modeling
of thermal-mechanical stresses, which is beyond the scope of this analysis. For sunphcxty, ‘
vault cracking was idealized as follows:

o cracks that fully penetrate the vault and saltstone develop at closure,
e the cracks are vertical,

o the crack spacing is 3 m, and

o average crack aperture is .00S cm.

These assumptions were made based on observations of saltstone vault #1. However,
they are believed to be conservative largely because: 1) the presence of fully-penctrating

cracks has not been established, and 2) the new design incorporates measures to
minimize cracking.

The importance of the cover system to the performance of the SDF was also invest-
igated. For this RPA, cover degradation was addressed by considering two scenarios:
1) an intact upper moisture barrier cover over the entire time period of computation; and
2) & completely degraded upper moisture barrier cover over this same time period.

. These two scenarios were assumed for both the intact vault computations, and the
degraded vault computations. The degraded cover was assumed to be of the same
permeability as the surrounding soil, and thus the entire 40 cm/year of infiltration was

- assumed to pass through this zone. The actual case will likcly be bounded by these two
cases. Initially, (soon after Joss of institutional control), the cover will be non-degraded.
Erosion is conservatively estimated to remove surface soil at a rate of about 1 mm per
year (Sect. 2.8) for predominately crop land. Thus, after about 800 years, the gravel
layer would be exposed, assuming the bamboo is removed and the land is used for
growing crops. ‘With the upper gravel layer exposed, the underlying clay could possibly
become unsaturated, in which case the hydraulic conductivity would increase due to
cracking. Under these conditions, the moisture flux would probably be greater than

2 cm/year, but less than 40 cm/year.

Rev. 0
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In:ummary fourfacilitydcgndnuouwcnarkchtcaddmedmthuamlyshand
are listed below.

1) The intact scenario, where all systems (Le., cover, vaultx, and saltstonc) were
2) The degraded cover scenario, where all systems except the upper moistyre
barrier were assumed to remain intact.
3) The degraded vault/saltstone scenario, where all systems except the vaults and
saltstone were assumed to remain intact.
_ 4) The degraded vault/saltstone and cover scenario, where all systems except the
clayandgmveldmmmconmct‘mhthcvauluwcremumedtobcdegraded

These scenarios were shown schematically in Fig. 3.1-2.
3.14 Noao-Radicactive Constituents

The non-radioactive constitueats of the feed have been described in a previous
section (Sect. 2.3.12). As stated previously, excluding water, the most abundant chemical
components in the feed solution are NaNO,, NaNO,, and NaOH. Lesscr amounts of
Na,CO,, NaAK(OH),, Na,SO‘, and trace-level compounds (silver, mercury, chromium)
are also expected to be in the solution.

In cousidering the elcmcmts and compounds that oomprise the chemical component
of the saltstone feed solution, sodium stands out as the most ubiquitous. However, its
presence would not adversely affect the quality of the water other than adding to its
overall salinity (TDS). Sulfate is ‘another compound of minimal concern because it
merely adds to the TDS of the water. The most significant inorganic constituents, in
terms of impact on water quality, in the list are nitrate and nitrite. Nitrate levels above
45 mg/L (or 10 mg/L as N) are unacceptable, according to U.S.EPA DWS (40 CFR 141),
which the State of South Carolina preseatly plans to use to evaluate groundwater
protection compliance at disposal sites. A separatc standard for nitrite does not cxist,
and the nitrate and nitrite concentrations (as nitrogen) were assumed to be addmve, with
respect to evaluation of compliance.

Leaching studics have been conducted that immerse a saltstone block in water to
determine the rate at which various contaminants are released. These tests have been
used as a means of measuring the ability of the saltstone to bind these contaminants.
Leach tests have been conducted by Brookhaven National Laboratory on 107 L blocks
of cured saltstone prepared from decontaminated salt solution from Tank SOH. The
ANS 16.1 leach procedure was used on the block to determine the leachability of
contaminaats. Nitrate, nitrite and sulfate leach rates for these large blocks agreed well
with leaching tests on smaller samples. Chromium concentrations werc low and only
obscrved in a few of the leachates collected from the reference block. No chromium was
found in the leachate from mixes containing slag (Oblath 1986a).

Rev. 0
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Numerical simulation requires, for practical rcasons, averaging of spatial propertics.
Thus, the conceptual model used to provide a framework for the numerical simulation
of the neas-ficld movement of water and contaminants from the SDF relics heavily on
such averaging. The subsurface is treated as if it consists of five material types: 1) the
backfill or native soil; 2) clay; 3) gravel; 4) concrete; and 5) the saltstone waste fotm.
Each of these materials are treated as if they are homogeneous and isotropic.

Hydraulic propertics for cach material type are assumed to be adequately described
by the folowing hydraulic parametcrs: saturated hydraulic conductivity, effcctive
porosity, and moisture characteristic curve. The moisture characteristic curve describes
the nonlinear relationship between the matrix poteatial or pressure head, the moisture
content, and the hydraulic conductivity. Details and references for the data and
cxpressions used to quantify the hydraulic properties for cach material type in the near-
ficld model are provided in Appendix A.1.2. A summary of hydraulic properties assumed
is provided in Table 33-1.

In addition to hydraulic propertics, assumptions to allow quantification of mass
transport are ncccssary in the near-field model.  Specifically, contaminant-specific:
sorption cocfficients, diffusion coefficicnts, and radioactive decay constants are required.
Dispersivities, which determine the spreading of a simulated contaminant plume, are also
needed. Tables of these values for contaminants of significance, and references to their
source are provided in Appendix A.1.2.1. Solubility considerations are not explicitly
addressed in the near-field model, except through the use of media-specific sorption
coefficients which do not distinguish surface sorption from precipitation or other
processes causing immobilization. ' . : '

33.12 Degraded Vanlt and Saltstonc

Two scenarios were addressed for vaults and monoliths assumed to be degraded (ie.,
cracks present, Sect. 3.13.5): 1) a degraded vault with an intact upper moisture barrier
(Sect. 2.4); and 2) a degraded vault with a completely degraded upper moisture barrier,
in which the permeability of the degraded cover is that of the backfill soil and the clay
layer on top of the vault roof. The only parameter required from Table 3.3-1 for the
degraded case is the hydraulic conductivity of the clay on the roof of the vault.

A simplified conceptual model is used to represent the degraded condition of the
saltstone and surrounding concrete vault. Two factors contributed to this decision:
1) numerical difficulties associated with modeling fractures in a groundwater computer
~ code and 2) large uncertainty associated with inputs such as the timing, frequency, and
size of fractures in the saltstone. Semsitivity analyses are then used to consider a range
of possible input values and provide an indication of the impact that changes in the
inputs have on the results. Such analyses ako provide a set of results that form an
envelope around the possible results. Results of sensitivity analyses are discussed in this
section and Sect, 4.2.1. : o :
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The conceptual model of a degraded vault and saltstone waste form assumcs, as
discussed in Sect. 3.1.3.5, that: 1) all monoliths and vaults in the facility are fractured,
2) fractures occur every 3 m, 3) all fractures open simultancously, 4) the fractures arc
assumed to open at closure of the facility, when remediation of cracks will no longer be
routine, 5) transport is assumed to be diffusive (constant diffusion cocfficient) out of the
intact saltstone matrix and into the fracture where transport is assumed to be dominated
by advectioa (Le, the fracture case results are independent of the hydraulic conductivity
of the saltsione), 6) the clay is assumed to sit immediately on top of the saltstone, and
7) the base of the saltstone is assumed to be adjacent to the backfill soil beneath the
vault. Since the majority of the degradation occurs to the vault as opposed to the
saltstone, for the vault is conservatively neglected as a barrier to transport. Thus, this
case addresses flow and transport through the fractured saltstone. The fractures are
assumed to be 0.005 cm in aperture; filling or plugging by soils or precipitates is not
considered. Diffusion is assumed to be the only mechanism of transport of radionuclides
and nitrate from the saltstone matrix to the fractures, and advection is assumed to be the

only means of transporting these potential contaminants from the fractures to the soil
bencath the vaults,

This simplified model is considered to be a bounding case on release from fractured
vauits because fracturing of the vaults is expected to increase the effective permeability
of the vaults, and thus increase radionuclide and nitrate release. The release rate would
increase as the number of fractures increases. However, release rates for soluble species
would likely decrease with time, as the resident pore water is flushed from the fracture,
and diffusion from the saltstone matrix would then control the concentration in the
fracture. Thercfore, assuming simultaneous opening of all fractures is believed to
represent an upper bound on release rates. Remediation of fractures that occur before
closure involves filling with epoxy upon discovery. Degradation of the cpoxy is likely to
be a gradual process rather than immediate. Furthermore, shrinkage cracks in pours may
be filled to some extent by subsequent pours. This would also reduce the flow rate
through fractures,

- Details of the various submodels that were used to adapt a model for flow and
transport in fractures, to which semi-analytical solution techniques could be applied, ate
provided in Appeadix A.1.3. Some of the critical assumptions, however, are noted here
since they are fundamental to the conceptual approach and the multing analytical
model. One of the primary underlying assumptioas is that the fractures remain saturated
once they open. Another critical input necessary to evaluate the flow of water through
a fracture is the height of water perched on fractured vaults. The intact vault model
(Appendix A.1.2.1) was used to predict the depth of the perched water on the vault.
Perched water is shown to occur on an intact vault, and the assumpuon of saturated flow
is assumed to be rcasonable. These msumpuons are discussed in more detail in

Appendix A1.3.

For the fractured saltstone, e(l’ectwc flow rates and subsequent transport were
estimated based on the mcthods described in Appendix A.1.3.

Rev. 0
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A13 Flow and Mass Transport Through Fractured Vaults

A suite of scmi-analytical and analytical models were used to model flow and
transport through the degraded vault and waste form. The degradation sccaario s
defined in Sect. 3.1.3.5. The conceptual models and assumptions for flow and transport
for the degraded scenario were briefly discussed in Sect. 3.3.1.2 and 3.4.1.2. This section
includes a description of the submodcls comprising the conceptualization of the
degradation scenario, the two solutions used to analyze these submodcls, and discussions
of the assumptions and limitations inherent in these models. ,

As is the casc with most analytical models, simplified representations of the system
arc necessary to fit within the limitations (boundary conditions, ete.) of the mathematical |
models. These simplified representations are intended to err on the side of conservatism

in several areas. This conservatism yields models that overpredict flow and transport
rates, providing boundmg estimates of release out of the disposal facility. Given the
number of uncertaintics simply invotved in defining the degraded condition of the vault
(degradation rates; size, frequency, and alignmeant of fractures; ctc.), this approach is
deemed appropriate. The intent is-to provide a bounding estimate of performance to
provide reasonable assurance that fractures in the saltstonc will not cause the releases
to exceed acceptable levels.

Onepositivempectofthcanalyﬁcalorsemi-malyﬁcal model is the ease of use
when compared to a detailed numerical model. This easc of usc cnablcs numerous runs
to be made in less than the time it would take to make a single run with a large
numerical model. Sensitivity analyses can casily be conducted that test combinations of
inputs to identify critical parameters and ranges of critical values. The ability to make
aumerous runs also allows a wide range of conditions and assumptions to be tested that
may not be possible when using a numerical code. In this regard, the "tunnel vision” that
':omchmaoocumwhmahmuednumbcrofmnsmmadewuhanumencalmodelcan
be minimized. Scnsmwtyanalwcsmdxmwdeect.Q

Two semi-analytical models used to address fracture flow and transport are discussed
in the following sections. The first section discusses the model used to estimate the
cffective flow rate through the fractured saltstonc as a function of the height of perched
water above the vault, hydraulic conductivity of the clay in the clay/gravel drainage layer
abowe the vault, and fracture characteristics. The second section discusses the model
medtoaumatcthcrclmmtc&omthcvaultngcnthcﬁwtumﬂowmwaumawd
in the prcv:ous solution and initial mvcntory dntribuuon cocfficxcnu, and diffusion
cocflicients in the intact saltstone matrix. )

Flow and transport through fractures in the saltstonc is modeled as if the vault does
not cxist around the saltstone. Degradation calculations have shown that the majority
of changes duc to chemical attack and rebar corrosion will be to the vault surrounding
the saltstonc. Thus, for conscrvatism, it is assumed that the clay in the clay/gravel
draimgelaycruplacedonlopofthcsalmonemdthcbaseofthcsalmoncumdm

‘Rav.o
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contact with the backfill with po cmdit'formyavttcnuaﬁon that may occur as water
passes through the vault. The simulations only address flow and traosport through
fracturcs in the saltstone.

The first step in the process outlined in Sect, 3.4.1.2 (Demoanstrate presence of
perched water on vault roof) was accomplishbed in the intact vault acar-ficld calculations
(Appendix A.1.2). The numcrical simulations for the intact vault predicted 61 cm of
perched water on the roof for infiltration rates of 2 and 40 cm/year. This valuc is a
necessary input for the followmg flow and transport simulations.

A131 anmdmmwmmsm

Oncappxoachtodetcmxmngthcpermeabihtyofcrackodconcrewuwuscan
analogy of parallel plates to provide an estimate. However, for the case of underground
vaults, permeability of the soil surrounding the vault can also have an impact on flow rate
of the vault. This is due to the relatively large permeability of a fracture relative to the
soil. Furthermore, entrance and exit head losses can also affect flow through the
. fractures when perched water is present above the vault. Thus, effective flow rate
through fractured saltstone reflects the physical properties of the soil and characteristics
ofthcuacbmthcsal&hne,whﬂcbcmgmdepcndcntoftbchydnuhcwnductmtyof
the intact saltstone matrix. The approach adopted for this assessment accounts for the
cffects of the material around the vault and entrance and exit head losses. ' A brief
summary ofthcapproachnprovuiedbelowwuhmrthcrdcmikrcgardmgthcappmach
in Walton and Seitz (1991, pp. 54 to 5-6).

For the case of steady-state saturated flow through a crack, a simplified case of an
analytical model by Yates (1988) can be applied. Figure A.1-12 Is a comparison of the
modcled system with the more realistic condition of the degraded vault. The backfill
refers to the clay layer above the vault in this figure. The basic sssumptions governing -
the simplified representation are: 1) steady-state saturated flow; 2) constant head at the
top of the perched water and at the entrance to the crack; 3) head losses through the
crack and at the crack exit are small compared to head losses at the catrance (if the
additional losses are considered, the flow rate would bé slightly less); 4) symmetry
boundaﬂuapplyuthcccntetoﬂhccmckandhalfthcdnumbctwwnaach,md
S)mhecmck;mdxﬁemtpommopnmddmlyahgned.

Inpuurequiredforthemodiﬁcdmlyﬁcalmoddarc: 1) the distance between the
cracks; 2) the crack half-width (opne-half of the aperture); and 3) the depth of perched
water (distance to constant head boundary). The solution provides a dimensionless flow
rate; thmu,thcmuoofthcﬂowthmughthcawktothcﬂowthroughthcbackﬁn An
estimate of the maximum flow rate (ie, saturated flow rate) can be approximated by
muitiplying the result from the semianalytic model by the saturated hydraulic conductivity
ofﬂhedaylnthcclaylmvddmnage layer (sce Sect. A.1.2) abovcthcvault(assummg
a umit gxadu:nt (hmughthebackﬁll)
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Fig. A.l-12. Comparison of more realistic system and modeled representation of flow
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 After pormalizing variabics and spplying the appropriate simplifications (ic.,
homogeneous soil, equally-spaced fractures) to Yate’s solution, the dimensionless flow
rate, {,, is calculated using : :

V4
E, = —YT' .
£
‘Tyfo
2
V = .lx(ziju*zpli&.ﬂ ,
a cosh[tj] g

where

°

©

the half-width of the crack,
the depth of perched water, and
. half the distance between the fracture center lines.

&g
(N

C .
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The coefficicats for V, are defined as follows:

A, = 2
Tozg
Py = tanh(t,(x,-1)]
p.‘.j = tanh(<,]
= 2n-1

--!i

T
I 2z,
B, = 2py, (1*pnzj) +2p,y (1*p:j) .

Flow through fractured concrete vaults and saltstone was predicted based on the
parameter values listed in Table A.1-4. The predicted velocity in each fracture (assuming -
all flow occurs through the fracture) bascd on the values in Table A.1-4 was 780 cm/year
(darcy velocity divided by the ratio of crack width to crack spacing). Contributions from
the intact matrix are considered separately in Appendix A.1.2. This value is subsequently
used as an input to the transport simulations. Test cases comparing flow results from the
analytical solution with results from the PORFLO-2D (Kline et sl 1983) finite difference
- code have demonstrated excellent agreement (Walton and Seitz 1991).
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Tablc A 1-4 Input valucs assumed for flow cakculations

Parameter Assumed Value
Crack width | » ' 0.005 car*
Crack spacing ' 300 cmr”
Depth of perched
Water on roof ' 61 cm® -
Saturated hydraulic
Cooductivity of clay : 024 cmfyear
# Sect. 3.1.3.5
} Appendix A.1.2
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Notc that the assumption of saturated flow is conservative for predicting contam-
inant flux because flow rates through the fracture would be largest when it is saturated.
The predicted build-up of perched water on intact vaults, based oo PORFLOW-3D
simulations, suggests saturated flow is likely to occur. However, neglecting the vault
around the saltstone and the assumption of aligned fractures in the different layers of
* saltstone is likely to result in inflated flow rates. Reduced flow would be expected in the
casc where fractures are not aligned. Flow rates will also be reduced if cracks in lower
pours of saltstone are filled by a subscquent pour. Although flow rates are the greatest
source of uncertainty in these degraded vault cakculations, it is assumed that neglecting
the vault and considering open, aligned fractures in the saltstonc represents an upper
boundoftbcﬂowrawthmughfmctura.

Al133 DetexminaﬁonofRdeucthcﬁomeh

Anumbetofmanalyucalmodekhavebeendcveloped for transport through
fractured porous media. Of available methods, the solution of Rasmuson and Neretnicks
(1981) is perhaps most appropriate for application to release rates from massive concrete
waste forms. This solution allows a decaying source term, which is required for leaching,
and the solution is given in terms of dimensionless parameters, which can be used to
interpret and generalize the results from the analysis. Note that their published model
estimatutmnspon from a decaying source of radionuclides into a fractured porous
medium and is the complement of the desired solution for release from a fractured
concrete monolith, where contaminants arcleacbed from (rather than into) a fractured
porous medium.

The saltstone iscnvisionedualargcfmaured'monolith. with blocks of intact
concrete scparated by fractures. Advection dominates mass transport in the fractures,
whﬂedxﬁmioneonmhmmmmponhtcmny&omthcpommmauixwthc&acuna.
Figure A.1-13 illustrates this conceptual model in a schematic form. Partitioning of
compounds between solid and liquid phases is akso considered. The velocity through the
saltstone fractures it determined using the methods described in Sect. A.1.3.2. Since the
crack is significantly more permeable than the adjacent saltstone matrix, all flow is -
assumed to occur through the fractures. Thus, this solution is aléo independent of the
hydraulic conductivity of the intact saltstone matrix Coatributions from the intact
saltstone are considered in the intact modeling (Appendix A.1.2).

This asscssment is limited to the case of no dispersion in the fractures in the
concrete. This is a conservative case (in terms of concentration) for radionuclide release
rates from concrete waste forms. In reality, fractures are likely to be in the form of a
tortuous network, with a significant, but unknown, amount of dispersion resulung. Thus,
conservative assumptions are made (0 account for the unocrtainty in accurately
representing a fractured vault.
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No Flow/Transport Boundary

‘No Flow/Transport Boundary

Fig. A.1~13, Schematic of conceptual model of release from fractured
vault, ’ :
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‘ Thcanalytu:alwhxﬁoouwdfoﬂhnwntn,mthxhght mod:ﬁcauon, (ie, by
ignoring dispersion) from Rasmuson and Neretnicks (1981).

H (1) = A( (sinh2\ + gin2l)

cosh2A - coa2i )~

- sinh2) + sin2A)
H (A) = A et - coszl

If >0 then,
fc—c‘-’ - (1-Y) lexp(-p)] -

Co

Y = % + %fexP(‘bﬂx) sin ({A? - 84,) <
]

If {<O0 then,

ac,

c. = e;xp(-B)

where the solution depends upon these dimensionless variables that follow:

{ = (2D,0)k,® = dimensionless contact time,

a«CJC,, = dimensionless concentration,

f =2t = dimensionless radioactive decay, and
3 = (yz)/(mUp) = bed lcngth parameter.

The above variables are derived in turn from these variables

0 =t WD

C; = concentration in fractures, '

a = volumetric distribution coefficient (moisture content * retardatxon factor),

A, = decay ratc = In 24'?,

r, = cffective radius of spherical blocks (= 0.5 S for cubic blocks and 1.5 S for °
' slabs), ' '

-D, = apparent diffusion coefficient,’
z = thickness of vault, - -

Rev. 0
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z, = total distance along fracture from top or upgradient portion of vault,
&¢ = fracturc porosity,

¢. = matrix porosity,

m = $y(1-4),

v = (3D,a)r.), and

t = time

Values for the independent variables are listed in Table A.1-5. The velocity in’the
fracture, U, was predicted using the approach discussed in Appendix A.1.3.2. The crack
spacing, S, is discussed in Sect. 3.1.3.5. Thcappamntdimmoncoefﬁcwnt, D,, is simply
. the effective diffusion cocfficlent from Sect. 2.4 (5 x 107 cm?s) divided by the radio-
nuclide-specific retardation coefficient for saltstone. The porosity values for the fracture

and saltstone, ¢, and $,, assume an open crack and the porosity of saltstone specified in
Sect. 24.

The analytical solution was derived for the case of a semi-infinite medium, whereas,
the apphcatwn of concem is for & concrete vault of finite dimensions. If dispersion is
ignored, this is not a limitation. Ignoring dispersion Is required because of the lack of
information oonoermng dispersion in cracks. Because dispersion in cracks is likely due
to variation in aperture, sensitivity analyses addressing changes in crack width can be
used to help account for this phenomenon (Sect. 4.2).

The fracture flow solution provides concentrations as a function of time in the
fracture. These concentrations, in conjunction with the Darcy velocities predicted, are
then used to calculate flux from the fractures of a degraded vault. The total flux of a
degraded vault must also consider the flux from the intact portions between fractures.
This was accomplished by adding the releases predicted from the intact modeling
(AppcndixA.l.Z)tothcrcleascspredicwdﬁ'omthismlysh.

A2 GROUNDWATER FLOW AND MASS TRANSPORT MODEL AND
SIMULATIONS

" This section of Appendix A provides details of the conceptual model adopted for
simulating flow and mass transport through the saturated hydrologic zones beneath the
Z-Arca SDF (Sect. A2.1), and details related to simulation of the model using the
PORFLOW-3D computer code (Sect. A2.2).

.A.Z.l Conceptual Saturated Flow and Transport Model

Based on the piezometric data at Z-Arca (Sect. 2.1.7), it is apparent that the
groundwater flow ficld is highly variable within and among the hydrologic units in the
vicinity of Z-Area. A three-dimensional representation of the groundwater flow system
was chosen to allow the divergent lateral flow to be simulated (Fig. A.2-1).

Rev. O
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A sct of parametric simulations were performed to assess the cffective pcrmeability
as a functicn of crack width and fraction for the degraded vault and saltstonc
(Sect. 4.2.1.2). T‘hccmctfrwdonuthclotalpomonofthcvaultandsalmonewhxch
consists of open crack space. At a constant crack fraction there can be many closely-
spaced small cracks or fewer widely-spaced large cracks. Maximum flow rates occur at
intermediate crack sizes. Note that if the cracks become filled with porous material, the
permeability will be much lower than open cracks.

3.i.‘l.5 Snmmaryofl)egmdaﬁonSoanmios

The discussions above address mechanisms of degradation that may alter the
integrity of the caver system, and the permeability of the saltstone monoliths and vaults,
but the timing and exteat of degradation are not readily predictable due to enormous
uncertainties in conditions over thousands of years. In this RPA, cracking of the vaults
was chosen to represent the increased permeability of the waste and vaults. Cracking is
-a complex function of all the processes described above and requires detailed modeling

of thermal-mechanical stresses, which is beyond the scope of this analysis. For sunphctty,
vault cracking was idealized as follows:

cracks that fully penetrate the vault and saltstone develop at closure,
the cracks are vertical,

the crack spacing is 3 m, and

average crack aperture is .005 cm.

These assumptions were made based on oﬁservations of saltstone vault #1. However,
they are believed to be conzervative largely because: 1) the presence of fully-penctrating

cracks has not been established, and 2) the new design incorporates measures to
minimize cracking.

The importance of the cover system to the performance of the SDF was also invest-
igated. For this RPA, cover degradation was addressed by considering two scenarios:
1) an intact upper moisture barrier cover over the entire time period of computation; and
2) a completely ‘degraded upper moisture barrier cover over this same time period.
These two scenarios were assumed for both the intact vault computations, and the
degraded vault computations. The degraded cover was assumed 1o be of the same
permeability as the surrounding soil, and thus the entire 40 cm/fyear of infiltration was
assumed (o pass through this zone, The actual case will likely be bounded by these two
cases. Initislly, (soon after Joss of institutional control), the cover will be non-degraded.
Erosion is conservatively estimated o remove surface soil at a rate of about 1 mm per
year (Sect. 2.8) for predominately crop land. Thus, after about 800 years, the gravel
layer would be exposed, assuming the bamboo is removed and the land is used for
growing crops. With the upper gravel layer exposed, the underlying clay could possibly
become unsaturated, in which case the hydraulic conductivity would increase due to
cracking. Under these conditions, the moisture flux would probably be greater than
2 co/year, but less than 40 cm/year.
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In summary, four [acility degradation scenarios were addressed in this analysis and
arc listed below. '

1) The intact scenario, where all systems (Le., cover, vaults, and saltstonc) were

2) The degraded cover scenario, where all systems except the upper moistyr
barricr were assumed to remain intact.

3) The degraded vault/saltstone scenario, where all systems except the vaults and
saltstone were assumed to remain intact.

4) The degraded vaultsaltstone and cover scenario, where all systems except the
clay and gravel drain in contact with the vaults were assumed to be degraded.

 These scenarios were shown schematically in Fig, 3.1-2.
3.1.4 Noc-Radioactive Constituents

The non-radioactive constitucats of the feed have been described in a previous
section (Sect. 23.1.2). As stated previously, excluding water, the most abundant chemical
componeants in the feed solution are NaNO,, NaNO,, and NaOH. Lesser amounts of
Na,CO,, NaAl(OH),, Na,SO,, and trace-level compounds (silver, mercury, chromium)
are also expected to be in the solution.

In considering the elements and compounds that comprise the chemical component
of the saltstone feed solution, sodjum stands out as the most ubiquitous. Howecver, its
presence would not adversely affect the quality of the water other than adding to its
overall salinity (TDDS). Sulfate is another compound of minimal concern because it
merely adds to the TDS of the water. The most significant inorganic constituents, in
terms of impact on water quality, in the list are nitrate and nitrite. Nitrate levels above
45 mg/L (or 10 mg/L as N) are unacceptable, according to U.S.EPA DWS (40 CFR 141),
which the State of South Carolina preseatly plans to use to evaluate groundwater
protection compliance at disposal sites. A separatc standard for nitrite does not exist,
and the nitrate and nitrite concentrations (as nitrogen) were assumed to be additive, with
respect to cvaluation of compliance. '

Leaching studics have been conducted that immerse a saltstone block in water to
determine the rate at which various contaminants are released. These tests have been
used as a means of measuring the ability of the saltstone to bind these contaminants.
Leach tests have been conducted by Brookhaven National Laboratory on 107 L blocks
of cured saltstone prepared from decontaminated salt solution from Tank SOH. The
ANS 16.1 leach procedure was used on the biock to determine the leachability of
contaminants. Nitrate, nitrite and sulfate leach rates for these large blocks agreed well
with leaching tcsts on smaller samples. Chromium concentrations werc low and only
obscrved in a few of the leachates collected from the reference block. No chromium was
found in the leachate from mixes containing slag (Oblath 1986a).
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Numerical simulation requires, for practical reasons, averaging of spatial propertics.
Thus, the conceptual model used to provide a framework for the numerical simulation
of the near-field movement of water and contaminants from the SDF relics heavily on
such averaging. The subsurface is treated as if it consists of five matcrial types: 1) the
backfill or native soil; 2) clay; 3) gravel; 4) concrete; and 5) the saltstone waste fotm.
Each of these materfals arc treated as if they are homogencous and isotropic.

Hydraulic propertics for cach material type are assumed to be adequately described
by the following hydraulic paramcters: saturated hydraulic conductivity, effective
porosity, and moisture characteristic curve. The moisture characteristic curve describes
the nonlinear relationship between the matrix potential or pressure head, the moisture
content, and the hydraulic conductivity. Details and references for the data and
expressions used (o quantify the hydraulic properties for cach material type in the near-
ficld model are provided in Appendix A.1.2. A summary of hydraulic properties assumed
is provided in Table 33-1.

In addition to hydraulic propertics, assumptions to allow quantification of mass
transport are ncoessary in the near-field model.  Specifically, contaminant-specific
sorption coefficients, diffusion cocfficicnts, and radioactive decay constants are required.
Dispersivities, which determine the spreading of a simulated contaminant plume, are aiso
- needed. Tables of these values for contaminants of significance, and references to their
source are provided in Appendix A.1.2.1. Solubility considerations are not explicitly
addressed in the near-field model, except through the use of media-specific sorption
- coefficients which do not distinguish surface sorption from precipitation or other

processes causing immobilization. '

- 33.1.2 Degraded Vault and Saltstonc

~ Two scenarios were addressed for vaults and monoliths assumed to be degraded (ie.,
cracks present, Sect. 3.1.3.5): 1) a degraded vault with an intact upper moisture barrier
(Sect. 2.4); and 2) a degraded vault with a completely degraded upper moisture barrier,
in which the permeability of the degraded cover is that of the backfill soil and the clay
layer on top of the vault roof The only parameter required from Table 3.3-1 for the
degraded casc is the hydraulic conductivity of the clay on the roof of the vault.

A simplified conceptual model is used to represent the degraded condition of the
saltstone and surrounding concrete vault. Two-factors contributed to this decision:
1) numerical difficulties associated with modeling fractures in a groundwater computer
code and 2) large uncertainty associated with inputs such as the timing, frequency, and
size of fractures in the saltstone. Sensitivity analyses are then used to consider a range
of possible input values and provide an indication of the impact that changes in the
inputs have on the results. Such analyses ako provide a set of resuits that form an

cnvelope around the possible results. Results of sensitivity analyses are discussed in this
section and Sect. 4.2.1.
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Mumptudmddotadcgmdedvaultmdmmnemfommumu
discussed in Sect. 3.1.3.5, that: 1) all monoliths and vaults in the facility are fractured,
2) fractures occur every 3 m, 3) all fractures open simultancously, 4) the fractures are
assumed to open at closure of the facility, when remediation of cracks will no longer be
routine, 5) transport is assumed to be diffusive (constant diffusion cocfficient) out of the
intact saltstone matrix and into the fracture where transport is assumed to be dominated
by advection (Le,, the fracture case results are independent of the hydraulic conductivity
of the saltstone), 6) the clay is assumed to sit immediately on top of the saltstone, and
7)thebascoflhesaltszoncisauumedtobcadjacenttothcbackﬁllsoﬂbcnuthlhe
vault. Since the majority of the degradation occurs to the vault as opposed to the
saltstoae, for the vault is conservatively neglected as a barrier to transport. Thus, this
wcaddrmﬂowanduamponthmughthefrwumdsalmone. The fractures are
assumed to be 0.005 cm in aperture; filling or plugging by soils or precipitates is not
considered. Diffusion is assumed to be the only mechanism of transport of radionuclides
and nitrate from the saltstone matrix to the fractures, and advection is assumed to be the

only means of transporting these potential contaminants from the fractures to the soil
beneath the vaults.

This simplified model is considered to be a bounding case on release from fractured
vaults because fractunng of the vaults is expected to increase the effective permeability
of the vaults, and thus increase radionuclide and nitrate release. The release rate would
increase as the number of fractures increases. However, release rates for soluble species
would likely decrease with time, as the resident pore water is flushed from the fracture,
and diffusion from the saltstone matrix would then control the concentration in the
fracture, Thercfore, assuming simultaneous opening of all fractures is believed to
represent an upper bound on release rates. Remediation of fractures that occur before
closure involves filling with cpoxy upon discovery. Degradation of the epoxy is likely to
be a gradual process rather than immediate. Furthermore, shrinkage cracks in pours may

be filled to some extent by suba.equcnt pours. This would also reduce the flow rate
through fractures.

Details of the various submodels that were used to adapt a model for flow and

_ transport in fracturcs, to which semi-analytical solution techniques could be applied, are
pmvxded in Appendix A.1.3. Some of the critical assumptions, however, are noted here
since they are fundamental to the conceptual approach and the multmg analytical
model. One of the primary underlying assumptioas is that the fractures remain saturated
once they apen. Another critical input necessary to evaluate the flow of water through
a fracture is the height of water perched on fractured vaults. The intact vault model
(Appendix A.1.2.1) was used to predict the depth of the perched water on the vault. -
Perched water is shown to occur on an intact vault, and the assumption of saturated flow
is assumed to be rcasonable. These assumptions are discussed in more detail in

Appendix A 1.3.

For the fractured saltstone, effective flow rates and subsequent transport were
estimated based on the methods described in Appendix A.1.3.
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Al3 FbwandelempodThlmxghFxmudehs

A suite of scmi-apalytical and analytical models were used to model flow and
transport through the degraded vault and wastc form. The degradation scenario ks
defined in Sect. 3.1.3.5. The conceptual models and assumptions for fiow and
for the degraded sccnario were briefly discussed in Sect. 3.3.1.2 and 3.4.1.2. This section
includes a description of the submodcls comprising the conceptualization of the
degradation scenario, the two solutions used to analyze these submodels, and discussions
of the assumptions and limitations inherent in these models.

As iz the casc with most analytical modehs, simplified represeatations of the system
arc nccessary to fit within the limitations (boundary conditioas, etc.) of the mathematical
models. These simplified representations are intended to err on the side of conservatism
in several areas. This conservatism yields models that overpredict flow and transport
rates, providing bounding estimates of release out of the disposal facility. Given the
number of uncertaintics simply involved in defining the degraded condition of the vault
(degradation rates; size, frequency, and alignmeat of fractures; etc.), this approach is
deemed appropriate. Thcmtcntmtoprowdcahoundmgaumtcofperfomanceto
provide reasonable assurance that fractures in the saltstonc will not cause the releases
to exceed acceptable levels. '

One positive aspect of the analytical or semi-analytical model is the ease of use
- when compared to a detailed numerical model This casc of usc cnables numerous runs
to be made in less than the time it would take to make a single run with a large
numcrical model. Sensitivity analyzes can easily be conducted that test combinations of
inputs to identify critical parameters and ranges of critical values. The ability to make
numerous runs also allows a wide range of conditions and assumptions to be tested that
may not be possible when using a numerical code. In this regard, the "tunnel vision” that
sometimes occurs when a limited number of runs are made with a numerical model can
be minimized. Sensitivity analyses are discussed in Sect. 4.2,

Two semi-analytical models used to address fracture flow and transport are discussed
in the following sections. The first section discusses the model used to estimate the
effective flow rate through the fractured saltstone as a function of the height of perched
water above the vault, hydraulic conductivity of the clay in the clay/gravel drainage layer
above the vault, and fracture characteristics. The second section discusses the model
used to estimate the release rate from the vault given the fracture flow rate cstimated

' . in the previous solution and initial inventory, distribution coefficieats, and diffusion

. coefficients in the intact saltstone matrix.

Flow and transport through fractures in the saltstone i modeled as if the vault does
not exist araund the saltstone. Degradation calculations have shown that the majority
of changes duc to chemical attack and rebar corrosion will be to the vault surrounding
the saltstone. Thus, for conscrvatism, it is assumed that the clay in the clay/gravel
drainage layer is placed on top of the saltstone and the base of the saltstone is in direct
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contact with the backfill with no credit for any attcnuation that may occur as water
passes through the vault. The simulations oaly address flow and transport through
fracturcs in the saltstone.

The first step in the process outlined in Sect. 3.4.1.2 (Demonstrate presence of
pemhedwatetonvaultroof)wmaccomplnhcdmthcmmctvauhncarﬁcldcak:uladons
(Appendix A1.2). The numerical simulations for the intact vault predicted 61 cm of
perched water on the roof for infiltration rates of 2 and 40 cm/year. This value is a
necessary input for the followmg flow and transport simulations.

Al31 demwﬁmmm

One approach to dete:mining the permeability of cmcked conctete is to use an
analogy of parallel plates to provide an cstimate. However, for the case of underground
vaults, permeability of the soil surrounding the vault can also have an impact on flow rate
of the vault. This is due to the relatively large permeability of a fracture relative to the
soil. Furthermore, catrance and exit head losses can also affect flow through the
fractures whea perched water is present above the vault. Thus, effective flow rate
through €racturcd saltstone reflects the physical propertics of the soil and characteristics
ofthcmchmthcsduwnc,whﬂcbcmgmdcpendcntofthchydmuhcconducumyof
the intact saltstone matrix. The approach adopted for this assessment accounts for the
effects of the material around the vault and entrance and exit head losses. A bricf
summary of the approach is provided below with further details regarding the approach
in Walton and Seitz (1991, pp. 54 to 5-6).

For the case of steady-state saturated flow through a crack, a simplified case of an
analytical model by Yates (1988) can be applied. Figure A.1-12 Is 2 comparison of the
modcled system with the more realistic condition of the degraded vault. The backfill
refers to the clay layer above the vault in this figure. The basic assumptions governing
the simplified representation are: 1) steady-state saturated flow; 2) constant head at the
top of the perched water and at the catrance to the crack; 3) head losses through the
crack and at the crack exit are small compared to head Josses at the catrance (if the
additional losses are considered, the flow rate would bé slightly less); 4) symmetry
boundaries apply at the center of the crack and half the distance between cracks; and
S)thcmchmdxffemtpouuareopcnanddirealyahgned.

Inputs required for the modified analytical model are: l)thcdxstanocbctweenthc
cracks; 2) the crack half-width (one-half of the aperture); and 3) the depth of perched
water (distance ta constant head boundary). The solution provides a dimensionless flow
rate; that is, the ratio of the flow through the crack to the flow through the backfill. An
estimate of the maximum flow rate (i, saturated flow rate) can be approximated by
multiplying the result from the semianalytic model by the saturated hydraulic conductivity
of the clay in the clay/gravel drainage layer (see Sect. A.1.2) above the vault (assuming
a unit gradxcnt through the backfill).
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Fig. A.1-12. Comparison of more realistic system and modeled representation of flou
rate through backf1ll (clav in this case), and fractured vault.
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After normalizing variables and applying the appropriate simplifications (ic.,
- homogeneous soil, equally-spaced fractures) to Yate's solution, thc dimensionless flow
rate, {,, is cakculated using

x,[ 5 v,)-zo}

where
¥4
z, = —‘T;-’ .
V. = 11(2911*21»‘111931)
a coshit jJBs °
¥ = the half-width of the crack,
z, = the depth of percbed water, and
x, = bhalf the distance between the fracture center lines.

The coeflicicats for V, are defined as follows:
2
A, =
I Z 1,
Py = tanh{t,(x,-1)]
;)25 ta-nh("j]
- _i
2z,
p:l = 2p, (1+p:j) +2p,y (lﬁp:j) -

Flow through fractured concrete vaults and saltstone was predicted based on the
parameter values listed in Table A.1-4. The predicted velocity in each fracture (assuming
all flow occurs through the fracture) bascd on the values in Table A.{1-4 was 780 cm/fyear
(darcy velocity divided by the ratio of crack width to crack spacing). Contributions from
the intact matrix are considered separately in Appendix A.12. This value is subsequently
used as an input to the transport simulations. Test cases comparing flow results from the
analytical solution with results from the PORFLO-2D (Kline ct al 1983) finite difference
code have demonstrated excellent agreement (Waltoa and Scitz 1991).
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Tablc A 14 Inptﬂnhmmmndﬁotﬂmvmhﬂahom

Parameter . . Assumed Value
Crack width ' 0.005 car
‘Crack spacing ‘ 300 cor*
Depth of perched .
Water on roof 61 cot*
Saturated hydraulic _
Conductivity of clay " 0.24 cmfyear
“ Sect. 3.13.5
» Appendix A.12
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Note that the assumption of saturated flow is conservative for predicting contam-
inant flux because flow rates through the fracture would be largest when it is saturated.
The predicted build-up of perched water on intact vaults, based on PORFLOW-3D
simulations, suggests saturated flow is likely to occur. However, neglecting the vault
nmundthcsaluwncandthcmumpuono(ahgned&actuminthcdxﬂ'mthyuaof
saltstone is likely to result in inflated flow ratcs. Reduced flow would be expected in the
casc where fractures arc not aligned. Flow rates will also be reduced if cracks in lower
pours of saltstone are filled by a subsequent pour. Although flow rates are the greatest
xourccofmweﬁmntymthucdeyndedvaultcalculabom,xtumumedthatncglechng
the vault and considering open, aligned fractures in the saltstonc represents an upper
bourd of the flow rate through fractures.

A133 Determination of Releasc Rate from Vault

A pnumber of semi-analytical models have been developed for transport through
fractured porous media. Of available methods, the solution of Rasmuson and Neretnicks
(1981) is perhaps most appropriate for application to release rates from massive concrete
waste forms. This solution allows a decaying source term, which is required for leaching,
and the solution is given in terms of dimensionless parameters, which can be used to’
interpret and generalize the results from the analysis. Note that their published modef
estimates transport from a decaying source of radionuclides into a fractured porous
medium and is the complement of the desired solution for release from a fractured
concrete monolith, where contaminants are leached from (rather than into) a fractured
porous medium, _

The saltstone is cavisioned as a large fractured ‘monolith, with blocks of intact
concrete separated by fractures. Advection dominates mass transport in the fractures,
while diffusion controls mass transport laterally from the porous matrix to the fractures.
Figure A.1-13 illustrates this conceptual model in a schematic form. Partitioning of
~ compounds between solid and liquid phases is also considered. The velocity through the
saltstone fractures is determined using the methods described in Sect. A.1.3.2. Since the
crack is significantly moce permeable than the adjacent saltstone matrix, all flow is
assumed to occur through the fractures. Thue, this solution is also independent of the
bydraulic conductivity of the intact saltstone matrix. Coatributions from the intact
saltstone are considered in the intact modeling (Appendix A.1.2).

This asscssment is limited to the case of no dispersion in the fractures in the
. concrete. This is a conservative case (in terms of concentration) for radionuclide release
_rates from concrete waste forms. In reality, fractures are likely to be in the form of a
tortuous network, with a significant, but unknown, amount of dispersion resulting. Thus,
‘conservative assumptions are made to account for the uncertainty in accurately
representing a fractured vault. ‘
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No Flow/Transport Boundary

No Flow/Transport Boundary

Fig. A.1~13, Schematic of conceptual model of release from {ractured
vault, '
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, mmlytmalwlmbnuedforthnwmu,mththghtmodlﬁcauon,(mﬁby
ignoring dispersion) from Rasmuson and Neretnieks (1981).

_ 3 ((8inh2) + ginax)
B (1) l( cosh2X - cosa2i ) -

- ginh2A + s8in2A)
H () =a( cosh2A - cos2i

If {>0 then,

2 a1~ lexp (-B)]

o

Y = _1_ . _.fexp( ~8H,) sin ({A? - 8i,) S

If £ <0 then,

ac,

= exp (-B)
t.

where the solution depends upon these dimensionless variables that follow:

{ = (2D,6),? = dimensionless contact time,

aG/C, = dimensionless concentration,

Bo= 2t = dimensionless radioactive decay, and
3 = (yz)/(mU,) = bed iength parameter.

'Ihcabowvariablaarederived'inwmfmmtbaevariabla

0 = "W’
C¢ = concentration in fractures, ‘
a = volumetric distribution coefficient (mostum content * retardation factor),
. X, = decay ratc = In 247,
T, -ct’fecuvcradmsohpbcrnalbbckx( 0.58forcub\cblockxand 15 S for
slabs),

D, = apparent diffusion coeflicient,
z = thickness of vault,
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z, = total distance along fracture from top or upgradient portion of vault.
¢¢ = fracture porosity,

é. = matrix porosity,

m = by/(1-b),

Y = (3D,a)r}

t = time.

Values for the independent variables are listed in Table A.1-5. The velocity in the
fracture, U, was predicted using the approach discussed in Appendix A.1.3.2. The crack
spacing, S, is discussed in Sect. 3.1.3.5. The apparent diffusion coefficient, D,, is simply
the effective diffusion cocfficient from Sect. 2.4 (5 x 107 cm’k) divided by the radio-
nuclide-specific retardation coefficient for saltstonc. The poroslty values for the fractire

and ssaltstone, ¢, and ¢, assume an open crack and the porosity of saltstone specified in
Sect. 2.4.

The analytical solution was derived for the case of a semi-inﬁm‘tc medium, whereas,
the application of concern is for a concrete vault of finite dimensions. If dispersion is
ignored, this is not a limitation. Ignoring dispersion is required because of the lack of
information concerning dispersion in cracks. Because dispersion in cracks is likely duc
to variation in aperture, sensitivity analyses addressing changes in crack width can be
used to help account for this phenomenon (Sect. 4.2).

The fracture flow solution provides concentrations as a function of time in the
. fracture. These concentrations, in conjunction with the Darcy velocities predicted, are
then used to calculate flux from the fractures of a degraded vault. The total flux of a
degraded vault must also consider the flux from the intact portions between fractures.
Thxswasawomphshedbyaddmgtbcmlcasapredxwd&omthemtactmodchng
(Appeadix A.1.2) to the releases predicted from this analysis.

A2 GROUNDWATER FLOW AND MASS TRANSPORT MODEL AND
SIMULATIONS

This section of Appendix A provides details of the conceptual model adopted for
simulating flow and mass transport through the saturated hydrologic zones beneath the
Z-Arca SDF (Scct. A2.1), and details related to simulation of the model using the
PORFLOW-3D computer code (Sect. A.2.2).

Based on the plmmctnc data at Z-Area (Sect. 2.1.7), it is apparent that the
gmundwatcrﬂowﬂclduhxghlyvanabkmthmandamongthchydmbgmumumtbc
vicinity of Z-Area. A threc-dimeasional representation of the groundwater flow system
was chosen to allow the divergent lateral flow to be simulated (Fig. A.2-1).
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Output Options: The MINTEQ code outputs the following:

¢ [Echo of the data file input

& progress of the Newton-Raphson iterations

o full speciation of the input water composition

e charge balance and ionic strength for the aqueous composition

e saturation state of the water with mpcct to minerals in the data base

The user can also specify thauhctbcrmodynamxcdatabmbcpnnwd. Debuggmg
printing options are supported.

B3 VAULT DEGRADATION COMPUTER CODE
L Code Description - Concrete Degradation and Steel Reinforcement Corrosion

Purpose and Scope: The code used to estimate concrete degradation and rebar
corrosion is designed to model the important degradation processes that can affect the
long-term performance of concrete barriers. The processes modeled include: _
{1 concrete attack by sulfate and magnesium, 2) concrete leachmg (both concrete and
geologically wntmlled), 3) carbonation, and 4) rebar corrosion.

DMQEQLHM The current model consists of analyncal solutions for
concrete degradation processes. These solutions were selected as the best available
means of predicting long-term concrete barrier pcrformancc

Code Attributes; The code is written in Mathemauca programming language
(Wolfram 1988) and consists of four separate modules. Three of the modules are used
to estimate concrete degradation and one is used to prednct corrosion of steel
reinforcement.

Sulfate and magnesium attack on concrete is described by an empirical relationship
determined by Atkinson and Hearne (1984). Leaching of concrete components is
described by a shrinking core model, in the case of concrete-controlled leaching, and by
- diffusional mass transport for geologic-controlled leaching (Atkinson and Hearne 1984).
Walton et al. (1990) derived a shrinking core model to describe concrete carbonation.
Rebar corrosion is described by an empirical correlation to determine time to onset of
corrosion from chloride attack (Clear 1976) and a one dimensional diffusion calculation

for actual corrosion (Walton et al. 1990).
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Cormputer Requirements: The code was developed on an Apple Macintosh Ilcx and
has also been run using a NEXT workstation. The code will run on any workstation,
mainframe or PC that runs Mathematica. The degradation code will run on any system
running the Mathcmatica software package. The Macintosh version 1.2.2 recommends
a minimum of 4 megabytes of RAM.

Restrictions: The code has been developed in the Mathematica software package
and is therefore restricted by the purchase of the software.

IL Code Selection Basis

; The code is a compilation of analytical solutions for important
concrete degradation processes (Clear 1976; Atkinson and Hearne 1984; Walton et al.
1990) selected based on the work of Walton et al. (1990). These analytical solutions are
considered to be the best available means of predicting concrete degradation. The
equations that are used to represent the degradation processes are based on observed
conditions (i.e., sulfate, magnesium, chloride and dissolved oxygen concentrations in
groundwater, etc.). However, in some cases the conditions encountered in a
‘performance asscssment are very different from the conditions on which the empirical
relationships are based. Also, the observations that form the basis of the equation are

for much shorter periods of time (tens of yean) than is needed for performance
assessments (thousands of years). ‘

_ MQ& The Mathematica version of the code has been verified against
the results of Walton et al. 1990. -

: The code is made up of analytical solutions, therefore the
benchmarking process does not apply.

Code_Validation: The code is made up of analytical solutions, therefore the
validation process does not apply.
IIL Theorctical Framework
G ing E io i A ' oo '
M&M@M The equations that form the basis for the

calculations are based on chemical reactions between concrete and rebar with chemical
constituents from the monolith and/or the geologic media surrounding the vault. Sulfate
attack on concrete is the result of reactions of sulfate with hydrated tricalcium aluminate
{GA) and portlandite [Ca(OH),] to form compounds of larger volume leading to
expansion and disruption of the concrete. The reactions between sulfate and cement
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compounds can be written as

Ca(OH), + SO + 2H,0 ==> CaSO, - 2H,0 + 20H"

Monosulphoaluminate: " '
3Ca0 - ALO, - 6H,0 + CaSO, + 6H,0 ==> 3Ca0 - ALLO,(CaSO,) - 12H,0

Ettringite:
3Ca0 - Ale,(CaSO,) 12H,0 + 2CaSO¢ + 20H,0 ==> 3Ca0 - Al,O, 3(CaSO,)
32,0 -

An example of a reaction between cement paste and magnesium sulfate is

Brucite:
3CaO 25i0, + 3MgSO, - 7H,0 ==> 3CaSO, - 2H,0 + 3Mg(OH), + 2SiO,; +
2H,0

The low solubility of Mg(OH)z causes thc reaction to proceed to complctxon, making the
attack more severe. -

The depth of sulfate and magnesium attack is described by the equation
x = 0.55 C, (Mg?* + SO)t
where

x = depth of deterioration (cm),

C, = weight percent.of C,A in non-hydrated cement,

Mg” = concentration of magnesium in the bulk solution (mol/L),
SO,* = concentration of sulfate in the bulk solution (mol/L), and
t = time (years).

Auumpumn The rate of attack is proportional to sulfate and magnesium concentration
in the solution and C,A content of the cement.

Limitations: Correlations are only valid over the time/system parameters tested.
Application outside this range is highly questionable.

The empirical correlation does not include the impacts of advective transport and/or
the known importance of water cement ratio (WCR) on durability. Application of
the model is not clearly conservative.
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Conerete-Controlled Leaching of Calcium Hydroxide, Cement components will be

leached from concrete in environments in contact with water and have significant
percolation rates. The alkalis are the first components to be leached followed by cakcium
hydroxide. The leaching of calcium hydroxide from the cement is described by

Ca(OH), ==> Ca?* + 20H'

~ The equation that describes concrete controlled leaching is
x = [2D; {(C; - CuVC I

‘where

x = depth of leaching (cm),

D; = intrinsic diffusion coefficient of Ca?* in concrete solid (mol/cm’),

C, = concentration of Ca®* in concrete pore water (mol/cm?),

Cp = concentration of Ca?* in the groundwater or soil moisture (mol/cm?),
C, = bulk concentration of Ca?* in the concrete solid (mol/cm®), and

t  =time (s).

As‘sumplrions: The rate of calcium removal from the exterior of the concrete is assumed
to be rapid relative to the movement of cakcium ioas through the concrete.
Therefore, diffusion controls the transport rate of the caicium.

Limitations: Diffusional mass transport is considered, but advection through and
around the concrete is not considered.

D, for the leached portion of the concrete will be substantially higher than D, for
intact concrete. Permeability of the concrete will increase as leaching proceeds
leading to greater flow rates through the leached area. Diffusional control may no
longer be valid under these conditions.

ol lled ing o ium H jde. Geology-controlled leaching
occurs ac a result of the diffusion being controlled by the geologic material surrounding
the concrete. The resulting equation is '

x = 2 phi (G - Cp / G} (Ry Dy 1) / pi]2

where

x = depth of leaching (cm),

phi = porosity of the geologlc material (cm® voids/cm’® total),

C, = concentration of Ca®* in concrete pore water (mol/cm®),

C,» = concentration of Ca?* in the groundwater or soil moisture (mol/cm®),
C, = concentration of Ca™ in the bulk concrete (solid+pore) (molicm®),
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R, = retardation factor for Ca?* in the geologic material, , ,
Dy = effective dispersivity/diffusivity of Ca?* in geologic material (cm?/s), and
t = time (s). '

Assumptions: Diffusion into the surmunding geologic material controls leaching.
Leaching is highest in low calcium concentration environments.

Limitations: Parameters for geologic material are needed (R, Dg, phi).

Concrete Carbonation, Carbonation is typically thought of as the reaction between
‘calcium hydroxide and carbon dioxide as represented by

Ca(OH), + CO, ==> CaCO; + H,0

Carbonation can occur only as rapidly as dissolved carbonate can diffuse through
the concrete. Carbonation rate is dependent on the moisture content of the concrete
and the relative humidity of the ambient medium and the concentration of CO, in the
ambient medium. If diffusion in the concrete is too slow, an equilibrium is reached
where the diffusion of CO, and carbonation are stopped or severely reduced.

Carbonation rate is dependent on the moisture content of the concrete. As relative
humidity changes from 0 to 100%, the rate of carbonation passes through a maximum.

Because the pH.in concrete is high (>12), the carbonation reaction actually occurs
as ' :

Ca(OH), + CO;* ==> CaCO, + 20H"

The relationship between carbonation depth and groundwater concentration,
portlandite in the concrete, and intrinsic diffusion coefficient of calcium is:

x = [2D, (C,/C) ]**

where
X = depth of carbonation (cm), ‘ ‘
D, = intrinsic diffusion coefficient of Ca?* in concrete (cm?s), :
C,» = concentration of total inorganic carbon in the groundwater (mol/cm?),
C, = bulk concentration of Ca(OH), in the concrete solid (molicm®), and
t = time (s). : . ’

Assumptions: Concrete is saturated with water.
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lentatx'ms The type of cement ultimately affects the depth of carbonation. This
relationship becomes increasingly invalid as the relative humidity of the
concrete decreases from 100% to 50%; below this level, the reaction rates
decline rapidly resulting in a reduction in carbonation rate. '

- Reinforcement  Corrosion/Chloride Attack. The alkaline environment of the
concrete and the isolation it provides from external corrosive agents protects the steel
reinforcement from corrosion by forming a protective oxide layer on the metal surface.
The passive oxide layer may undergo attack by corrosive agents as the concrete
deteriorates. Hnstoncally aqueous chloride is the corrosive agent associated with the
break up of the passive layer.

Reinforcement corrosion may also be associated with reduction of concrete
alkalinity in the absence of elevated chloride levels. Carbonation and leaching can cause
a decrease in the concrete pH with eventual loss of passivity.

Chloride attack is modeled in two stages (a) time to brc#kup of the passive layer
and initiation of corrosion and (b) corrosion rate subsequent to breakup of the passive
layer. An empirical corrclation for the time to passive layer breakup is

t, = (129 x#)/(WCR C1*4)
where
t, = time to onset of corrosion (years),

X, - = thickness of concrete over the rebar (in.),
WCR = water to cement ration (by mass), and
Q= chloride ion concentration in groundwater (ppm).

Assumptions: The time to onset of corrosion is related to the water to cement ratio,
depth of cement cover, and chloride concentration in groundwater.

Limitations:  Applicability to conditions outside the observed chloride concentrations
on which the equation is based is questionable.

. The simplest method of estimating the corrosion rate subsequent to initiation of
corrosion is a one dimensional diffusion calculation assuming limitation of the corrosion
rate by oxygen diffusion. The percent of reinforcement remaining at any time is given

% remaining = 100{(4°9.4 sD,C,t)/(pi d? delta x)]
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where

s = gpacing between reinforcement bars (cm),

- Dy = intrinsic diffusion coefficient of O, in concrete (cm?/s
C,; = concentration of oxygen in the groundwater (mol/cm
delta x = depth of reinforcement belowsuriace (cm), and
t = time (8).

Assumptions: . The corrosion rate is limited by oxygen diffusion.
Limitations: Applicable only if oxygen diffusion controls corrosion.
Initia] Conditions: Not applicable,
Numerical Techpiques; Not applicable.
IV. Code Inputs and Outputs

Input Data Structure: Input for the calculations is contained in the Mathematica
file for degradation calculations. The values may be changed from within Mathematica
" and the file is evaluated as needed.

SN&MQDHQIL‘L‘ Output can be in the form of numeric values, tables, two- or
three-dimensional plots, and contour plots. Mathematica allows many forms of output
to be displayed within the package and exported for use in other graphics packages.

B4 SATURATED/UNSATURATED FLOW AND TRANSPORT CODE
L Geaeral Code Description -

Purpose and Scope. The PORFLOW-3D computer code was selected and applied
to predict the isolation performance of the saltstone vaults in the vadose zone, to predict
transport of radionuclides released to the underlying aquifer, and to predict contaminant
transport in the aquifer. Specifically, the computer code was used to model water flow
through the backfill, gravel-clay barrier, vauit structure, and saltstone waste form. The
code was then used to model the release of contaminants from the waste form, migration
through the vault structure, surrounding soils and underlying formations. The simulation
results gencrated by the PORFLOW-3D code were then post-processed to obtain
predictions of

e water pathlines and travel tima to the aquifer,

¢ contaminant plume distributions in the vadase zone,

¢ contaminant fluxes to the aquifer, and

¢ contaminant plume distributions in the aquifer’s saturated zone.
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Concrete Degradation Notebook

The following information was taken from 'Pmpenies of Concrete”™ (3rd edition), A.
M. Neville, 1981, J. Wiley and Sons, Inc., NY, 779 p. ,

APPROXIMATE COMPOSITION LIMITS OF PORTLAND CEMENT

Species %  Typical%

CaO  60-67 63
Si02 1725 20
' A203 38 6
Fe303 ' 0.5-6 3
MgO . 0.1-4 15
Alkalis 0.2-1.3 1
SO3 13 2

MgO, TiO2, Mn203, K20 and Na20 are minor compounds and usually amount 1o
no more than a few percent of cement by weight. The term alkalis refers to Na20
and K20 although other alkaline metals are present

The Bogue's Equation is often used to calculate the percentage of C3S, C2S, C3A
and C4AF in the cement based on composition. This technique tends to
underestimate the C3S content and overestimate C2S because other oxides
replace some of the CaO in C3S. This will not be a concem in this task because -

C3A is the only compound needed.

MAIN COMPOUNDS OF PORTLAND CEMENT

Tricalcium Silicate 3Ca0 SiO2 ' C3s
Dicalcium Silicate 3Ca0 Si02 C2s
Tricalcium Aluminate 3 Ca0 Al203 C3A

Tetracalcium Aluminoferrite 4Ca0 AI203 Fe203 C4AF

BOGUE'S EQUATION

C3S = 4.07(Ca0) - 7.60(SiO2) - 6.72(A1203) - 1.43(Fe203) - 2.85(SO3)
C2S = 2.87(Si02) - 0.754(C3S)

C3A = 2.65(AI203) - 1.69(Fe203)

C4AF = 3.04(Fe203)
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Calculated Composition from Bogue's Equation Based on Typical Cement
Composition _ _
C3S = 54.1 C2S =166 C3A=10.8 C4AF =9.1

cao = 63; sio2 = 20; al203 = 6; fe203 =3, mgo = 1.5;alk = 1,803 =2

cas 4.07(cao) - 7. 60(5102) 6.72(al203) - 1 43(19203) 2.85(s03)

c2s = 2.87(sio2) - 0.754(c3s)

c3a = 2.65(al203) - 1.69(fe203)

c4af = 3.04(fe203)

Type ] Concrete has the following compound percentagas :

: Free

: C3S Cas C3A C4AF  CaSO4 Ca0
MgO

Maximum 55 3 8 16 3.4 1.8
4.4 :
Minimum 37 19 4 6 2.1 0.1
1.5 '
Mean 486 21 6 12 2.8 0.6
3.0 '

The cement used will be Type i with C3S + C3A not exceeding 0.58 (58%). The

cement will contain a pozzolan, an air-entrained admixture, and a water reducing
‘admixture. The air content will be between 3 and 6% by volume. Water used in
the mixing of the concrete will contain no greater than 250 ppm chloride and will

not exceed 2000 pprn TDS. These specifications are listed in the Fumishing and
Delivery of Concrete specifications for the Z-Area Saltstone project.

Water cement ratios (WCR) range from 0.43 to 0.60 over all types of cements (A

, ...) according to the "Concrete Manual® (8th edition) US Dept. of Interior,

Bureau of Reclamation, 627 p. Type C cement, covered by backfill, has a WCR of

0.58+-0.02.

This is the value that is expected to be used. Another value may be substituted at a
- later date if needed. -

The description of the concrete to be used as stated in the functional design

specifications is as follows: Blast furnace slag for 40-50% of cement (Grade 120),
- Air-entrained concrete, hydraulic conductivity of < 102-7 cm/sec, and a distibution

coefficient for soluble anions (nitrate, chloride, iodine, etc) of < 104-8 cm*2/sec.

Walls, roof, and base mat will be 18", 24", and 24", respectively.
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The following section contains the variables and variable values used in the
calculation of corrosion and degradation for the Saltstone Vaults. This is a master
list and a change in these variables will be carried through all calculations
containing the variable upon evaluation of the notebook. It should be noted that
sections can be calculated without evaluating the entire notebook. '

INPUT Parameters

Needs["/me/Library/MathPackages graphics™]

vems = 0.55 (* constant for mg/so4 attack equation [(cm/yr)/(M)] *)

wtca=8 (* weight percent C3A in cement [unitiess] *)

mgson = 5.75 10A-6 (* sum of minimum mg/so4 in groundwater [mole/L or M] *)
mgsod = 1.50 10A-4 (* sum of median mg/so4 in groundwater [mole/L or M] *)
mgsox = 9.26 104-4 (* sum of maximum mg/so4 in groundwater [mole/L or M] *)

vein=129  (* constant for onset of rebar corrosion equation [129 yr inch/ppm] *)
corw = 5.08 (* thickness of concrete coverage over rebar in walls [cm] *)

corf = 7.62 (* thickness of concrete coverage over rebar in floor [cm] *)

corc =7.62 (* thickness of concrete coverage over rebar in roof [cm] *)

wcer = 0.43 (* water to cement ratio [kg/kg] *) '

clgwn = 1.41 10A-5 (* minimum chloride concentration in groundwater [mole/L or M] *)
cigwd = 5.08 10A-5 (* median chioride concentration in groundwater [mole/L or M] *)
cigwx = 1.49 104-4 (* maximum chloride concentration in groundwater [mole/L or M} *)

vepr = 37.6 (* constant for % rebar remaining equation [37.6 cmA3/mole] *)
sr=30.5 (* rebar spacing in concrete [cm] *)

diox =1 10A-7 (* intrinsic diffusion coefficient for oxygen in concrete [cmA2/sec] *)
dion =2104-6 (" intrinsic diffusion coefficient for oxygen in concrete [cmA2/sec] *)
ogw = 3.125 10A-4 (* oxygen concentration in groundwater [mole/L or M] *)

dr=2.54 (* rebar diameter [cm] *)

capw = 2.7 10A-3  (* calcium concentration in concrete pore water [mole/L or M] *)
cagwn = 2.75 104-6 (* minimum calcium concentration in groundwater [mole/L or M] *)
cacsn = 1.875 (* minimum calcium concentration in bulk concrete solid [mole/L] *)
cacsx = 2.250 (* maximum calcium concentration’in bulk concrete solid [mole/L] *)
dica= 10A-6 (* intrinsic diffusion coefficient of calcium in concrete solid [cmA2/sec
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dico3 = 10A-7 (* carbonate diffusion coefficient [cmA2/sec] *)

phix = 0.30 (* maximum porosity of geologic material [unitless] *)
rdn=2 (* minimum retardation factor of Ca in geologic material [ml/cmA3] *)
rdx=5 - (* maximum retardation factor of Ca in geologic material [ml/cmA3] *)

decan =1104-6  (* minimum effective dispersivity/diftusivity of Ca in geo. mat. [cmA2
‘decax =3 10A-6 (" maximum effective dispersivity/diffusivity of Ca in geo. mat. [cmA!

ticgwn = 1.64 10A-5 (* minimum total inorganic carbon in groundwater [mole/L or M] *)
ticgwx =2.00 10A-3 (* maximum total inorganic carbon in groundwater [mole/L or M] *)
chben = 0.72 (* minimum bulk concentration of Ca(OH)2 in concrete [mole/L or M) *
chbecx = 2.25 (* maximum bulk concentration of Ca(OH)2 in concrete [mole/L or M]

vemi = 0.3937  (* converts cm to inches [0.3937 inch/cm] *)

vclc = 0.001 (* converts mole/L or M to mole/cmA3 [0.001 L/icmA3] *)
vcfm = 35453  (* converts Cl from moles/L or M to ppm [35453 ppm/M] *)
vesy = 31536000 (* converts x/second to x/year [31536000 second/year] *)

t=. (* Time {cleared for plotting with time} [years] *)
tmin=0 (* minimum Time [years] *)
tmax = 10000 (* maximum Time [years] *)

The following calculation is for Degradation of
Saltstone Vault due to Magnesium and Sulfate

Attack on Concrete.

Summary for Empirical Model for Loss Degradation

The model is based on Norwick Park study based on observed loss of cement at
block corners after § years in 0.19 M Na2S04 solution. The depth of attack on the
block was 42mm and indicates a linear relationship with time. Rate of attack is
assumed to be proportional to sulfate concentration in the solution and
tricalciumaluminate (C3A) content in the cement. Depth of attack i in a MgSO4

solution is approximately twice that of Na2SO4.

Concentrations of magnesium and sulfate are based on surface and ground water
compositions from Marine (1976). The data for surface waters and groundwaters
from Coastal Plains Formations were selected as most representative of the soil
waters at the Savannah River Site. Soil water concentrations may be added to the
plots at a later date if they become available. A table containing minimum, median,
and maximum values of combined Mg and SO4 concentrations (M) is provided
below. Concentrations were added after conversion from mg/L to moles/L for each
available sample. The data were sorted and pertanent values were selected.
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Water from several formations and surface waters have been collected and
analyzed for chemical compaosition. The water compositions that will be applied in
this study are the surface waters and waters from the Coastal Plains Sediments.
The surface waters and those in the shallow Coastal Plain Formations are not
separate and distinct, but part of the same system. Surface water, especially in dry
weather, has passad through the ground for some time and distance (Marine,

1976).

The water analyses reported in Marine (1976) have been used to determine
concentrations for needed parameters. Some analyses were removed from the
data used to define parameter values. Values for Savannah River at Highway 301,

~ Hollow Creek at Highway 125, and Lower Three Runs at Highway 125 on 11/30/71
were removed due to possible sample contamination with respect to Mg (values on
this date are an order of magnitude higher than other analyses).

Well 905-72G penetrates most of the Tuscaloosa Formation and may be
contaminated by waters contacting the metamorphic rock below. Single analyses
have been eliminated for wells DRB 4WW, DRB 6WW, 13G, 54P, and 55R
because they offer no means of comparison for verification.

Magnesium concentrations range from 0.14 to 8 ppm (5.76E-6 to 3.29E-4
moles/Liter) with a mean and median of 2.28 and 1.5 ppm (9.37E-5 and 6.17E-5
mole/Liter), respectively. Sulfate has a range of 0.27 to 15 ppm (2.81E-6 to
1.56E-04 mole/Liter) with a mean and median of 3.66 and 2 ppm (3.81E-5 and

' 2.08E-5 mole/Liter), respectively. The sums of Mg and SO4 range from 0.57 to
18.5 ppm (1.51E-5 to 3.77E-4 mole/Liter) with a mean and median of 5.94 and 4. 95
ppm (1.32E-4 and 1.08E-4 mole/Liter), respectively.

Values to be used in the calculations are:
3.77E-4 mole/Liter MgSO4*
1.08E-4 mole/Liter MgSO4
1.51E-5 mole/Liter MgSO4

The cement specified by the Technical Specifications for Fumishing and Delivery
of Concrete for the Defense Processing Facility is Portland Cement conforming to
ASTM C 150, Type Il. This specifies that C3A be at or belew 8%. This value will be
used in the calculations to follow.

8 % tricalcium aluminate (* Worse case scenario)
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ldmsn = vems wtca mgsont -
Idmsd = vems wtca mgsod t
Idmsx = vems wtca mgsox t
tt= 10Attt ' :
Plot3D[vcms wtca mgso tt,{ttt,2,4},{mgso,mgson,mgsox},
Ticks->{LogScale[2,4,3],Automatic,Automatic},
Lighting->False,Shading->False,Epilog->
{Text[ColumnForm{{"Time","(yrs)"}},{0.25,0.03}],
Text[ColumnForm[{"SO4+Mg",""}],{0.93,0.21}],
Text[ColumnForm[{"Loss","(cm)"}],{0.01,0.60}]},

PlotRange->All]
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The following calculation is for Degradation of
Saltstone Vault due to Chloride Attack on Steel

Reinforcement.

Chloride attack is modeled as a two stage process (a) time to breakup of the
passive layer and initiation of corrosion and (b) corrosion rate subsequent to
breakup of the passive layer. An empirical model for initiation of corrosion and a
corrosion rate modal are used to calculate these processes.

A protective oxide layer forms on the steel reinforcement due to the alkaline
environment inside the concrete and isolation from external corrosive agents.
Deterioration of the concrete with time leads to ingression of corrosive agents.
These corrosive agants can now attack the oxide layer on the steel and may lead
to active metal corrosion. Metal corrosion is an important factor not only in the
structural integrity of the vault, but also in the containment of the waste due to
increased cracking and infiltration into the vault.

Cracks development is due in part to the increase in volume due to the formation of
corrosion products that have higher molar volumes. Steel expansion leads to
‘spalling and disruption of the concrete. Steel strength is also reduced by corrosion
and may lead to structural instabilities. Loss of steel will increase the strain from
physical load and cracking over steel will occur when the internal pressure
generated by comosion products exceeds the tensile strength of the concrete.

" The following equation is based on the correlation for time to depassivation
developed by Stratful and modified by Clear (1976). The equation shows the
impact of cement cover over the steel and WCR on steel corrosion. This model
has several drawbacks (a) it was derived from work conducted on bridge decks
and the range of chloride concentrations found in soils is outside the range for
which the equation is intended and (b) the model contains no provision for chloride-
threshold (thought to be conservative limitation). :

Passive layer breakup has historically been associated with chloride ion ingress
into the concrete (ACI, 1985). Destruction of the passive layer may occur by direct
attack by elevated levels of Cl or by Cl serving as a supporting electrolyte in the
solution. The start of reinforcement corrosion is thought to be linked with a
threshold chloride level.
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~ Lower concentratlons of Cl may lead to corrosion of steel reinforcement when the
alkalinity of the concrete is reduced making the passive layer less stable.
Carbonation and leaching are processes that will lead to gradual lowering of pH
and eventual loss of passivity. Depassivity of steel reinforcement can occur when
the pH near the rebar drops below 9 (Papadakis et al., 1989). In low chloride
environments carbonation and leaching may be important processes in
depassivation. Time until depassivation has been clearly linked to the depth of
cover over the reinforcement and the water cement ratio in studies of steel

corrosion in concrete slabs (Clear, 1976).
The thickness of concrete coverage over the rebar in the walls, ceiling, and fioor is
5.08 cm (2 inches), not available, and 7.63 cm (3 inches) on bottom bars.

The water to cement ratio is 0.43 kg/kg as required by'speciﬁcations.

Chloride concentration in the songmundwatér ranges from 1.24E-5 moles/Liter
(0.44 ppm) to 1.49E-4 moles/Liter (5.3 ppm) with a mean and median of 4.46E-5

and 3.67E-5 moles/Liter (1.58 and 1.3 ppm), respectively.
A value of 1.50E-4 moles/Liter will be used as a worse case scenario.

clinwn = (vcin (corw vemi)A1 .22) / (wer (vefm clgwn)/0.42)
935.084 |

clinwd = (vcin (corw vemi)A1.22) / (wer (vefm cigwd)*0.42)
545.833 |

clinwx = (vein (corw vemi)A1.22) / (wer (vefm clgwx)A0.42) |

347.364

clinctn = (vein (corf vemi)A1.22) / (wer (vefm clgwn)A0.42)

1533.49

clinctd = (vein (corf vemi)A1.22) (wer (vefm qlgwd)"d.42)

895.14

clinefx = (vcin (corf vemi)A1.22) / (wer (vefm cigwx)A0.42)

569.66 | |

clinwn = (vcin (corw vemi)A1.22) / (wer (vefm clgwn)A0.42)

935.084 ,
clinwd = (vein (corw vemi)A1.22) / (wer (vefm clgwd)~0.42)
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545.833
clinwx = (vcin (corw vemi)21.22) / (wer (vefm clgwx)20.42)

| 347.364
clincfn = (vcin (corf vemi)A1.22) / (wbr (vetm clgwn)/0.42)
1533.49 | |
clincfd = (vein (corf vemi)A1.22) / (wer (vefm clgwd)A0.42)

895.14 _
clincfx = (vein (corf vemi)A1.22) / (wer (vefm clgwx)A0.42)

569.66

- clgw=.
wer=. _
clinw = (vein (corw vemi)A1.22) / (wer (vefm clgw)*0.42)

pitid8 = Plot3D [{clinw, GrayLevel [0.8]}, {wcr,.4,.5},
{cigw,clgwn,cigwx]}, ,
- AxesLabel->{ColumnForm[{" Water/Cement"}],
‘ColumnForm([{" Clin",” groundwater"}], .
ColumnForm[{" Timeto ", Onsetof",” Corrosion "}] }]
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The following calculations are for Degradation of
Saltstone Vault Steel Reinforcement Limited by

Oxygen Diffusion.

The rebar spacing varies for the walls and foundation, and the final design of the
ceiling has not been confirmed and can only be estimated at this time. Rebar in
the walls will be spaced at 30.48 cm (12 inches) horizontal with 20.32 cm (8
inches) vertical for the bottom 487.68 cm (16 feet) of the wall and 40.64 cm (16
inches) vertical for the top 274.32 cm (9 feet) of the wall for each face.
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The intrinsic diffusion coefficient for oxygen in the concreté_ used in these -
calculations is 2E-8 cm*2/sec was taken from the Walton et al. (1990).-

The range of oxygen found in the soil/groundwater in the Savannah River Plant
area range from 1.25E-4 to 3.125E-4 moles/Liter (4 to 10.1 ppm) with a mean and
median value of 2.41E-4 and 2.47E-4 moles/Liter (7.7 and 7.9 ppm), respectively.
The concentration of oxygen in the soil/groundwater to be used in this calculation
will be 3.13E-4 moles/Liter (10 ppm) to give a conservative estimate. Marine
(1976) notes that groundwaters to a depth of 800 feet have shown values as high
as 10 ppm depending on the concentration of sulfate (low sulfate <13 ppm allows
higher oxygen concentrataons to exist).

Rebar diameter used in the vault foundation is #7 for top and bottom each way.
The diameter used for the horizontal reinforcement of the walls is also #7, but the
vertical reinforcement is #3. The actual diameters in centimeters is yet to be

determined.

The thickness of concrete coverage over the rebar in the walls, ceiling, and floor is
5.08 cm (2 inches), not available, and 7.63 cm (3 inches) on bottom bars.

peremwx=100*(1-((vcpr sr diox vesy ogw vclic t)/(Pi drA2 corw)))
peremwn= 100*(1-((vcpr sr dion vcsy ogw vclc t)/(Pl drA2 corw)))
peremfx=100*(1-((vcpr sr diox vesy ogw vcic t)/(Pl drA2 corf)))
peremfn=100*(1-((vcpr sr dion vcsy ogw vclc t)/(Pi drA2 corf)))
peremcx=100*(1-{(vepr sr diox vcsy ogw vclc t)/(Pi drA2 corc)))
peremcn=100*(1-((vcpr sr dion vesy ogw vcle t)/(Pi drA2 corc)))

prplti = Plot[{peremwx,peremwn}, {t,tmin,tmax}, PlotStylé->{{RGBColor[1,0,0]},{RGBCol(
PlotRange->{0,100},Axes->{0,99.4},AxesLabel->{ColumnForm[{" Time","” (yrs)"}], -
ColumnForm[{" Percent" , Remaining”," (%)",” "H}] '

‘prplt2 = Plot[{peremfx,peremfn},_{t,tmln,tmax}, PlotStyle->{{RGBColor[1,0,0]},{RGBColor|
PlotRange->{85,100},Axes->{0,99.4},AxesLabel->{ColumnForm[{" Time",” (yrs)"}l,
ColumnForm[{" Percent",”"Remaining”," (%)",” "}I}]
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- Clear[diox] : _
- peremw=100*(1-((vcpr sr diox vesy ogw vclc t)/(Pi drA2 corw)))//N
diox = 10Atmp
Clear[tt] -
t = 10/tt

~ pitld3 = Plot3D [peremw , {tt, 2, 4}, {tmp, -8, -6},
Epllog->{Text[ColumnForm[["Time","(yrs)"}],{0.25,0.025}],
Text[ColumnForm[{"Diff.","Coet.",”(sq cm/s)"}],{0.93,0.15}],
Text[ColumnForm[{"%",""Rebar","Left"}],{0.03,0.65}]}, Shading->
False, Ticks->{LogScale[2,4,3],LogScale[-8,-6,2],Automatic},
PlotRange->{100,50}] ,
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TL 14
(yrs) 10 9

rebar=Table[{N[t],N[diox],peremw},{tt,2,4,0.1 },{tmp,-8,-6,0.1 0

OpenWrite["'/Projects/SR/Sept91/rebar"]
Do[Write["/Projects/SR/Sept91/rebar”,
FortranForm([rebar([i,j, 1]]],OutputForm[" ]
,FortranForm{[rebar[{i,j,2]]],OutputForm[" "] .
,FortranForm{rebar{[i,},3]]]1,{l,1,20},{},1,20}]
Close["/Projects/SR/Sept91/rebar"]

/Projects/SR/Sept91/rebar
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The following calculations are for Degradation of
Saltstone Vault due to Concrete Controlled
(CaOH) Leaching of Concrete.

Cement components will be leached from concrete in environments that are in
contact with water and have significant water percolation rates. Atkinson (1985)
and Atkinson et al. (1988) describe for stages of leaching based on modeling and
experimental results.

1) pHis approximately 13 due to presence of alkali metal oxides and hydroxides
These are the first components to be leached.

2) pHis 12.5 and Is controlled by the solid Ca(OH)2 following leaching of alkali
metals. , , '

3) pH slova' moves to 10.5 as calcium silicate hydrate gel phases begin to
dissolve
incongruently followmg loss of calcium hydroxlde Calcium:Silicon ratio drops to

0.85.

4) pH held at 10.5 by congruent dissolution of calcium silicate hydrate gel.

Leaching of calcium hydroxide tends to lower the strength of the cement.
Concrete Controlled Leaching Summary (Shrinking Core Model)

The Shrinking Core Model (Atkinson and Hearne, 1984) assumes that removal of
Ca from the exterior of the concrete is rapid relative to the movement through the
concrete (controlled by diffusion). Because the concrete is much less permeable
than the surrounding geologic materials, water tends to flow laterally around the
concrete structure. The intrinsic diffusion coeffient (Di) used in the Shrinking Core
Model is for leached portion of the concrete and is therefore higher than Di for
intact concrete. Permeablility and subsequently flow rate in the leached concrete
will also be greater than for intact concrete. This may lead to conditions such that
~ diffusion is no longer the dominant mode of transport. :

The calcium concentration of the pore water in the concrete was taken from Waiton
et al. (1990) is 2.7E-3 moles/Liter (2.7E-6 mole/cm*3).

The calcium concentration in the surface/groundwater ranges from 2.50E-6 to
- 4.82E-4 moles/Liter (0.1 to 19.3 ppm) with mean and median values of 5.74E-5

- and 2.35E-5 moles/Liter (2.3 and 0.94 ppm), respectively.
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The following information was taken from "Properties of Concrete” (3rd edition), A.
M. Neville, 1981, J. Wiley and Sons, Inc., NY, 779 p. K

APPROXIMATE COMPOSITION LIMITS OF PORTLAND CEMENT

Species % Typical %

Ca0  60-67 63

Sio2 17-25 20 | - o
A203 3-8 6 \
Fe303 0.5-6 3 -

MgO 0.1-4 15

Alkalis 0.2-1.3

'S03 13 2

MgO, TiO2, Mn203, K20 and Na20 are minor compounds and usually amount to
no more than a few percent of cament by weight. The term alkalis refers to Na20
and K20 although other alkaline metals are present.

Ichdcx = (2 dica vesy (((capw vclc)-(cagwn vcelc))/(cacsn velc)) t)A0.5

0.5 (tmp + tt)
301.216 10

Clear[dica)

t=10/tt

dica = 10Atmp

Ichdcex = (2 dica vesy (((capw vclc)-(cagwn vclc))/(cacsn vclc)) t)20.5

Plot3D [lchdcx , {tt,2 4},{tmp,-7 -5},
Epilog->{ _

: Text[CqumnForm[{“‘Tlme (yrs)“}1,{0.15,0.1}],
Text[ColumnForm[{"D (sq cm/s)"}},{0.92,0.16}],
Text{ColumnForm[{”Leach","Pene.","(cm)"}],{0.03,0. 65}]},
Shading->False ,PlctRange->All,
Ticks->{LogScale[2,4,3],LogScale[-7,-5,3],Automatic}]
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ccIéach:Table[{lchdci,N[t],N [dica]},{tt,2,4,0.1},{tmp,-7,-5,0.1}]; -

OpenWrite["/Projects/SR/Sept91/ccleach”]
Do[Write["'/Projects/SR/Sept91/ccleach”,
FortranForm{ccleach([l,j,1]]],OutputForm[" "]
,FortranForm[ccleach([i,},2]]],OutputForm[" *']
,FortranForm[ccleach([i,},3]1]1,{i,1,20},{j,1,20}]
Close["/Projects/SR/Sept91/ccleach”]

/Projects/SR/Sept91/ccleach _
The following calculations are for Degradation of

Saltstone Vault due to Geologic Controlled
Leaching of Concrete.

An alternative to the Shrinking Core Model is also given by Atkinson and Heame
(1984) to be used when diffusion into the surrounding media is controlling the
leaching. The equation describing Geology Controlled Leaching is
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' Clear[t] ,
Ichdgx = 2 phix (((capw vclic)-(cagwn vcic))/((capw vclc)+(cacsn vcic))*
(((rdx decax vcsy t)/Pi)*0.5) ,

Idgplit1 = Plot[{Ichdgx},{t,tmin,tmax},PlotRange->{0.0001,1.5},
PlotStyle->{{RGBColor{1,0,0]}},

AxesLabel->{" Time (yr)",

ColumnForm[{" Leaching”,"Penetration™,” (cm)"}]}]

Leaching
Penetration

7000 4000 6000 8000 10006™c (¥¥)

gcleach:‘l‘able[{N[Ilchdng,N[t]},{tt,2,4,0.1 0
{{0.10576, 100.}, {0.118664, 125.893}, {0.133144, 158.489},

(0.14939, 199.526}, {0.167618, 251.188}, (0.18807, 316.228},
{0.211018, 398.107}, {0.236766, 501.187}, {0.265656, 630.957),
(0.298071, 794.326), {0.334442, 1000.), {0.37525, 1258.93)
{0.421037, 1584.89}, {0.472411, 1995.26}, {0.530054, 2511.89},
(0.594731, 3162.28), (0.667299, 3981.07), (0.748721, 5011.87),

{0.840079, 6309.57}, {0.942584, 7943.28}, {1 0576 10000. ))
OpenWrite["/Pro]ecttsISR/Septm/gcleach"]
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/Projects/SR/SethUgcleach

Do[Write[""/Projects/SR/Sept91/gcleach”,

FortranForm[gcleach([i,1]]],OutputForm[" "]
,FortranForm[gcleach[[i,2]]]]
AL1,21]

Close["/Projects/SR/Sept91/gcleach”]
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/Projects/SR/Sept91/gcleach

The following calculations are for Degradation of
Saltstone Vault due to Carbonation of Concrete.

Carbonation refers to the process that forms carbonates when cement components
react with carbon dioxide. The carbonation rate depends on the moisture content
of the concrete and the relative humidity of the ambient medium. Slow diffusion in
the concrete will allow equilibrium to be reached where the diffusion of carbon
dioxide and carbonation are stopped or severly reduced. The type of cement
ultimately affects the depth of carbonation.

The long term durability of the concrete is not adversely effected by carbonation.
Carbonation does not cause general disruption or increased permeability of the
concrete matrix. Calcium carbonate formation may increase retardation through

solid solution reactions. -

Shrinkage due to carbonation is thought to occur as minerals are removed from the
areas of compressive stress and redeposited in regions of lower stress. The
strength of concrete generally increases under carbonation with the exception of
high sulfate concretes. The excess shrinkage may result in increased cracking
cracking and/or joint permeability. Carbonation forces the local pH toward neutral,
going from over 12 to abou 8, thereby removing some chemical barrier benefits of
the concrete and providing a potentially corrosive environment for steel
reinforcements if water, moisture and oxygen can penetrate.

The rate of carbonation is dependent upon water saturation or relative humidity of
the environment. As relative humidity increases from 0 to 100%, the rate of
carbonation passes through a maximum. The maximum rate of carbonation occurs
because water is required in the reaction of carbon dioxide and calcium hydroxide
to form caicium carbonate, but increasing water contents slow the diffusion rate of
carbon dioxide through the concrete.
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Summary of Shrinking Core Model for Carbonation
Carbonation can occur only as rapidly as dissolved carbonate can diffuse through
teh concrete. Transport of carbonate through the concrete can occur either as
carbonate in the aqueous phase or carbon dioxide in the vapor phase. Vapor
phase diffusion is approximately four orders of magnitude more rapid than
aqueous diffusion, therefore carbonation rates to increase as teh saturation level of
the concrete decreases - at least until the water required for the reaction becomes
in short supply. Carbonation rates have been found to peak-at 50% relative

humidity (Verbeck, 1958)

A shrinking core model for carbonation can be formulated by evaluating the
migration rate of carbon dioxide into the concrete in relation to the initial amount of
calcium hydroxide. Aqueous phase diffusion generally controls the transport of
carbon dioxide in concrete even in the vadose zone due because the concrete
tends to stay saturated due to small pore sizes relative to surrounding material.

Neville (1981) states "White cement has a slightly lower specific gravity than
ordinary Portland Cement, generally between 3.05 to 3.10 g/cm*3 (dry cement).” If
a porosity of 30% is used the density is 2.135 to 2.17 g/cm*3. The upper value will
be considered to be 3.15 g/cm*3 based on this statement. This compares
favorably with the values found in the specification document. -

The cement is specified to be 144 to 147 PCF (Ibs/ft*3) in specification document.
This equates to a density of 2.33 to 2.38 g/cm*3 for the cement. The density of
cement paste is approximately 2.35 g/cm*3. The range of calcium hydroxide is
then 2.5e-2 to 3.0e-2 moles/cm3 with a typical value of 2.75e-2 moles/cm3.

The assumption that all CaO is hydrated (Ca(OH)2) has been used in the following
calculations. This is overestimating the degree of hydration as complete hydration
seldom occurs. The range of CaO for Podand Cement ranges from 60 to 67% with

~ atypical value of 63%.

The model used in this evaluation is valid only for water saturated concrete
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dcarbn = (2 dico3 vesy ((ticgwn vcelc)/(chbex vele)) t)20.5
dcarbx = (2 dico3 vesy ((ticgwx vele)/(chben veic)) t)20.5

crbpln = Plot[{dcarbn, dcarbx} {t,tmin,tmax},PlotRange->{0, 15 0},
PlotStyle->{{RGBColor[1,0,0]},{RGBColor[0,1,0]}},

AxesLabel->{ColumnForm[{" Time",” (yrs)"}],
ColumnForm[{" Depth of" "Carbonatlon"," Attack",” (cm)”,” "N}

Depth of

Carbonation
: Attack

Clear[dico3]
dico3 = 10Atmp
t=10/tt
dcarbx = (2 dico3 vcsy ((ticgwx velc)/(chben vele)) 1)20.5

- Plot3D [dcarbx, {tt, 2,4},{tmp,-8,-5},
AxesLabel->{ColumnForm[{"Time","(yrs)")],
ColumnForm[{"D (sq cmvs)"}],
ColumnForm{[{"Depth”,"(cm)"}]},Ticks-> -
{LogScale[2,4,3],LogScale[-8,-5,4],Automatic},Shading->False,
PlotRange->All] _
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[
: o

carbo=Table[{dcarbx,N[t],N[dico3]},{tt,2,4,0.1},{tmp,-8,-5,0.1}];

OpenWrite["/Projects/SR/Sept91/carbo"]
Do[Write["/Projects/SR/Sept91/carbo”,
FortranForm{carbol[i,}, 1]]],OutputForm[" *']
,FortranForm{[carbol[i,},2]]],OutputForm[" “]
,FortranForm[carbol[fi,},3]111,{i,1,20},{},1,20}]
Close["/Projects/SR/Sept91/carbo"]
“/Projects/SR/Sept91/carbo”

/Projects/SR/Sept91/carbo
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Evolution of Technetium Speciation in Reducing Grout
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Actinide Chemistry Grdup
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wwlukens@]lbl.gov, phone: (510) 486-4305, FAX: (510) 486-5596

RECEIVED DA’fE (to be automatically inserted after your manuscript is accepted if required - '

according to the jouni:;lthat you are submitting your paper to)

ABSTRACT Cementitious waste forms (CWFs) are an important éomponent of the strategy to stabilize

| 'high-le‘vel nuclear waste resulting from plutonium production by the U.S. Department of Energy (DOE).

Technetium (*Tc) is an abundant fission product of particular cé)ncem in CWFs because of the high

solubility and mobility of Tc(VII), pértechnetaté (TcOy) the stable form of technetium in aerdbic

. _environments. CWFs can more effectively immobilize "Tc if they contain additives that reduce mobile

TcOy4 to imm6bile Tc(IV) species. The PTc leach'rate of .reducing CWFs that contain T¢(IV) is much
lower than for CWFs that contaiﬁ TcOs. Previous X-ray absorption fine structﬁre (XAFS) studies
showed that Tc(IV) species were oxidized to TcOy in reducing grout samples prepared on a laboratory
scale. Whether the oxidizer was atmospheric O, or NOs’ in the waste simulant was not determined. In
actual CWFs, rapid oxidation of Tc(IV) by NO; would be of concem, whereas oxidation by
atmospheric O, would be of less coﬁcem due to the slow diffusion and reaction of O with the (educing

CWF. To address this uncertainty, two series of reducing grouts were prepared using TcOy4” containing
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waste simulants with and Without NOs;. In the first series of samples, referred to as “permeable
samples”, the TcO4 was completely reduced using Na,S, and the samples were sealed in cuvettes made
of polystyrene, which has a relatively large O, diffusion coefficient. In these samples, all of the
technetium was initially present as a TC(IV) sulfide compound, TcS,, which was characterized by
extended X-ray absorption fine structure (EXAFS) spectroscopy. The EXAFS data is consistent with a
structure consisting of triangular clusters of Tc(IV) centers linked together through a combination of
- disulfide and sulfide bridges as in MoS3. From the EXAFS model, the‘ stoichiometry of TcSy is TcsSq0,
“and TcSy is presumably the compound generally referred to as Tc;S;. The TcS; initially present in the
permeable samples was steadily oxidiied over 4 years. In the second series of samples, called.
“impénneable samples”, the TcO4 was not completely reduced initially, and the grout samples were
'sealed in cuvettes made of poly(meﬂiyl methacrylate), which has a small O, diffusion coefficient. In the
impermeable samples, the remaining TcOy4” continued to be reduced, presumably by blast fumace. slag in
the grout, as the samples aged. When the impenheable samples were op;,ned and éxposed to

atmosphere, the lower-valent technetium species were rapidly oxidized to TcOy.

MANUSCRIPT TEXT _

Infroduction Remediation of the sites used by the U. S. Department of Energy (DOE) for plutonium
production is one of the most expénsive and complex remediation projects in the U. S."* An important
component of this effort is the use of grout based cementitious waste forms (CWFs) at the Savannah
River Site to solidify and stabilize the iow-activity waste stream and to stabilize the waste residues in
high-level tanks’>® The l_ong-tenn effectiveness of these measures to prevent the migration of
radionuclides is described by performance aésessments that depend on the leach rates of the
radionuclides.>*™® *Tc is one of the radionuclides of greatest concem for leaching from CWFs because
of the high mobility and lack of sorption of Tc(V 1), pert_echnetate (TcOy), the most stable form of .

technetium under aerobic conditions.>’



For soluble contaminants such as TcO4 6r NOj3', leach rates from CWFs can be modeled uéing an
effective diffusion coefficient, Degr = Dy/Nm, where Dm_ is the molar diffusion coefficient of the
contaminant in water and N, i1s the MacMullin number, a characteﬁstic of the porous solid that is
identical for solutes such as gases or anions that aré highly soluble and not adsorbed by the matrix.'%!!
Among potential CWFs, the effective diffusion coefficient qf nitrate, Deﬁ‘(N0-3-), yaries from 1.3x10® cm?
s 10 6.2x10° cm? s 512 The Dy values for NOy™ and TcOy” are similar since their molar diffusion
coefficients are almost identical: 1.53x10° c¢cm’ s and 1.48x10° cm?® s7, respelcﬁvely.n’“ The
leachability of technetium can be greatly decreased by reducing soluble TcOy4 to reléﬁvely'msoluble
Te(V )iby the addition of blast ﬁlma;:e slag (BFS) or other reductants to the grout. The Demoorc) values
of reducing grouts are much smaller than in ordinary CWFs, 3x10™" cm?s? to 4><_10'12 cm®s™, because
Tc(IV) has low solubility and is readily adsorbed by the grout matrix.>" Réducing conditions are used
in actﬁél CWFs to take advantage of this decréased- leachability and create a more effective waste

form %12

A previous research study showed that althoughv TcOs 'is reduced to Tc(IV) ip reducing grouts, the
degree of reducti_dn: varied with experimental conditions."”® In some cases, TcO4 was initially reduced
to Tc(IV) but was later oxidized. Two species,v NO;™ and O,, are present in large quantities in or around
CWFs and are potentially capable of oxidizing Te(IV) to TcO4. Whether NO3™ or O, is résponsible for
oxidiziﬁg Tc(IV) has a profound effect on the behavior of technetium in CWFs. If NOj™ is chiefly
res;)onsible for the oxidation, Tc(IV) would bé,oxidized throughout the entire CWF, increasing the
- leachability of *Tc¢ in the entire volume pf the waste. In this scenario, the rate of oxidation of Tc(IV) to

TcO4 would depend only on the reaction rate and the cohcéhtration of the reactants.

The scenario involving oxidation by O, is more cbmplicated. In this case, diffusion of 02 into the CWF

would result in the ermatiori of an oxidized surface region in the grout in contact with oxygenated



surface water. This surface region would have greater technetium leachability that would be similar to
that of CWFs that do not contain reducihg agents. However, thé leachabillty of technetium in the bulk
of the waste would be unchanged since it would remain Tc(IVV).‘ As shown by Smith and Walton, the
thickness of the oxidized region depends malnly upon the rate of oxygen diffusion and the reductive
capacity of the CWF.'® Using typical parameters for reducing CWFs, the thickness of the oxidized
region is small compared to the dimensions of the CWF at times comparable to the half-life of #Tc, so

oxidation by O; is of less concern than oxidation by NOj3’.

Therefore, the primary concern raised by the rapid oxidation of Tc(IV) observed in the previous study
Was the possibility lhal NO5™ rather than O, was responsible for the oxidation. Rapid oxidation of
Tc(@V) by NO;™ would mean that all of the initially reduced technetium in actual CWFs would be
qllickly oxidized back to TcOs. In this paper,vthe evolution of ®Tc¢ speciation in a series of grout
samples in containers with very different O, permeabilities and with and without NOs;™ was followed for
an extended period, using X-ray absorption fine structure (XAFS), to determine whetlxer NOs5™ or O, was

responsible for oxidizing Tc(IV) species in these grout samples.

Experimental Section

Procedures. Caution: *Tc is a Pemitter (E,,,;,;= 294 keV, Tip =2 x10° years). . All operations were
carried out in '5 radiochemical laboratory equipped for handling this isotope. Technetiunl, as
NI'P”TCO@ was obtained from Oak Ridge National Laboratory and was purified as preyiously
described.!” Where available, the standard deviation of measured and calculated values are ihcluded in

parentheses following the value and are in the same units as the last digit.

All operations were carried out in air. Water was deionized, passed through an activated carbon
'cartridge to remove organic material and then distilled. All other chemicals were used as received. The

grout samples are similar to those previously used for the study of <;°hron1ium reduction in reducing
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grout samples and are similar to Saltstone, the CWF used to immobilize low aétivity waste at the

Savannah River Site.'>!® - The dry grout componen;s‘consisfed of 46% Type F fly ash, 46% BFS, and

8% Portland cement. ‘_8 The fly ash, BFS, and Portland cement are those used by the Savannah River

Saltstone facility, and were provided by C. A. Langton. Two series of grout samples were prepared and
-3 19

were assumed to have a density of 1.7 g cm™."” The cuvettes were standard semi-micro cuvettes with

interior dimensions of 1.0 x 0.4 x 4.5 cm.

The first series of samples was prepared using waste simulants with and without No;' a.ndANO{ as
shown in Table 1. To the waste simulant was added TcO4 (0.0é mmol, 0.1 mL, 0.2 M NH4TcO,),
which was then reduced with Na,S. (O..29 mmol, 0.1 mL, 2.9 M) in 1 M LiOH forming a very dafk
solution with a black precipitate. The dry grout components were added forming a slurry that was
placed in a polystyrene (PS) cuvette, which was capped and closed with vinyl tape then sealed inside
two 0.05 mm polyeﬂlylena (PE) bags. This first series of samples will be referred to as “permeable
samples” since O, has a high diffusion coefficient of 2.3x10” cm® s in PS***! The final composition

of the waste solution after addition of the TcO4 and NazvS solutions is listed in Table 1.

The secoﬁd series of §amples was prepared analogously to the first. To the Waste simulant was added
TcOy (0.012 mmol, 0.30 mL, 0.93§ M NaTcO,) and Na,$ (0.05 mmol, 0.065 mL, 0.8 M) in 1 M LiOH
(same solution as above, which had oxidized from air exposure), forming a dark solution with a blaak
precipitate. The.dry grout components were added, forming a slurry that was placed in a poly-(ﬁleﬂlyl
methacrylate) (PMMA) cuvette that was sealed with a plug of epoxy and further sealed inside two 0.1
‘mm (PE) bags. This second series of samples will be reférred to as “impermeable samples” since O,
has a very low diffusioﬁ coefficient of 2.3x10? cm? s™ in PMMA .2 The final compgsition of the waste
solution after addition of the TcO4 and Na,$ solutions is also listed in Table 1. Samples A and C were

opened after 26 months ar_ld placed in loosely capped jars that were fully opened weekly. The grout
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samples removed from the cuvettes and used for XAFS studies measured. 1.0 x 0.4 x ~1.0 cm, and

retained the flat surfaces of the cuvette. Sample B remained sealed.

Table 1: Composition of cement samples

Tc  Solution . . s Dry grout
Sample (mg) (mL) Final Solution Composition mixture
- )]
Permeable Samples
, 1.85 M NaNO3, 1.07 M NaOH, 0.57 M NaNO,,
1 2 15 _ 0.23 M NaAl(OH),, 0.16 M Na,COs,
0.14 M NagSO4, 0.02 M NaCl, 0.02 M Na;C;04, 3
0.008 M Na3POq, 0.13 M Na,S
2 2 15 As Sample 1, but no NaNO;, NaNO; 3
3. 2 095 As Sample 1, but 0.05 M Na;PO, 15
4 2 0.95 As Sample 2, but 0.05 M Na;PO, , 15
Impermeable Samples

A 12 066 ~ 2MNaOH, 2MNaCl 1.0
B 12 - 0.66 2 M NaOH, 2 M NaNOj3 o 10

C 12 0.66 - 2MNaOH, 2 M NaNO, .10

- The ;educﬁve capacity of the BFS was determined using a slightly modiﬁed version of the Angus and
Glasser method.” The BFS (~0.5 g) was slurried in 5-10 mL of water to which was added 25.0 mL of
0.059 M (NH.)Ce(SO4)¢+2H,0 in 2 M sulfuric acid. After 1 hour, the solution was itrated with freshly
prepared 0.050 M (N}I4)2Fé(SO4)2'6H20 in 0.75 M sulfuric acid. The end point was determined using
0.25 mL of 0.025 M Fe(Il) tris-(1,10-phenanthroline) complex.?*® The reductive capacity of the BFS |
sample was 0.85(1) meq g as determined from the difference in the volume of Fe(II) solution needed

to titrate 25.0 mL of the Ce(IV) solution alone and with the BFS. Analysis of the sulfide content of
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Na;S in 1 M LiOH, which was used to reduce the TcO4 in the grout samples, was performed
analogously by comparison with a sample of freshly recrystallized Na,S*9H,0. Determination of the
reductive capacity of BFS using Cr(VI) as the oxidizer has also been reported and gives much smaller

- values than the Angus and Glasser method.”

XAFS spectra were acquired at the Stanford Synchrotron Radiation Laboratory (SSRL) at Beamline 4-1
using a Si(220) double crystal monochromator detuned 50% to reduce the higher order harmonic
contént of the beam. All **Tc samples were triply contained. X-ray absorption spectra were obtained in
fluorescence yield mode using a multi-pixel Ge-detector system.”® In all cases, the grout samples were
oriented at 45° relative to both the photon beam and the fluorescence détector. The cuvettes were
positioned horizontally as illustrated in Figure 1 Thé spectra were energy caiibrated using the first
inflection point of the Tc K-edge spectrum of TcO4 adsorbed on Reillex-HPQ™ anion exchange resin

defined as 21044 eV.

X-ray beam from Fluorescent photons
synchrotron \ / to detector
‘ 10 mm - —r
: : { 4mm

Figure 1: Geometry of a grout sample in semi-micro cuvette used in XAFS experiments.

| Extended X-ray absorption fine structure (EXAFS) data z‘malysis‘ was performed by sﬁndmd
procedures” using the programs ifeffit”® and Athena/Artemis;” theoretical EXAFS phases and
afnplifudes were calculated using FEFF7°°. All fitting was performed in R-space (R range: 1t04.5 A; k
range: 2 to 13.3 A™; 27 independent pointé“) on k* weighted data. Kaiser-Bessel windows were applied
to both the R-space and k-space data, with widths of 0.1 Aand 1 A", respectively. The EXAFS data for

these samples were analyzed with three different models. Model one had only two shells of
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neighboring atoms: ~7 S neighbors at 2.38 A and ~2 Tc neighbor§ at 2.77 A.* Model two had _aﬁ
additional shell of 6-11 S neighbors with a lafge statié disorder at 4.5 A. Model three was similar to the
second model with an additional Tc neighbor at either 3.8 A (~1/3 occupancy) or 4.3 A -2/3
‘ occupan;:y). The m;)del chosen as most appropriate.was the one whose fit gave the lowest reduced chi-
squared, xz/v, where v is the number of degrees of freedom of the fit; 20, 17, and 13 for models one,
| two, and three, respectively. For samples 2, 3, and 4, the best model was model three, and for sample 1,
model two was slightly better than model three. In addition, all four data sets were fit simultaneously to
a single set ;)f parameters for a given model. In this case, the numbers of degrees of fréedom were 101,

98, and 94 for models one, two, and three, respectively, and model three gave the best fit.

The X-ray absorption near edge structure (XANES) spectra of the Samples were‘ﬁt using a linear
combination the XANES spectra of TcS,, TcQ4', and TcOz-ngo as standards, and only the energy
calibration of the samples were allowed to vary. This procedure required the careful energy calibration
of the XANES spectra of the standards. The fitting was doné using the code “fites” develc;ped by C. H.
Booth.*> The fit used 4 pmﬁnﬂem (émplitudes of each standard and the energy shift of the sample
spectrum), and the XANES spectra had 19 independent data points (150 eV spectra with 8 eV spectral

resolution due to a combination of core hole lifetime and instrumental resolution). .

The X-fay absorption coefficients for Sample A were détermined using Eq 1 where p is the sample
density (1.7 g cm®), w; is the wt. % of element i in the sample, and py is the absorption coefficient of
element i (in cm® g).**** The elemental composition of sample A was determined from the fraction of
waste solution, BFS, fly ash, and Portland cement used to prepare the sample, and thé elementai
compositions of BFS, fly ash, and Portland cemént reported by Seme, et al. were used.5 The X-ray
absorption coefﬁciénts of .sample‘ A at the incident and fluorescent photon energifes, Mot (E) and Meot(Ex),

are 5.2 cm” and 7.5 cm’’, respectively.
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Results and Discussion

EXAFS studies of initial technetiun; speciation. A bprerequisit.e for investigating the long-term
behavior of technetium in grout is identifying which technetium species are present. While it is obvious
that TcO4” will be present under oxidizing conditions,> the species present under reducing conditions
are less obvious. The hydrous Tc(IV) ‘oxide, TcO,22H,0, results from the reduction of TcO,4 in the
absence of othe; ligands both in solution and in grout samples.”>*® In addition, sulfide, either BFS or
added to the grout as Na,S, r_educes TcO4" to a lower-valent technetium sulfide species thought to be
similar to TcS,."> Interestingly, the reaction of sulfide with TcOy4 in alkaline solution is a known route
to Tc,S7,>7 which is generally believed to be the technetium species present in reducing CWFs.'5
While these results appear to be contradictory, the inconsistency is largely due to the Tc(V II) oxidation
state implied by the stoichiometry of Tc,S7. If TczS7 is not actually a Tc(v II) sulfide wrﬁplex but a

lower-valent disulfide complex,‘no contradiction exists between these previous studies. Although Tc,S,

“is generally assumed to be a Tc(VII) compound, this assumption has never been examined.'*

To identify the technetium sulfide species preseht in reducing grouts, the Tc K-edge EXAFS spectra of
the permeable samples were examined shortly after they were prepa_red Only these samples contained a
single techne‘ti‘um species. All other samples, including these samples at later times, contaiiied more
than one species. The permeable samples initially had idenﬁcal Tc K-edge EXAFS spectra, as shown in
Figure 2. The parameters derived by fitting the spectra are listed in Table 2. Therefore, in addition to
coh'taining only one technetium species, all of these samples contain the same technetium species,

which will be referred to as TcS,.



Table 2: Initial technetium coordination environment in the permeable samples®

Scattering ' - Sample ‘
Atom 1b 2 3 4 . Alldat®
NG 7.3(5) 7.6(6) 7.05) . 7.4(6) 7.4(2)
S RAY  23795)  2376(6)  2381(5) . 23805  2378(2)

o’(AHf 0.0111(7) 0.0118(9) 0.0113(7) 0.0121(8) 0.0117(3)

N4 1.9(4) 1.8(5) - 1.6(4) 1.7(4) 1.8(2)

Tc R(A) 2.771(4) 2.771(5) 2.779(5) 2.776(5) 2.774(2)

o’ (A 0.007(1) 0.007(1) 0.007(1) 0.007(1) 0.0071(5)

| N¢ 0.3 0.4% 03¢ . 038 - 0.48
Te R(Ay 3.80(4) = 3.8303) 3.83(3) 3.86(3) 3.84(1)
oA (AHf 0.0078 0.0058 0.004® 0.004° 0.006°

N¢ - 0.7(2) 0.6(2) 0.7(2) 0.7(1) 0.6(1)

Te RAAY  43003) 4282) 4290 4303) . 43001
SH(AYf 0.006(2) 0.005(2) 0.004(1) . 0.004(2) 0.006(1)

N 11(11) . | 6(6) 6(6) 6(5) 5(2)

S R(Ay 4483) ©  4.47(3) 448(3)  4.4903) 4.47(1)
X (AYHf 0.02(1) 0.02(1) 0.01(1) 10.01(1) - 0.012(4)

AE, 0.4(7) 0.8(8) - 0.6(7) 058)  0.703)

R" ~0.078 0.096 0.082 0.085 0.102

b)

o)
d)
€)

g
h)

- The number in parentheses is the standard deviation of the parameter obtained by fitting the

EXAFS data. In comparison to crystallographic data, N differs by up to 25%, and in R by 0.5%.

- The best model for the EXAFS spectrum of sample 1 did not include the Tc shells at 3.82 and

4.31 A, but this model is included for comparison with the other samples.

All data fit simultaneously using a single set of parameters.

N: number of neighboring atoms.

R: distance from the scattering atom to the technetium center.

o”: Debye-Waller parameter, the amount of disorder in the distance to the neighboring atoms.
Parameter determined from the corresponding parameter in the following shell.

/2
Rfactor = E.(y;(data) -y, (60)*/Z(y,(data))?)
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Figure 2: Tc K-edge EXAFS spectra (left) and their Fourier transforms (right) of the technetium species
initially present in grout samples prepared by reducing the TcOs with excess sodium sulfide. Data is
shown as dots and the fits are shown as lines (Fit range: k=210133 AL, R=11t045 A). Sample

numbers are indicated next to the traces.

The coordination environrﬁent of TcSyx caI'1 be described by considering the first two and last three
coordination shells separately. The first two coordinatipn shells, which comprise the largest features in
-the Fourier transforms, consist of. ~7 sulfur neighbors at 2.37 A and 2 techne.tium' nearest neighbors at
2.77 A. These distances and coordinaﬁon‘ numbers are similar to those of the molybdenum sulfide
complex, Mo3(p3-S)(Sz)62', shown in Figure 3, in which elach molybdenum center has 7 sulfur and 2
molybdenum neighbors at 2.44 and 2.72 A, respectively.*® Thé Mos(1*-S)(u-S2)s core of this complex,
without the triply bridging sulfide, forms the building block of the MoS; structure,® which has an
EXAFS spectrhm similar to that of TcS;.***! The nearest neighbox: environments in both compoimds.
are analogéus; in MoS3, each molybdenum center has ~6 sulfur neighbors at 2.44 A and 2 molybdenuml
“neighbors at 2.75 A. The similarities of the distances and coordination numbers of the first two
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coordination shells .of MoSs3, M03S(s2)62' and TcSy stroﬂgly suggest that the TcS structure contains the
same triangular‘core, Tes(p-s-S)(p.-Szkss as shown in Figure 3. Furthermore, the 2.77 A Tc-Tc distance
is typical for such a triangular complex cemposed of seven-coordinate metal centers; analogous
- triangular co'mplvexes with six-coordinate metal centers have substantially shorter | metal-metal

distances.*

- §3
Moz (3-S)(Sp)e> Te(13-8)(S;)3S6 core Te3S2(S2)4 ("TeSy")

Figure 3: Structures of Mos(u*-S)(S2)s>, the proposed su'ueture of the analogous Tc3(u*-S)(S,):S¢ core

that forms the building block of TcS,, and the proposed structure of TcS; (only a portion of the

extended structure is illustrated). Metal atoms are illustrated by solid circles, sulfur atoms are depicted

by open circles.

The last three coordination shells giv'e rise to the small featﬁres at higher R in the Fourier Transform. -
ﬂ The uncertainty in the assignments of these last shells is much greater than for the first two shells except
for the additional sulfur atoms at 4.5 A, which much be present in the Tea(p® —S)(Sz)386 core. In addition
o the additional sulfur atoms, each technetium has a next-nearest technetium neighbor at either 3.8 A
(~1/3 of the technetium centers) or43 A (é2l3 of the techneﬁum ceﬁters). The two different Tc-Tc
distances suggest that different ligands bridge the technetium centefs. Since the presence of 7 first shell
sulfur neighbors requires that each technetjum center has two sulfur atoms capable of bridging adjacent
technetium ceriters; possible identities of the bridging ligahds are two bridging sulfide (or hydrosulfide)

ligands or an edge-bound disulfide similar to the bridging disulfide of the Tes(-S)(p-S2)s cluster
12



* without the Tc-Tc bond. The Tc-Tc distance of two technetium centers symmetrically bridged by an
edge-bound disulfide ligand would belclose t04.3 A.. Ina similar copper complex,* two Cu centers are
separafed by 4.03 A, but the T¢-S bonds in TcSx ‘aré 0.1 A lonégr than the Cu-S bonds. Moreover, the
S-S distanbe of the disulfide bridge, determined from the Tc-Tc and Tc-S distances, inust be 2.0 A,

3843

typical for a bridging disulfide. For these reasons, the 4.3 A Tc-Tc distance is assigned to two Tc

centers symmetrically bridged by a disulfide ligand.

The 3.8 A Tc-Tc distance could be due to either two bﬁdginé sulfide or hydrosulfide ligands. If the Tc
and S atoms are coplanar, the Tc-Tc and Tc-S distances produce a Tc-S-Tc angle of 109°. Although
few families of complexes exist m which the parameters for bridging sulﬁde and hydrosulfide ligands
can be compared directly, a M—‘S-M. angle of 109° is more typical of a bridging sulfide than of a
~ hydrosulfide, which generally have M-(SH)-M angles of ~100°.*"* For this reason, the 3.8 A Tc-Tc
distance is assigned to two Tc centers Syrmnetn'c@ally bridged by two sulfide ligénd_s. 'OVgrall, the
EXAFS data is consistent with a TcS; structure composed of triangular Tcs(13-S)(u-S2)s clusters linked

by either bridging disulfide or by two bridging sulfide ligands as shown in Figure 3.

Although the assignment# of the last two technetium .scatten'ng shells in the EXAFS spectrum of> TcSyx is
much less certain‘ than the assignments of the other three shells, the resulting model provides the best fit
to the data as judged by the reduced x> value. In addiﬁon,' the resulting bond distances can be
interpreted in a chemically meaningful and reasonable manner. Fof these' reasons, the model that best

describes the EXAFS spectrum of TcS, is the one given in Table 2 and shown in Figure 3. ,

The structure of TcSx has a stoichiometry of Tc3Sx(S2)s or TciSye, which is almost identical to the
stoichiometry of TcS;» determined for “Tc,S;” prepared under similar conditions.’” Since the

conditions used to.prepare grout samples are analogous to those used to prepare Tc,S7, it seems likely

13



that TcSx and Tc,S7 are the same compound. However, the technetium centers in TcSx are clearly not
~ heptavalent. From the EXAFS model, TcSx would be a Tc(IV) compound, whlch is copsistent with its
ATc-K edge absorption energy, 6.5 eV'below that of TcO4. For comparison, the energies of the Tc;K
edges of Tc(IV) complexes with oxygen coordination shells occur at ~5.5 eV below that of TcOy""
Consequently, the technetium sulfide species present in reducing containing grouts, TcS,, appears to be
Tc,S7 as previously suggested;'®*” however, the technetium centers in TcSx are‘most likely tetravalent

in agreement with the previous XAFS study."

Evolution of technetium speciation determined by XANES spectroscopy. The speciation of
technetium in the grout samples was determined‘by least squaf&s fitting of the XANES spectra using the
XANES spectra of TcO,*2H;0, TcO4', and TcSx as components. This method is analogous to those -
) previously described by Ressler et al. and( Panak et al., which have been shown to yield quantitative
speciation information assuming. that appropriate, correctly calibrated standards are employed.*™*® The
results for the evolution of technetium speciation in the permeable and impermeable sainples is

addressed separately.

Pemeablé samples. .As described in the previous section, the technetium speciation of all the
permeable samples was initially identical since all samples contained only TcSy. ,v Ho“;ever, as the
samples aged, their XANES spectra changed as shown in Figure 4, which also shows the deconvolution -
of the XANES spéctrum of a 45-month?qld sample. The mole fraction of TcO4 in these samples is
shown in Figure 5 as a function of the age of the sample. The scatter of the data shown m Figure 5 is
much greater than the standard deviation of the measurement and will be discussed below.
Unfortunately, tlﬁs large degree of bscatter results in a correspondingly large uncertainty in the rate of
éxidaﬁorll of T¢(IV) in these samples. However, Figure 5 shows that NO;™ does not play a major rolé in
the oxidation of Tc(IV) in these samples since the degree of oxidation of all samples is approximately

equivélent despite the fact that samples 2 and 4 do not contain NOs™.
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samples.

Permeable samples. In con‘trast. to the penhe'ablé samples, ~20% of the TcO4 in the impermeable
samples was not reduced to Tc(IV) at the beginning of the experiment. However, as the samples aged,
the amount of TcO4 decreased, as shown in Figure 6, presumably from its reaction with the BFS in the

grout."”” The large increase in the amount of TcO4™ observed in samples A and C at 26 months is due to
exposure of these samples to atmosphere; sample B remained sealed. Based on the assumption that the
fracﬁon of TcOy4 in these samples is the same at 26 months as when it was previously determined at 18
months, the fraction of TcO4 present in Sampies A and C increased by 34% and 46%, respectively,

during the 4 months that they were exposed to air. In comparison to the permeable samples, less scatter

i present in the fraction of TcO4 in these samples and the fraction of TcO4 varies littie among the

samples until samples A and C were exposed to air. As in the permeable samples, the presence of NO3

has no observable effect on the speciation of technetium.
16
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“as a function of age. Arrow indicates that samples A and C were opened at 26 months (the fraction
TcO4 at that point is assumed td be the same as previously determined at 18 months). (lower)

Evolution of technetium speciation in sample B, which remained sealed throughout the experiment.

. Discussion

Thé data from both series of samples show that TcS, in grout is vu'nstable towards oxidation. As noted

previously, both NO;™ and O, _could oxidize the lower-valent technetium species present in these
samples. Since the presence of NO;™ had no significant effect on the rate of oxidation of technetium in
these samples, atmospheric Oz is the likely oxidizing agent. In addition, oxidation by O rather than by

N03’ helps explain the scatter in the speciation data observed in the permeable samples.

17



The scatter in the data in Figure 5 is believed to result ﬁom a variation in the amount of O, diffusing
into the s&nplm, which produces different amounts of oxidized TcS, in different areas of the samples.
Since the regions probed by the X-ray beam were chosen arbitrarily, such spatiai inhomogeneity of the
Tc speciation woﬁld result iﬁ the sort of scatter observed in Figure 5. Although the O, diffusipn into the -
samples was originally thought to result from air leaking through the caps of the PS cuvettes, XANES '
spectra obtained at intervals from the top of the samples to the bottom éhow that this‘ is not the case;

_instead, the téchnetium speciation varies somewhat along the length of the cuvette (Figure 7).
Interestingly, ’02' is diﬁ’usiﬁg into the impermeable samples through the ~1 ¢cm thick epoxy plug, but not
through the ~2 mm thick PMMA cuvette, as indicated by the presence of TcO4 at the top of the cuvette
(Figure‘ 7). In the case of the petmeéble saﬁ_xples, the §ariaﬁon in the rafe of O, diffusion is believed to
be gaused by the ridged walls of the cuvette through which the XAFS spectra were obtained since 03
would diffuse more quickly through the thinner areas between the ridges.
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Figure 7: Technetium speciation as a function of position within permeable sample 1 (circles) and

impermeable sample B (triangles). Age of sample 1, 73 months; sample B, 59 months.

The premise that .02 is the actual oxidizer is strongly supported by the results from the impermeable

18



samples shown in Figure 6. Although ~20% of the TcOj4 in these samples was not ‘reduced to TcSy, the
amount of TcO4 in these samples declined at later times, presumably due to reduction by BFS.
Furthermore, the techneﬁum speciation in the impermeable séxnples is relatively homogeneous (except
near the top). Although the technetium speciation evolved and the portions of the samples probed by
XANES were arbitrarily chosen, little scatter exists in the technetium speqiation among the different
samples. Since, atmospheric O, cannot readily diffuse into these samples, technetium speciation should
not vary with position. However, the most dramatic evidence fO[-Oz oxidation is the 40% increase in
the amount of TcO4 observed in the initially sealed impefmeable samples after 4 months exposure to

atmosphere.

One unexpected result is the appearance of TcO2H,0 in the permeable samples as they aged.
Formation of TcO,*2H,0 cannot result from the hydrolysis of TcS, since it is stable to hydrolysis under
. the conditioné present in the grout samples. Rather, the obsewaﬁon of TcO,*2H,0 irhplies that the
oxidation of TcS, proceeds by initial oxidation to TcO2*2H;0, which is then oxidized to TcO4" as shown
in Eqgs 2 and 3. 'I"his_hypothesis is also supported by the evolution of the technetium speciation shown
| in the lower panel of Figure 5. Initial oxidation of TcSy to TcO,*2H,0 is consistent with the potentials
for the reduction of SO, to $* (-0.67 V) and of Tc04' to TcOz-ZHzO (-0.28 V) a_t pH 13. Although the
detailed mechanism is certainly more complex than this simple picture, the obsgrvation of TcO*2H,0

in the permeable samples is consistent with the premise that oxidation of TcSy to TcO4 proceeds with

TcO,+2H,0 as an intermediate.
TcsSyo + 18 02 + 20HO — 3 TcO*2H,0 + 10S04” + 4 H,0 2)
4TcO#2H;0 + 4HO + 30, - 4TcOy + 10 H0 G)
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The oxidation of the impermeable samples that have been removed from their 'cuvettes should occur at
all of surfaces of the grout sample as illustrated in Figure 8. Consequently, the XAFS experiment
examines a layer of oxidize(_i grout on the surface of a sample consisting mainly of reduced grout, based
on the reasonable assmﬁpﬁon that oxidation of reducing grout proceeds by the shn'nking core
mechanism as proposed by Smith and Walton.'® The thickness of the oxidized region formed in the
initiélly sealed ‘samples after exposure to atmosphere can be determined from the fraction of technetium
the_t is oxidized using the formula for the fluorescence yield from a sample of a given thickness.*>”® For
a Smnble of thickness d, the ﬂuorescence yield is given by Eq 4, where A is the area of the detector, r is
the distance from the sample to the detector, er. is the ﬂuorescence yield from the technetium K-shell,
pr is the technetium absorption coefficient at the incident photon energy, po(E) and p.(Er) are the
total absorption coefficients of the sample at the incident and ﬂuorescent photon ener_gies, and 0, ¢, and
d are vdeﬁned in Figure 8. Since the totai fluorescence yield for a thick sample is given by Eq 5, the

contribution of a surface layef of thickness, d, to the total fluorescence signal is given by Eq 6, where Iy |
is the fluorescence from a surface layer of thickness, d, and I, is the total fluorescence from the sample.
For the impermeable sami)lesexposed to air, the average increase in pertechnetate content of 40 %, or
14/1,=0.4 in Eq 5, corresponds to a 0.28 mm thick oxidized layer, using u(E) and o (Er) calculated
for sample A. Because 99% of the ﬂuorescence from this sample comes from the upper 2.6 mm of the 4
mm thick sample, the sample can be ccnsidered thick and the contribution to the fluorescence of the

oxidized layer on the opposite side of the sample can be ignored.

14 /1o(E) %an bre(E) g {1 -ex;{{”;’; (f) + “‘;’;n(];f))d]} @)
T (B + kot B) =g | '
. oy /To(E) o %ﬁrc r1c(E) oy )
: “tot(E)'*'utot(Ef);l;{é
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ld_= _ “tot(E) ptot(Ef) .
Lot : ex‘{{ sing *sind )dJ (6)

from synchrotron to detector

~ IQ mm
Figure 8: Hlustration of the XAFS experiment on an initially sealed, impermeable sample that has been
exposed to air. The oxidized layer of thickness d is illustrated by the lighter colored region and is on the

surface of the darker colored reducing grout.

' The thickness of the oxidized layer calé_ul_ated from the fraction of TcOy4™ present in the sample can be
compared with the thickness of the oxi‘dized region determined analogously using the shrinking core
rﬁodei of Smith and Walton.'® The difference between the model employed here and the Smith and
Walton model is that here the effective diffusion coefficient 6f oxygen, Demo2), is determined from the
MacMullin number and the diffusion coefficient of oxygen in wa;er: Detro2) = Dm02/Nm as described
earlier. The rate of growth of the oxidized layer of thickness d is given by Eq 7 where t is time (in
seéonds), C024is the coricentxation of oxygen in wéter at the surface of the grout (3.7){10’7 mol cm®),
Duo2) is the diffusion coefficient of oxygen in water (2.0x10° cm’s™), and C,4 is the concentration of
reducing equivélents in the CWF in moles of electrons (3.7x10™* mol cm™ for a CWF with a density of

1.7 g cm™ composed of 27% BFS with a measured reducing capacity of 0.81 meq g, all other grout

2]



components ';u'e assumed to have a negligible reducing capacity).‘ Using Eq 7, the thickness of the
oxidized region determined from the XANES experiment, 0.28 mm, in grout sampléé exposed to air for
120 days corresponds to a Ny, of 1.6x10? or a Degrnos.) of 9.5x10° cm® s, which is within the range of
Desrvos.) reported for CWFs. The thickness of the oxidized layer determined from the XANES
experiment is consistent with the thickness of thé oxidized layer anticipé.ted from the shrinking core

model of Smith and Walton.

{8C D, v
d= ;’Iz c (0,) . (7)
m ~red

The effect of oxidation by O, on an actual waste form, Saltstone, also can be examined ﬁsing this model
to illustrate the difference between oxidation of redﬁced technetium species by O; and NO;.- In
comparison to sample A, Saltstone has smaller D,ﬂmo}),‘rangir.lg from 1.3x10° cm? s to 5x10° cm®s™
! but a similar Crq since Saltstone is prépared from the same BFS in sihﬁlar proportions to tho;e used
to.prepare Sample A. Using a Deos.) of 5x10° cm? 5™, ‘the thickness of the oxidized region would be
17 cm after one *Tc half-life (213,000 yr), and after ten half-lives, the oxidiz;d region would be 53 cm
thick.  For comparison, the dimensions of a Savannah River Saltstone monolith are 30.5 m x 30.5 m x
7.5 m.” Therefore, approximately 6% of the technetium in the waste form would be oxidized after one
%T¢ half-life, and approximately 20% would be oxidized after ten half-lives based on the assumption
that oxidation occurs at all sides of the Saltstone cell. This simple estimate ignormv the presence of
concrete vault surrounding the Saltstone and the layer of reducing grout without technetium at the top of
the Saltstone vault, both of which would decrease -tl'ie rate of *°Tc leaching. Cracking and flow of
surface water through the CWF could greatly increase the rate of oxidation and the leaching of TcO4 by
effectively decreasing the size of the Saltstone cell to the intercrack spacing,”® so this discussion is
inténded only to illusﬁaté the diﬁ'g;ence between 6xidation t?y O,, which produces an oxidized surface

region with an increased Demoore,, and oxidation by NOj, which would result in an increased
_ o ' 22



Der991c) throughout the entire volume of the waste. The results in this study mdlcate that the ox1dat10n
of Tc(IV) species in these grout samples is due solely to 02 and that NO;™ has no observable effect on
the speciation of technetium in these samples. While these results do not show that NOs™ is unreactive

towards Tc(IV) in reducing grouts, this reaction occurs too slowly to be observed in this study.
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BRIEF The speciation of technetium in reducing grout samples was examined using X-ray absorption

fine structure spectroscopy; the reduced technetium species were oxidized by atmospheric oxygen.
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THY ROLE OF OXYGEN (NFFUSION IN THE RELEASE OF TE.CHNETIUM FROM
REDUCING CFEMENTITIONUR WANTE FORMS

ROBERT W SMITH® AND JONN C. WALTON®®

*Lhabw Natwead Fngimcenag Labursory. PO Boe 1828, ik IDIMIS

*>Ceatre fos Neclew Wi Rrgulaiony Amalywes, Soufirecst Rocarch lat ause. 6320 Cakites
Road, Sas Amtonéo, TX 79023

ABSTRACT

Cementifions maserials peovide an sdcal grochemical environment (2. , hogh pH pore fluids
20 lorge warface vexs for sorpton) for snmobilizeg swcicar wade. The miwivs of seducing
wuﬁn&nmmmﬁ)mwmwuqdwwhk
phaen. Thesmodyaasec cabculatsons wisag te MINTTQ poocicnical compuars cde dncaic
hx ehemratal sulter proseat 1 BES reacts with the lghly mobile pestechactaic asioe (TcO, +
aniom tn form an imsoluble technetiom sulfide phase (T¢,S5,)- Initially, the wast: form veey
clfectively immobilizes sochinelius, Tkivwever. as oaygen dMfuses into the wasee farm. an vulur
zvne of oxidized concrete and o ERATEE Corclof nedued antact comcrete develoge. Onidation of
sulfar in the outer tonc reswlts 18 wcrcacyd techaetium coscontzations i the poee fluid becaase
T<: S, Cuniiacs w0 the mobile o), amion. The ToO), anion cas then dffen from the wasic ke
into the cavimament

A mashraatcal modcd that accounts for diffenon of axy e 0 conceetr couplcd with
oxadataon of seifur and salfide (o selfatc has been developod. This moded ssaumencs the eximtence
of an oakdised outer laver of cuncyvie survounding 8 shnnking corc of reduciag istact cuncrote
A sharp houndary between the two 2omes moves slowly wwad resalting in osdation of Te,S,,.,
and subseuent sclease of Tet),' via agueous diffusion in the concrete pose Auids. The madel
indicates that this mechancm sewles in 3 ioear depradanoe of relesse weth e sygare roaf of Sne
siovlar o pure diffosion e akston, the sclcase of wohaetum & wolased 10 the taverve of e
square root of Sie concoaration of RFS. mécating hat pesturmance will ugmefo antly imareaset
with the adbitrvn of approsimrely 20 poroess KIS 10 the ormness seis

INTRODUCTION
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D.1 INTRODUCTION

One of the most important input parameters to the flow modcls used to simulate

~ transport of contaminants from the Saltstone Production and Disposal Facility (Z-Area)

vaults to the nearest point of compliance is the determination of a repraentanve
pollutant source term. The most representanve source term for this purpose is the
resultant concentration of pollutants in the pore fluid within the saltstone grout matrix
following the geochemical interactions that occur after the wastewater feed solution and
the cementitious materials (cement, slag, and fly-ash) are mixed together. The predom-
inant transport pathway from the saltstone to the nearest point of compliance is
downward migration via fluids which have passed through the waste form and concrete
vaults and through the vadose zone into the saturated zone. The most representative
source term for this transport pathway is the concentration of pollutants in the interstitial
fluids within the vadose zone immediately surrounding the saltstone vaults, This latter
source term estimate is based on the geochemical interactions that occur between the
saltstone pore fluid and the soil (sediments) immediately surrounding the Z-Area vaults.

This appeﬁdix provides an eﬂimaté of selected pollutant' concentrations in the
saltstone pore fluid obtained by using the MINTEQ computer code. Pollutant concen-
tration in interstitial fluids within the vadose zoae are also estimated using the MINTEQ
code. ,

~ The MINTEQ code was selected for this geochemical evaluation because it is well
documented and generally accepted within the technical community. The MINTEQ code
was installed and tested on computers at both EG&G Idaho, Inc. and Westinghouse
Hanford Company. EG&G Idaho, Inc. studied the evolution of the pollutant contam-
ination within the saltstone pore fluid while Westinghouse Hanford Company studied the
pollutant contamination within the interstitial fluids in the vadose zone. The same
thermodymaxmc properties of chemical compounds and mineral species, published salt-
stone properties, and sediment composition at the Savannah River Slte were used as the
data base for calculations conducted by both contractors.

Kaolinite, quartz, and iron compounds were assumed to be the major consntuents
in the sedunents surrounding the Z-Area vaults with wlnch ‘the saltstone pore fluid will
react.

The pollutants selected for the initial source term evaluation are technetium-99,
tritium, and nitrate ion. There are other pollutants of interest present in the feed
solution which are candidates for future evaluation. These are lodme-129 tin-126,
selenium-79, americium-241, and carbon-14
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D.12 Background

The large concentration of dissolved solids in the feed solution (>300,000 mg/L) are
beyond solution concentrations normally used when the MINTEQ code is used to
calculate appropriate activity coefficients and solubilities. Initial test runs were made to
evaluateth;csensitivityofﬂmmTEQoodetdthmhighooncentraﬁonL The code
was used to calkulate appropriate activity coefficients and solubilities of the pore fluid
- in the saltstone grout matrix at the time the feed solution and the dry additives were

mixed. Results from the test runs showed that the MINTEQ code could be used with

reliability to determine the composition of pore fluids. Further, that activity coefficients

" and solubility data are not as sensitive as previously thoug,ht to the high concentrations
of dissolved solids.

Movement of pore fluids through the saltstone matrix is controlled by advection and
diffusion. Leaching occurs both at the outermost surface of the saltstone matrix and
" along the surface of cracks and fractures within the saltstone matrix. The data indicate

that the most significant leach rates will occur along the cracks and fractures in the
saltstone where the influx of water has the shortest residence time. .

D2 SUMMARY AND CONCLUSION

The nominal concentration of technetium-99 in the waste form is projected to be
25,000 pCi/g. Upon mixing with the cementitious materials a significant portion of the
technetium is partitioned between the solid matrix (40,700 pCi/g) and the pore fluid
(463 pCi/mL). An estimated Kd of 880 mL/g was calculated for technetium in the
saltstone. The reaction of pore fluids with the sediments did not influence the
technetium concentration.

Results show that elcmental sulfur present in blast furnace slag will react to form
sulfide species during the hydration of the saltstone. the sulfide is available to react with
technetium to form insoluble technetium sulfide (Tc,S;) which significantly reduces the
technetium concentrations in the pore fluid from 46,300 pCi/L to 2.4 x 10® pCi/L. For
each 10 fold increase of HS® in the pore fluid the technetium concentration decreases
byafactoru:fB,zoo. Results also show that a decrease of 1 umtmpHresultsman
decrease in technetmm in the pore fluid by a factor of 32,000.

~ Initial tritium concentration in the waste form is projected to be 7,000 pCi/g. Upon
mixing with the cementitious materials the concentration of water in the pore fluid is
0.825 g/mL and the concentration of water in the hydrated cement is 0.177 g/g which
gives a calculated K, of 0.2 for tritium in the saltstone. The tritium concentration in the
pore fluid is 16,000,000 pCi/L. The tritium concentration in the interstitial fluid within
the vadose zone was reduced slightly because some of the insoluble minerals that are
precipitated from solution are hydrated.
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The total mtmgen (as NOy) in the waste water feed solution exceeds 150,000 mg/L.
" The loss of water into the saltstone from hydration causes the nitrate concentration in
the pore {luid to increase to more than 200,000 mg/L. The nitrate concentration in the
interstitial fluid within the vadose zone will decrease primarily due to the dilution ofthc
interstitial fluid by naturally occurring waters preseat in the vadose zoae.

D.3 PORE FLUID COMPOSITION WITHIN SALTSTONE

The partitioning of contaminants between the aqueous phase (pore fluid) and solid
matrix (hydrated cement) must be understood in order to understand the release of
contaminznts from a saltstone waste form. The term sorption describes the partitioning
processes and is mathematically represented by the use of a distribution coefficient (K,).
However, sorption does not occur by a single mechanism. The three mechanisms .
important to calculating the hydration and pore fluid composition for saltstone are

1) Adsorption - = The contaminant is partitioned between the solid surface and the
pore fluid. At low cancentrations this adsorption can be linear
~ and reversible allowing the use of a K, to represent partitioning.

2) Precipitation -  The contaminant forms a scparate solid phase or coprecipitates
into an existing solid phase. The aqueous concentration is
controlled by the solubility of this solid phase (i.e., the pore fluid
concentration i3 independent of the solid concentration),
Typlcally the solid phase has a very low solubility; therefore, the
contaminants are effectively immobilized in the solid waste form.
The relationship between aqueous and solid concentration for
coprecipitated contaminants are related by kinetic and
thermodynamic considerations (Murphy and Smith 1989).
However, at low contaminant concentrations multiphase
thermodynamic equilibrium can be mathematically rcpracnted by
a K, (Smith and Walton 1992).

3) Absorption - This mechanism is important when calculating a source term for
* tritium. During the hydration of cement water is taken up into
- the cement paste, removing tritium from solution in proportion

to the total amount of water transferred into the solid phase.

In addition to contaminants, the release of ions such as sulfate from the saltstone waste
form may lead to the degradation of the concrete vault. These releases need to be
understood in order to evaluate long-term contaminant release performance. To quantify
the saltstone pore fluid composition, hydration calculations have been conducted to

1) determine the distribution of water between pore fluid and hydrated cement and

2) estimate: the composition of the pore fluid. In addition, the distribution of water
between pore fluid and solid matrix can be used to estimate a distribution coefficient
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(K,) for tritium. The results of hydration calculations are ;ummariwd below.
D3.1 Hydration Calculation .

The saltstone mix is composed of 3% Class II cement, 25% blast furnace slag,
25% Class F fly ash , and 47% Nominal Blend Salt Solution Feed (Heckrotte 1988). The
compositions of the four components of saltstone are given in Table D.3-1. As the
concrete wvaste form cures, water is taken up from the salt solution feed and incorporated
into the cement mix by hydration, forming the solid matrix of the waste form. A portion
of the initial free water is incorporated into the solid matrix of the waste form; the
- remaining water occurs as pore fluid. Ions that are not incorporated into the solid matrix
(e.g., nitrate, nitrite), are concentrated in the pore fluids. Table D.3-2 documents the -
hydration of 100 g of the cement mixture. The eomposmons of the solid phases were
taken from Table 4 of Malek et al. (1985). The maximum extent of hydratlon was -
estimated by assummg that _

SlOz and TiO, do not consume water during hydration,
Al,0, and Fe;0, consume 3 mol of water per mol of oxide,
SO, reduces hydration by 1 mol of water per mol of oxide,
Nz,0 and K,O dissolve into the pore fluid, and

All other oxides consume 1 mol of water per mol of oxlde.

The hydration process results in a 15.8 g (16%) increase in the mass of the solid matrix.
This value is consistent with the range given in Neville (1981). The total amount of salt
feed solution per 100 g of cement mixture is 88.7 g (28.4% total dissolved solids), of
which 63.5 g are free water and 252 g are salt. The hydration process results in the
transfer of 15.8 g of the free water into the solid matrix leaving 47.7 g of free water in
thie pore fluid. The loss of free water results in an increase in the salt concentration in
the pore fluid to 34.6% (25.2 g/72.9 g ) total dissolved solids. The final distribution of
water is as follows: 47.7 g of free water in the pore fluids and 20.5 g of hydration water

in the solid matrix (4.7 g initially in the cement mixture plus 15.8 g from the salt feed
solution).

The density of the pore fluid is estimated to be 1.26‘g/mL (34% sodium nitrate,
CRC Press, (1987). Using this density the total volume of pore fluid per 100 g of cement
 mixture (115.8 g hydrated cemeat) is calculated to be 57.8 mL (72.9 g/1.26 g/mL). The
concentration of water in the pore fluid 8 0.825 g/mL (47.7 g/57.8 mL). The
concentration of water in the hydrated cement is 0.177 g/g (20.5 g/ 1158 g). A
distribution coefficient (K,) of 0.2 mL/g [(0.177 g/g)/(0.825 g/mL)] was estimated for
tritium based on the hydration calculations and the assumptions that tritium occurs as
tritiated water and that the isotope fractionation effects (i.e., exchangc of 'H for 3I-I) are
small
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TableD.3-l. Componhonof:tarhngmata:alﬁxsnlmnne

formation mwelght percent’
Hydration Formula® Fly Portland  Salt Feed
factor weight Slag . ash Cement  Solution
SiO, 0 6009 3470 5217 21.10
A0, 3 10196 - 1070 27.60 4.66
TiO, 0o 79% 05t 198 023
Fe,0, 3 159.69 0.41 436 423
MgO 1 4030 1190 0.61 1.21
' CaO 1 5608 3937 0.96 64.55
MnO 1 7094 054 001 0.16
BaO 1 15334 0.05 0.10 0.02
Na,0 6198 025 0.26 0.11
K,0 94.20 055 153 034
So, -1 80.06 033 2.50
s | 32.06 1.34 _
LOI(H,0) 1 18.02 9.92 0.86 71.60
Salt 28.40
Total . 10032 99.83 9997  100.00

* Composition of solids for Malek et al. (1985). Composition of sait feed solution for
Heckrotte (1988). Hydratlon factor and formula weights were used to calculate
hydratlon as described in text.

b gimol.
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Table D3-2. Summary of saltstone hydration calculations for 3 mixture of 47%
salt feed and 53% ccment mix. Composed of 47.17% each of slag and fly ash
und 5.66% of Portland cement. Normalized to 100 g of cement mix*

Salt feed Cement Hydrated Pore
solution mix ~ cement - fluid
SiO, 4214 4214
ALO, 1832 28.03
Tio, 1.19 119
Fe,0 2.49 333
MgO 597 863
CaO 266 29.94
MnO 027 034
BaO 007 0.08
Na,0 025" 025
K0 100 100
SO, 030 023
s . 063 0.63
LOI(H,0) 63.49 am 477
Salt ' 2518 | 25.18
. Total 88.68 100.00 115.79 72.89
47% 53% 61.4% 38.6%

* Compositions are from Table D—/l-.
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{

Given that the initial tritium loading of the saltstone is 7,000 pCi/g, the concen-

mtnouof’Hmthesohdmatﬂxandtheporeﬂmdcanbecalculated. A total of
1,320,000 pCi of >H occur in 188.7 g of saltstone (115.8 g hydrated cement + 72.9 g pore
fluid). The partitioning of *H is g;ven by:

Total = M, xC, + V;x G,

-G = GxK,

Total = C (K, x M, + V),

G = Total/(Ky xM, + V),

¢, = 16000 pCi/mL = 16,000,000 pCi/L, and
G = 3,30096/& :

v&bere

Total is the total *H (1,320,000 pCi),
M, is that mass of the hydrated cement (115.8 ),
C, s the concentration of *H in the hydrated cement (pCi/g),
V, is the volume of pore fluid (57.8 ml), and
- €, is the concentration of *H in the pore fluid (pCi/mL).

D:3.2 Concentration of Techndlium-99 and Nitrate in Saltstone Pore Fluids

- Previous screening suggested that technetium and nitrate are the two contaminants
most likely to determine the overall performance of salistone. For this reason,
geochemical calculations were conducted to estimate the pore fluid concentrations of
technetium, nitrate, and nitrite. The computer code MINTEQ was used to calculate an
equilibrium solution speciation and to evaluate degree of saturation with respect to
concrete minerals. Activity coefficients for aqueous species were calculated using the
B-dot method documented in Helgeson (1969). Thermodynamic data for complexes of
nitrate were taken from Smith and Martell (1976). Thermodynamic data for cement
phases were obtained from the compilation of Crisentia and Serne (1990). Modified salt

-feed solution composition was calculated from the salt feed solution composition
(Heckrotte 1988) and the hydration calculations described above. The modified salt feed
solution composition was used as input for MINTEQ to calculate pore fluid composition.
Additionally, the aqueous NaAl(OH), was allowed to react via:

(1) '

NaAI(OH)‘, s« = AI(OH),, + NaOH,
Al(OH),, tefers to fully hydrated AIZO_,, in the solid matrix and not to a particular pure
pbase aluminum hydroxide. This adjustment to the pore fluid is based on the very low
aluminum concentration in saltstone pore fluids reported by Malek et al. (1987). ’

Equilibrium between the pore fluid and calcite, QAH‘, C-S-H gel, and C,FH, was
assumed in the MINTEQ calculations. »
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S = SxO, and
F = Fe,0, (standard cement nomenclature).

The solid ]phases chosen for these calculations were identified by x-ray diffraction in the
slag containing cement mixes (Malek et al. 1987). The pH value was delermmed from
the hydroxide concentration and charge balance.

Calculations showed the pore fluid to be undersaturated with any aluminum sulfate
phase and with portlandite, and significantly undersaturated with aluminum and calcium
nitrates. Furthermore, hydration calculations similar to those described above conducted
for the 84-48 saltstone mix of Malek et al (1987) indicate that, within experimental
uncertainties, all nitrate and nitrite in saltstone occurs within the pore fluids. These
calculations differ from the x-ray diffraction analysis of Malek et al. (1987) who found
. solid hydrated aluminum and calcium nitrates. A possible explanation for the difference .
between the calculated results and the observations of Malek et al. (1987) may be in
their preparation of saltstone samples for x-ray diffraction. If the saltstone samples were
dried before analysis, the precipitation of soluble nitrate salts in the saltstone would be
cxpected. ‘ :

The nlummum concentmuon of the pore fluid was buffered at extremely low
concentrations by equilibrium with the solid phases. As a result, the pore fluids are
essentially NaOH-NaNO,-NaNO, mixtures with a very high pH. of 13.8 to 14.0 (see
reaction 1). The resulting composmon for the pore fluid is presented in Table D.3-3.
Additionally, a NO;" concentration is reported based on the stolchnomctnc oxidation of
NO; to NOy.

Unde: oxidizing conditions, aqueous technetium occurs in the heptavalent oxidation
state as the pertechnetate ion (TcO,). Many heptavalent technetium solids have high
solubilities leading to potentially elevated aqueous concentrations. In addition, as a
monovalent anion, TcO,’ is only weakly sorbed by cementitious solids. The combination
of high solubility and low sorption can result in the release of significant amounts of
technetium from cementitious waste forms. To decrease release, a reducing agent, blast
furnace slag, was -added to the saltstone formulation to immobilize TcO, as a
precnpltatcd solid. Thermodynamu: calculations using the MINTEQ code indicate that
in slag cement, technetium is immobilized as a Tc (VII) sulfide. During the hydration
of blast furnace slag-cement, elemental sulfur in the slag (Angus and Glasser 1985) reacts
to form recluced aqueous sulfur species such as sulfide. The aqueous sulfide reacts with
TcO4" to form Tc,S;,,. The over all reaction is given by

€)

6TcO, + 285, + BOH = 3TcS,, + 7SO0 + 4H,0
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Table D3-3. Calculated saltstone pore fluid composition using MINTEQ,
the results of the hydration calculations and equilibrium with
calcite, C,AH,, CS-H gel, and C,FH,. *™Tc is calculsted by

assuming equilibrium with Tc;S,, as described in the text

Species mg/L ___HS (mgL) *Te (pCilL)
Na* 139,000

Co,* 12,800

o kg 15,000

NOy . 36,800,

NO, 159,000

OH' 132,900

Ca? 1

5i0,,, 1

APt 11

K* 9,800

NH** 400

pH 13.97

Total N us NOy 209,000

Density 126

High sulfide 10 . 24 x 10°*
Stoichiometric 0003 - 46300
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The Tc;S,, phase is very insoluble, limiting the TcO,” concentration in pore fluids to very
low concentrations. To calculate the concentration of TcO, in the pore fluid, the
concentration of HS™ is needed. Angus and Glasser (1985) report aqueous sulfide
concentration for slag cement ore fluids of up to 1100 mg/L for a mixture containing
97.5% slag. For a mixture containing 50% slag (similar to the saltstone mix) 12 m,
sulfide was reported (Angus and Glasser 1985). This value was used in conjunction with
the pore fluid to calculate concentrations of technetium. Additionally, a technetium
concentration was calculated by assuming that technetium and sulfide occurred in
solution in stoichiometric proportions (ie., 2.7). The second concentration of technetium
is higher, and the total sulfide concentration is much lower. The resulting conceantrations
of sulfide and technetium are presented in Table D.3-3.

Using the higher TcO,” concentration from Table D.3-3, K, values for technetium
can be calculated. The total loading of ®Tc in saltstone is 25,000 pCi/g. From the
hydration calculations the volume of pore fluid per gram of saltstone is 0.306 mL
(57.8 mL/1887 g). A total of 14 pCi (46,000 pCi/L x 0.000306 L) of technetium occurs
in the 0.306 mL of pore fluid. The remaining 24,986 pCi occurs in the 0.614 g of the
solid matrix, with a concentration of 40,700 pCi/g. Although the technetium concen-
tration is limited by the solubility of Tc,S,, the solid and aqueous concentration can be
used to estimate a K, of 880 mL/g [(40, 700 pCi/g)/(463 pCi/mL)] for *Tc in saltstone.

Technetium concentrations are insensitive to the variations in the total salt
concentration or to the selection of solid cement phases used in the equilibrium
calculations. The sensitivity of technetium concentration to pH and sulfide concentration
can be evaluated by examining the stoichiometry of the dissolution reaction

. 5 T8 . | N @)
TcS;, + 8H,0 = 2TcO, + 7THS + 9H* s

B . 4)
log [TcO,] = 05logQ - 35log[HS] + 45pH

where log Q is a conditional equilibrium quotient (constant at constaat ionic strength)
and brackets denote molal concentration. Examination of the coefficients in equation
(4) indicates that the concentration of TcO‘ decreases by a factor of 3,200 for each
-10 fold increase in HS® concentration. An increase of pH by 1 unit results in an increase
in TcO, concentration by a factor of 32,000.

For the case in which technetium and sulfur are related by stoichiometry, log [TcO,1
is duectly proportional to pH. Because the aqueous concentration of TcO,’ is propor-
tional to pH, the value of K, for *Tc in saltstone calculated above will also be dependent
on pH. The dependency is calculated using this proportional relationship and the K, of
880 in mL/g and is given by: ‘

| ®
logKd = 1694 - pH
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Hehce,thck,ofS&ngnconseivauvebecaﬁetheporeﬂuxdewilldecreaseover
time as NaOH is leached from the saltstone. InresponsetodecreasmngtheK,mll
become larger. _

The results of thése calctxlaﬁons for technetium indicate that the concentration of
technetiun in the pore fluid, and hence the release, is very sensitive to the presence of

_aqueous sulfide. Because no direct measurements of sulfide are available for saltstone

pore fluids, these calculations are subject to a great amount of uncertainty. In addition, -
the thermodynamic solubility data for Tc S, are highly uncertain. If credit is tobe taken
for formation of technetium sulfide, measurements should be made of sulfur speciation
in salistone pore fluids; if possible, the solubility of Tc;S,, should be measured in strongly
alkaline solutions. However, the tentative results presented here indicate that even in
the more conservative case, greater than 99.9% of the technetlum in the saltstone waste
form is initially present in the solid matrix.

D.4 FLUID COMPOSITIONS IN SEDIMENTS OUTSIDE THE VAULT

The behavior of the saltstone fluid composition outside the vault was evaluated using
the MINTEQ geochemical code. Pore fluid compositions were reacted with the
unsaturated sediments surrounding the saltstone vaults, This model considers only
equilibriuin geochemical reactions, not transport and flow of the saltstone fluids.

D.4.1 Modeling Steps h

Geochemical modeling was carried out by simulating the reactions between the pore
fluid calculated above and the unsaturated sediments surrounding the saltstone vaults.

All modeling was doae at a temperatute of 25°C; pertinent details of the modeling
conditions follow.

1) Solution is reacted with CO, gas at atmospheric pressure (10 atm.). This is the
only gas likely to be present in this environment, because of the reducing
environment created in sediments by organic activity,

'2) React solution with a sediment representative of that found in the Savannah River

Z-Area. Individual sediment components used were quartz, kaolinite, gibbsite, and
an iron oxide phase.

3) Fine-tune results by eliminating saturated phases which are geologically
unreasonable. This last step should not bias the results if a competent geologist or
mineralogist evaluates the phases with respcct to the probablhty of formation at
surface conditions.
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Resuits from the final solutions using the steps outlined above are shown below..
D42 Interactions with the Sediment '

The composition of the pore fluid in equilibrium with the grout phascs, as described in
Sect. D.3, was reacted with mineral phases in the unsaturated zone. Reaction of the
evolved pore solution (Table D.3-3) with CO, in the unsaturated zone reduces the pH
from13.78t0 732 "~ ¢ - ‘

The pore fluid changed very little after reacting with the soil minerals. A small
_amount of diaspore was precipitated, reducing the aluminum concentration in the
interstitial fluid. Presence of an iron oxide or iron hydroxide phase has very little effect
on the precipitated phases or intensive parameters (i.e., pH, Eh). Further, the specific
composition of the iron phase did not substantially change the composition of the reacted
solution or the composition or quantity of the precipitated minerals. A small amount of
the iron phase dissolved, adding iron to the reacted solution. This is present almost
totally as ferric iron. The amount of dissolved iron varies according to what iron phase
is chosen. '

The composition of the pore solution after reacting with unsaturated zone minerals
and CO, is presented in Table D.4-1, along with the amount of the precipitated phase.
Speciation of the pore solution is presented in Table D.4-2.

‘In suinmary, reaction with iron minerals increased the concentration of iron in
solution from nearly zero to 3 ppb. The concentration of the three primary pollutants,
#Tc, tritium, and nitrate do not substantiaily change in ‘the interstitial fluid during °
communication with the unsaturated zone minerals. The precipitation of -diaspore
(AIO*OH), would attenuate tritium to a small degree, but the amount is insignificant.
The concentration of all three pollutants will decrease in the interstitial fluid due to the
dilution by naturally occurring water present in the vadose zone.
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Table D.4-1. Composition of interstitual fluid after reaction with unsaturated
200c mincralks, and type and amount of precipitated solids

Species | HS (mg/L) ®Te
mg/L (pCiL) -
Ne* 139,000
O | 12,800
SO : 15,000
NO, N 36,800
NO; : 159,000
OH: 32,900
CaI* . ) 1
$i0y,, o
AP* o 4.4 x 10 E-04
K* 9800
NE* 400
pH 732
Total N as NO,y’ . 209,000
Density | . 126 :
High sulfide , 10 2.4 x 103
! 0003 46,300
Siiioweut M.
- Concentration
Precipitate (mg/L)

Diaspore 25
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Tablc D4-2. Percentage distribution of componeats in reacted interstitial fuid

Component Percentage Species I,Oomponent Percentage Species I

Na - 895
’ 78

.26

K 9.1
19

H,SiO, 983
1.7

SO 324
65.5

‘ 1.9

NH, 91
27

Ino, " 100

Na

NaSO,

K
KSO,

H,SiO,
H,SiO,’

SO
NaSO,
KSO,

NH,
NHSO,

NO,

S

Al
NO,

CO,

Ca

Fe +3

Fe +2

100

100

8.4
16.6
603
379

97
1‘6
14

331

65.5

97.5
24

S

Al(OH);
NO,
NaNO,,,
NaHCO,,
HCO;
CaCO;,,
CaSO,

FeOH;
FeOH,
FeOH,

Fei»z
FeSO,

A
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